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Computational Modelling and Simulation (CM&S)
In Regulatory Submissions

In Silico Device CMA&S in device In Silico Clinical CM&S-based
Testing software Trial MDDT
Simulate device to Algorithm in device Device performance is Regulated tool for
generate safety/ software takes in evaluated using a evaluating a device
effectiveness patient data and ‘virtual cohort’ of
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Torsade-de-Pointes: “Pharmageddon’?

Normal ECG | | I '\ | |

Torsade de Pointes (TdP) - a
rare type of life-threatening
ventricular arrhythmia

| Prolonged QT increases “Prolongation of the QT interval on the
- /)\ the ri.Sk of a drug electrocardiogram (ECG) was the reason for
HiE causing TdP around one-third of all drug withdrawals
between 1990 and 2006”

Withdrawal of drugs from the market: Astemizole , Cisapride, Droperidol, Grepafloxacin, Prenylamine, Sertindole,
Terfenadine, Terodiline, Thioridazine

1. Pollard et al. An introduction to QT interval prolongation and non-clinical approaches to assessing and reducing risk. Br J Pharmacol. 2010 Jan;159(1):12-21.



Could we just use pre-clinical testing?

 Safety Tests Developed (2005)

* hERG assay (single ion channel)

* Expensive ($2M+) and intensive ThoroughQT
Phase Il clinical human ECG study (does the
drug prolong QT interval)

* High sensitivity but Lower specificity. CIPA Initiative

) Preve nted da nge rOuS d rugs facilitate the adoption of a newpzraodigm

for assessment of clin
that is not measured exclusively by

. Some known Safe drugs falled the test ztr);leor;zat:ifor:fRGblockandnotatallbyQT

* New Test (CiPA initiative)

* engineer an assay for assessment of the
proarrhythmic potential of new drugs with
improved specificity

* Consider mixed ion channel effects and a

mechanistic understanding of their link to
proarrhythmic risk,.

https://www.fda.gov/drugs/regulatory-science-action/impact-story-finding-better-test-predicting-risk-drugs-pose-heart



lon Channel = In Silico Workflow in CiPA

Drug Effects on
Multiple Human
Cardiac Currents

Ik
modified from Hoekstra et al., 2012

In SilicoReconstruction
Human Ventricular
Cellular
Electrophysiology

I
In Vitro Effects
on Human
Ventricular
Myocytes (native or
hiPSC-CM)

Phase 1 Clinical
Evaluation
Unanticipated
Effects

4. Check predictions of
electrophysiological
changes in iPSC-CMs
and Phase | ECG.

|

1. Obtain patch clamp dataon 2. Use these data as
human cardiac ion channels inputs to an in silico
contributing to TdP risk model of the human

ventricular myocyte,
Sager et al. 2014. https://www.sciencedirect.com/science/article/pii/S0002870313007849

1

3. Run simulations and calculate a metric that classifies
the level of TdP risk, this is CiPA’s primary risk indicator,
treated as the compound’s clinical risk score unless

contradicted in (4)



https://www.sciencedirect.com/science/article/pii/S0002870313007849

Outcomes

* Waivers on doing full ThoroughQT studies, based on CiPA approach’.

This has happened for dozens of compounds already.

* Improved standards and standardisation for performing and reporting
In-vitro ion channel screening and in-silico modelling:
« Standardised experimental protocols and data analysis?

* Guidelines for in-silico model-based risk assessment3

. https://www.fda.gov/about-fda/center-drug-evaluation-and-research-cder/interdisciplinary-review-team-cardiac-

safety-studies-formerly-gt-irt

. https://www.fda.gov/media/151418/download?attachment, https://doi.org/10.1016/j.taap.2020.114961

. https://doi.org/10.1002/cpt.1647



https://www.fda.gov/about-fda/center-drug-evaluation-and-research-cder/interdisciplinary-review-team-cardiac-safety-studies-formerly-qt-irt
https://www.fda.gov/about-fda/center-drug-evaluation-and-research-cder/interdisciplinary-review-team-cardiac-safety-studies-formerly-qt-irt
https://www.fda.gov/media/151418/download?attachment
https://doi.org/10.1016/j.taap.2020.114961
https://doi.org/10.1002/cpt.1647

Development of CM & S Guidelines

Guidance for Industry C I PA I n itiative ).C|CH

E14 Clinical Evaluation of QT/QTc

Interval Prolongation and
Proarrhythmic Potential for
o i i 5 inits = . F ICH E14/S7B Implk tation Working Gre 2
Non-Antiarrhythmic Drugs The CiPA initiative began following a workshop in July 2013 et miasaeieis e
Clinical and Nonclinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic Potential

at the US FDA. The objective of the CiPA initiative was to Quéstions and Answers ICH regulators agree to follow FDA pro-

engineer an assay for assessment of the proarrhythmic — arrhythmic risk simulation evidence.
pDIEI'Itiﬂ| of new ﬂI'I.IgS with impmved SpEL‘Iﬁ{ZI[Y compared Endorsed 27 August 2020
with the NERG assay plus Thorough QT study. Guidance on the thew use of in-silico

models in assessing drug arrythmia risk simulation approaches

First ICH Guideline to be reopened to allow

2005 2010 2013 2018 2019

| | i

I FDA accepts CiPA in-silico simulation :

1
Growing awareness ).Cl.C,H evidence as part of ‘New Molecular Entity’ !

o 2
that the QT Final Concept Paper submissions. )CICH
ICH S7B and E14 Q&A harmonisation for better health
p r 0 lo n g atl O n m ay b e Endorsed by the MC with support of the Assembly on 15 November 2018
to O conserva t Ive C once pt p a p er I nc I'u d I n g I n- Clinical and N.mcliuiifll:if::::t::nlz]g?(;:'t: ::::::n::::n and Proarrhythmic
ope Potential
silico methods uestions and Amsmers
E14/S7B Q&As

Adopted on 21 February 2022



Can we build a model of a person?




What i1s an In-Silico Trial?

Clinical Trials are research studies in which one or more human subjects are
prospectively assigned to one or more interventions to evaluate the effects of
those interventions on health-related biomedical or behavioural outcomes

oir.nih.gov/sourcebook/intramural-program-oversight

In-Silico Trials are research studies that uses computer models of cells,
tissues, organs, or systems of human subjects, assigned to one or more
Interventions to evaluate the effects of those interventions on health-related
biomedical or behavioural outcomes.




Cardiac resynchronisation therapy




What could this look like?

Create models from patient data

real patient virtual patient

Generate virtual population

mesh 01 mesh 02 mesh 03 mesh 04

mesh 11 mesh 12

mesh 14 mesh 15 mesh 16

mesh 13

mesh 20

inference of i, a7, Cov (P,, P)

Simulate trial

000 ——



INn-Silico Simulated Clinical Trial

Physiological pacing for cardiac resynchronization therapy

Left Bundle Epi Lateral Endo Lateral Endo Septal His Bundle Left Bundle
Branch Block pacing pacing pacing Pacing Pacing

L | - T TN
0 Activation time 140



IN-Silico Simulated Clinical Trials

Joumal of Cardhovascuar Transatonal Research (024) 17685654
Hips/doLong/10.1007/512265. 02310483y

@
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Computational Modelling Enabling In Silico Trials for Cardiac
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Effect of scar and His-Purkinje and myocardium conduction
on response to conduction system pacing
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C 'SP) has the potential od  pacing con-
duction system. Before CSP is adopiod in standard clinical practice, large, randomised. and multi-centre trials are required -
0 m\nlxgun:( SP safety and efficacy compared 1o standard biventricular pacing (BVP). Furthermore. there are unmm-ma King's Calege Lomdon, London, UK Abstract
pac 'y while p g Aeniria Introduction: Conduction system pacing (CSP. in the form of His bundle pacing

nh-ﬂl which patient groups are more likely o beaclit from CSP In h m  Madcal (HBP) or left bundie branch B8P, is A

ardhac function i resp treatment of . e i SR 5 A —
CSP, they ypture 1o optimise CSP delivery and battery “MuareriCor Grb#t, Gras, Ausrla resynchronization therapy (CRT) delivery method. However, patient selection and
life, and pacing methods on groups. In this review, we discuss the in silico ooy and 2 Thomas’ NS Foundtion sk, wmmmmmmmw«m to

stucies publisbed o date ivestigating differen aspects of CSP delivery.

Keywords Cadiac resynchronization therapy - His bundle pocing - Left bundle pacing - Conduction system pacing - In

silico - In silico trials - Modelling
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CRT Cardiac resynchronisation therapy
Biventricular pacing

Right ventricle

Left ventricle
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QRS duration
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Left bandic branch area pacing
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therapy
LOT-CRT  LBBP

ing CRT, HBP, LBBP,
ventricular (LV) epicardial lead (His-optimized CRT [HOT-CRTJ). and LBBP with LV
cpicarcial kead (LBBP-optimized CRT [LOT-CRT]) in patients with differcnt

FCGi Electro-cardiographic imaging

HOT-CRT  His optimised cardiac resynchronisation o
A Sosodd Y\ Dpedwnnt o Including His-Purkinje systems with proximal left bundie branch block (LBBS). We
Lonon, Londen 561 At% . and mild and severe myocardium and LV
o o
R down to 70% and 35%. y CV.
o Mt Nk vy Mo | shartest nterval 1o activate 90% of the ventrices (90% of bventricubar activation
ety time [BIVAT-90])

Cardiac Resynchronisation Therapy
and Conduction System Pacing

Cardiac resynchronisation therapy (CRT) is an effective
treatment for dyssynchronoos heart failure patients, aim-
ing to restore synchroay and to ultimately improve cardiac
function [1]. CRT is delivered through biventricular pacing
(BVP), consisting of a right ventricular (RV) kead (normally
focated at the RV apex) and a left ventricular (LV) lead
implanted in one of the coronary sinus tributarics (Fig. 1.
left). CRT is indicated in paticnts with left bundic branch
block (LBBB) with a QRS duration (QRSd) > 130 ms and
feduced LV ejection fruction (LVEF < 35%). Putients with
noa-LBBB morphology ase indicated for implant if they pre-
sent 3 brosd QRS > 150 ms [2]

BVP has been shown 10 reduce heart failure hospi-
talisation, symptoms, mortality and to induce reverse

€ Springer

Methods

Results: Severe LV His-Purkinie conduction disease favored CRT (BIVAT-90: HBP
10154 7.8ms vs. CRT 93.0+ 89 ms, p <.05). with additional electrical synchrony
induced by HOT-CRT (87.6 + 67 ms, p< 05) and LOT-CRT (739 +7.6ms, p<.05)
Patients with slow myocardium CV benefit more from CSP compared to CRT
(BIVAT-90: CRT 134.5 4 24.1 ms; HBP 97.1+ 9.9 ms, p < 01; LBBP: 1015+ 10.7 ms,
< .01). Septal but not lateral wall scar made CSP ineffective, while CRT was able to
the ventricles in the presence of septal scar (BIVAT-90: baseline:
119.1 4 108ms vs. CRT 8514 149 ms, p<.01)
Conclusion: Severe LV His-Purkinje conduction discase attenuates the benefits of
but not lateral wall scars make CSP ineffective.
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Leadless biventricular left bundle
and endocardial lateral wall
pacing versus left bundle only
pacing in left bundle branch
block patients

Marina Strocchi'*, Nadeev Wijesuriya*, Mark K. Elliott*2,
Karli Gillette*4, Aurel Neic®, Vishal Mehta*?,

Edward J. Vigmond®”, Gernot Plank**, Christopher A. Rinaldi**
and Steven A. Niederer*

Biventricular endocardial (BIV-ando) pacng and left bundle pacing (LBF) are
novel delwery methods for cardiac resynchronization therapy (CRT). Both
pacing methods can be delivered thvough leadiess pacing. to avoKd fisks
associated with endocardal or transvenous leads. We used computational
modeling to quantify synchrony induced by BiV-endo pacing and LBP
twough 3 leadless pacng system, and to investigate how the right-lef
ventricle (RV-LV) delay, RV lead location and type of leRt bundle capture
affect response. We simulated ventricular actvation on twenty-four four
chamber heart meshes incluswe of His-Purkinje networks with left bundie
branch block (LB8B). Leadiess biventricular (BV) pacing was simulated by
3dding an RV apical stmulus and an LV lateral wall stimulus (BV-endo
lateral) or targeting the left bundle (BIV-LBP), with an RV-LV delay set to
5ms. To test effect of prolonged RV-LV delays and RV pacing location. the
RV-LV delay wias increased to 35 ms and/or the RV stimulus was moved to the
RV septum. BIV-endo lateral pacing was less sensitive 1o increased RV-LV
delays, while RV septal pacing worsened response compared to RV apical
pacing. especally for long RV-LV delays. To investigate how left bunde
capture atfects response, we computed 90% BIV activation times (BIVAT-90)
during BIV-LBP with sefective and non-selectve capture. and left bundie
branch area pacing (LBBAP), simulated by pacing 1cm below the left bundle.
Non-selective LBP was comparatie to selective LBP. LBBAP was worse than
seloctive LBP (BIVAT-90. 542 + 57ms vs. 627 + 65, p < 0.01), bt
significantly reduced activation times from baselne. Finally, we compared
leadless LBP with RV pacing sgainst optimal LBP defvery through a standard
Iead system by simulating BIV-LBP and selectve LBP alone with 3nd without
optimzed aioventricular delay (AVD), Athough LBP alone with optimzed AVD
was better than BIV-LBP. when AVD optimization was not possible BIV-LBP

Who does not respond Alternate pacing

g Resmarcn

& frontiers | Frontiers in Prysiclogy 21 seprerméer 2
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Comparison between
conduction system pacing and
cardiac resynchronization
therapy in right bundle branch
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Sioceh M. Galeme K, N A E5ott MK

A sigrvicant number of right bundle branch block (RBBB] patients receive
candiac resynchronization therapy (CRT). despite lack of evdence for benefit
i this patient group. Hes bundle (HBP) and Left bundie pacing (LBF) are novel
CRT debivery methods. but thex effect on RBBE remains understudied. We aim
! pacing-induced electrical synchrony durng conventional CRT
HEP, and LBP in RBBB patients with derent conduction disturbances, andto
investigate whether aitemative ways of defvening LBP improve response to
pacing, We simulated ventricular activaton on twenty-four four-chamber heart
geometries each including a Hs-Purkinje system with prowmal right bundle
branch block (RBBB), We simuiated RBBB combined with left anterior and
posterior fascicular blocks (LAFB and LPFB). Additionally, RBBB was smulated in
the presence of dow conduction velocity (CV) in the myocardium, left
ventricular (LV) or right ventricular [RV) His-Purkinje system and whole His
Purkinje system Electrical synchrony was measured by the shortest intenal to
activate 90% of the ventricies (BIVAT-90] Compared to baselne, HBP
signifcantly improved actiation times for RBBB alone (BIVAT-90: 669 +
26 + 38ms, p < 0011 with LAFB (695 + 50ms vs. 581 +
62ms, p < 0.01), with LPFB (818 4 6.6ms vs 629 + 62ms. p < 0.01, with
slow myocardial CV (1194 + 114 ms vs. 97.2 + 10.0ms. p < 0.01) or siow CV in
the whole His-Purkinje system (1023 + 70msvs. 755 + 5.2 ms. p < 0.01). LBP
vas only effective in RBEB cases if combined with anodal capture of the RV
septum myocardim (BIVAT-90: 66.9 + 55 ms vs. 482 + 5.2 ms. p < 0.01). CRT
significantly reduced activation times in RBBB in the presence of severely slow
RY His-Purkinje CV (9514 7.9 s vs. 84.3 4 93 ms p < 0.0 and LPFB (818 +
66msvs CRT. 729+ 8.6 ms.p < 0.0, Both CRT

ok corpty v e

His-bundle and left bundle pacing with optimized

W) crae o

atrioventricular delay achieve superior electrical
synchrony over endocardial and epicardial pacing in
left bundle branch block patients @
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UND. His-bundle pacing (HEP) and Lsft bundle pacing
(LBF) are emenging as navel delivery methas for cardiae resych-
rontzation therapy (CRT) in heart failure patients with let bundle:
beanch back (LBBB). HAP and LBP have never been campared to
biventriculer endocsrdial (8V-enda) pacing. Furthermore, there
e indications of negative effects of LBP on right ventriculsr
(R¥) sctivation teses (AT). but thess effects have not been qun-
tied

OBJECTIVE The purpase of this study was o <ompare changes in
ke rbasos Il by I, LB, fsummiodar (4

RESULTS HBP was superior to 8U-ende snd BIV-egi in terms of
reductian in LY ATs and interventricular dyssyneheony (7 =.05).
L6 reduced LW ATs but et interventricular dyssymehrory
compared o BiV-epi and BiV-endo pacing. RY lstest AT was
higher with L8P then with HEP (1413 = 100 ms vs
4108 = 10.4 ms). Optimizing AY delay during LEP reduced RY
Latsst AT (1047 = .7 me) and led to camparable response to
HBP. In case of complete AV block, BiV-endo septal pacing was
equivalent to LEP.

CONCLUSION B i auperior to Bit-epi and Bil-£ndo. To schiewe

septal pacing, picardial (Bi-2pi) pac-
ing using :mwmm..uum

METHODS e sievulsted venticular activatien on 24 four- :nmw
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How do we move to wider adoption?
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Pre-regulatory use Cases of In-Silico Trials

Doctor X is writing Device company Drug company safety

a fellowship for a employee Y wants to pharmacologist Z wants
feasibility clinical get internal support to know if they need to
study and wants to develop a new preform additional

safety tests for a new
compound in pre-
clinical development

to generate pilot pacing therapy
data but does not
have ethics, time

or budget




Development of CM & S Guidelines

FDA US FOOD & DRUG
Reporting of Computational o
Modeling Studies in Medical Device e oo R e T T
Submissions . .
Credibility of Computational Models
Guidance for Industry and Food and Program: Research on Computqtlonal
Drug Administration Staff Models and Simulation Associated
Document issued on: September 21, 2016. With Medical DeVices
CDRH M&S Reporting OSEL Credibility of Models
Guidance Regulatory Science Program

~2010 2013 2016 2018 2020 2021

I
| ASME V&V40 Draft| | Final
; | Guidancel! | Guidance
Growing awareness | ASMEVAY 40-2018 | !
in devi ceg . : Assessing Credibility : Assessing the Credibility of
community (incl. | of Computational 2 Computational Modeling and
CDRH) of need for | \'\/’:zor?f%e cl:;ﬁ)};h;gzgh ; Simulation in Medical Device
standardized ! toheica bonces : Subunission;
credibility s Draft Guidance for Industry and
assessment ASME V&V40 » Food and Drug Administration Staff
subcommittee
fo r m e d lllllllllllllllllllllll
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Credibllity

ASME V&V 40-2018

Assessing Credibility
of Computational
Modeling Through
Verification and
Validation: Application
to Medical Devices

AN INTERNATIONAL STANDARD

&g@ The American Society of

@ Mechanical Engineers Two Park Avenue * New York, NY ¢ 10016 USA

*The COU defines

Question of
Interest

Establish Risk-Informed Credibility

Define
cou

Credibility Activities

—o

Assess
Model
Risk

Establish

Goals

.| Establish

Execute
Plan

Plan

— i.‘_redihillh,rJ L

Assess Credibility

Computational
Model credible for

cou?

NO

Define Context of Use (COU),
the specific role and scope of

the computational model used
to address the question of

interest

Decision Consequence =y

Model risk
LOwW

Model risk
MEDIUM

Model Influence

—_—

Documentation
and Evidence

Activities

Credibility Factors

Verification

Validation

Code

Calculation

Computational model
Comparator

Assessment

Applicability

Software quality assurance
Numerical code verification
Discretization error
Numerical solver error

Use error

Model form

Model inputs

Test samples

Test conditions

Equivalency of input parameters

Output comparison

Relevance of the quantities of
interest

Relevance of the validation
activities to the COU




Credibility
RST. Workflow for patient-specific models

N Credibility evidence that could be collected
N Credibility factors and gradations appropriate for PSMs

= See main RST page: https://cdrh-rst.fda.gov

Patient-specific
predictions for clinician

Patient data Patient-specific model

Galappaththige S, Gray RA, Costa CM, Niederer S, Pathmanathan P. Credibility assessment of patient-specific computational modeling using patient-specific cardiac modeling as an exemplar. PLoS
Comput Biol. 2022 Oct 10;18(10):e1010541. doi: 10.1371/journal.pcbi.1010541. PMID: 36215228; PMCID: PMC9550052.


https://cdrh-rst.fda.gov/

Credibility

$2.3 Validation credibility factors related to the comparator
In the below, original cohort refers to the patient cohort from which the virtual cohort was developed.

observations, and
measurement uncertainty
was not addressed.

{b) Uncertainty analysis
incorporated instrument
accuracy only.

(c) Uncertainty analysis
incorporated instrument
accuracy and repeatability
(i.e., statistical treatment of
repeated measurements).
{d) Uncertainty analysis
incorporated a
comprehensive uncertainty
quantification, which included

gross observations, and
measurement uncertainty
was not addressed.

{b) Uncertainty analysis
incorporated instrument
accuracy only.

{c) Uncertainty analysis
incorporated instrument
accuracy and repeatability
(i.e., statistical treatment
of repeated
measurements).

(d) Uncertainty analysis
incorporated a
comprehansive

ASME V&V40 Example gradation in ASME Potential Potential new gradations | Potential new
credibility VEVA0 interpretation | for some PSM-CT cases gradations for some
factor for some PSM PSM-VC cases
cases
Quantity of (a) Asingle sample was used, | Number of (a) Single subject (a) Validation not
Test Samples {b) Multiple samples were validation {b) Multiple subjects, not | performed for any
used, but not enough to be subjects enough to be statistically | subject in original cohort
statistically relevant. relevant (b) Validation performed
(c) statistically relevant {c) Statistically relevant for some subjects in
number of samples were used number of subjects original cohort
(c) Validation performed
for all subjects in original
cohort
Range of {a) One or more samples with | Range of {2) All validation subjects | (a) All validation subjects
Characteristics | a single set of characteristics characteristics | similar simnilar
of Test were included. of validation (b) Limited range of (b} Limited range of
Samples {b) Samples representing a subjects characteristics in characteristics in
range of characteristics near validation subjects validation subjects
nominal were included. {c) wide range of (c) wide range of
(c) samples representing the characteristics in characteristics in
expectad extreme values of validation subjects validation subjects
the parameters were
included.
(d) Samples representing the
entire range of parameters
were included.
Characteristics | (a) Test samples were not Patient data (2) Key patient data (a) Key patient data
of Test measured and/or collected missing [e.g., because missing [e.g., because
Samples characterized. retrospective study] retrospective study]
{b) One or more key {b) Most key patient data | (b) Most key patient
characteristics of the test was obtained. data was obtained.
samples were measured. (c) All key patient data (c) All key patient data
(c) All key characteristics of was obtained. was obtained.
the test samples were
measured.
Measurements | (a) Samples were not Patient (a) Patient measurements | (a) Patient
of Test characterized or were measurements | were not characterized or | measurements were not
Samples characterized with gross were characterized with characterized or were

characterized with gross
observations, and
measurement
uncertainty was not
addressed.

(b} Uncertainty analysis
incorporated instrument
accuracy only.

(c) Uncertainty analysis
incorporated instrument
accuracy and
repeatability (i.e.,
statistical treatment of
repeated
measuremeants).

Galappaththige S, Gray RA, Costa CM, Niederer S, Pathmanathan P. Credibility assessment of patient-specific computational modeling using patient-specific cardiac modeling as an exemplar. PLoS

Comput Biol. 2022 Oct 10;18(10):e1010541. doi: 10.1371/journal.pcbi.1010541. PMID: 36215228; PMCID: PMC9550052.

PSM-CT: Patient specific
model clinical tool

PSM-VC: Patient specific
model virtual cohort
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Refer to
Section VI.A.(1)

Refer to
Section VI.A.(3)

Referto
Section VI.B

Referto
Section VI.D

Refer to
Appendix 2

Refer to
Section VI.D

Step 1: State question of interest

Example (abridged): Is the device family resistant to fatigue fracture under

anticipated worst-case radial loading conditions?

Step 2: State context of use (COU):

Example: Finite element analysis will be performed to identify worst-case device sizes
for fatigue fracture. These devices will then be tested on the bench.

Step 3: Assess model risk:

1. Decision consequence: e.g., the severity of possible harm is ..., probability of occurrenceis ..., sooverall decision consequence is ...
2. Model influence: e.g., model results will be a major but not only source of information in making the decision, so model influence is ...

Overallrisk: choose
frome.g., low to high

Step 4: Identify credibility evidence to be collected:

e.g.

Code verification results (Cat. 1): testing to confirm that_.
numerical algorithms and associated code have been
correctly implemented without errors

Model calibration results (Cat. 2): results showing that
the constitutive model output matches experimental -~
stress-strain measurements when material parameters
are calibrated accordingly.

Bench test validation results (Cat. 3): comparisonof __.
model results with experimental measurements of force-
displacement on the bench.

Calculation verification results using COU simulations
(Cat. 8): mesh convergence analysis using the final COU
simulations

f-or =

Step 5: State credibility factors:

o1

T

Software quality assurance
Numerical code verification (NCV)

.
&

Goodness of fit*
Quality of experimental data*
Relevance of calibration results to COU*

Step 5 (continued): State gradationsand
select credibility goals:

(a) NCV not performed.
(b) Solution compared to a solution

from another verified code.

. (c) Discretization error quantified by
comparison to an exact solution
(d) Observed order of accuracy

Model form 5 o
. 4 guantified and compared to the
Model inputs .
theoretical order of accuracy.

Test samples
Ee“r:}i:g;;dnlzmgfsin i Selected Credibility Goal (based on

d ¥ w assessed model risk): level ...
SearsToriien S Refe.rto L Plan for achieving Credibility Goal: ...

Section

Numerical solver error
Use error

VI.C

Step 6: Perform prospective adequacy sment

Rationale for why the planned evidence will be sufficient to support using the model for the COU given the risk assessment.

Rationale

Refer to
Section VI.A.(2)

See Section V

sufficient? for options

Optional: Submit pre-submission to receive FDA feedback on proposed plan.

4l

.
Step 7: Generate credibility evidence by executing proposed study(ies) and/or analyzing previously generated data
Results and analysis for studies listed above.
Step 8: Perform post-study adequacy 1ent Rationale Step 9: Prepare final Credibility Assessment Report Referto
Rationale for why all the evidence collected supports sufficient? Report using the recommended structure, summarizing results Appendix 2
using the model for the COU given the risk assessment. of previous steps, to be included in the regulatory submission.

See Section V for options
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=  Example workflow for evaluating different components to an in silico clinical trial

Cohort generation approaches

i Cohort generation ini -
' E.’.aselme > g ¢ Clinical =
patient model method data o

;
adhd . &

Virtual cohort

Device l inician

i D208 &1 B o
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| [ oot s2882222
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ISCT study A A
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Y & 222
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scT ] @ Real-world 2252 aa
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ISCT/CT integration framework P, > P,

Pathmanathan P, Aycock K, Badal A, Bighamian R, Bodner J, Craven BA, Niederer S. Credibility assessment of in silico clinical trials for medical devices. PLoS Comput Biol. 2024 Aug
8;20(8):€1012289. doi: 10.1371/journal.pcbi.1012289. PMID: 39116026; PMCID: PMC11309390.



Exemplar workflows

Reproducibiliystudy:.Create Heart Model from Image
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Complicated
research pipeline

Implementation in CemrgApp

Sorting cases [ assign users

n=50 cases
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Data processing
n=20 cases per user
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Fibrosis map Atrial fibres

Comparisons

interoperator variability
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Reproducibility Study



At Tmm my solutionis All your results are
converged numerical artefacts
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Reference Simulations

N-version verification
N>1 (10-12) groups complete same simulation on different implementations. Agree on ground truth solution for
testing future methods / implementations

] Mechanics
Electrophysiology

()

3mm

-
»i

U A i chdiite ek 39

RS syt S 1T] WIERE S S

Niederer SA, Kerfoot E, Benson AP, Bernabeu M, Bernus O, Bradley C, Cherry EM, Clayton R, Fenton FH, Garny A, Heidenreich E, Land S, Maleckar M, Pathmanathan P, Plank G, Rodriguez JF, Roy |, Sachse FB, Seemann
G, Skavhaug O, Smith NP. Verification of cardiac tissue electrophysiology simulators using an n-version benchmark. . Philosophical Transactions of the Royal Society A: Mathematical, . 2011

Land, S., et al. (2015). "Verication of cardiac mechanics software: Benchmark problems and solutions for testing active and passive material behaviour." Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences



Reference Virtual Patients




What Next: People Don’t Live in Hospitals

We diagnose people based on
hospital measurements.

Yet people live their

lives In the community.
We need to include more
community measurements in
diagnosing and monitoring
patients.




2022 Frontiers for Young Minds Human Health
- Cardiac simulations: computer games to mend broken hearts




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5: Ion Channel  In Silico Workflow in CiPA
	Slide 6: Outcomes
	Slide 7: Development of CM & S Guidelines 
	Slide 8
	Slide 9
	Slide 10: Cardiac resynchronisation therapy
	Slide 11
	Slide 12: In-Silico Simulated Clinical Trial 
	Slide 13
	Slide 14
	Slide 15
	Slide 16: Development of CM & S Guidelines 
	Slide 17: Credibility 
	Slide 18: Credibility 
	Slide 19: Credibility 
	Slide 20: Credibility 
	Slide 21: Credibility 
	Slide 22: Reproducibility Study: Create Heart Model from Image
	Slide 23
	Slide 24: Reference Simulations
	Slide 25: Reference Virtual Patients   
	Slide 26
	Slide 27

