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What do we know?

1. Have you heard of ISTs? (Single choice)

Yes

You did not answer this question

2. Have you utilised ISTs? (Single choice)

Yes
——

No
——

You did not answer this question

(7/1)...

(4/1)...

(4/1)...

(7/M)...




1.

Driving Questions

How do we continue to improve the safety, quality, efficacy,
and durability of products across geographies?

2. How do we manage the risks and opportunities associated

with the pace of technologies?

3. How do we help our individual regulators have confidence
when engaging technologies in the regulatory review process?




Outline

The Imperatives to Act Now
The Vision: CM&S aka “in silico”
The Science: Exemplars

Ready for Prime Time?
Computational Model Credibility
A Call for Action




The Conseguences of Inaction

THE IMPERATIVES




Aniinodies and Other Drugs

+—Home / News&Evenis / FDANewsroom ¢ Fress Announcemenis / FDAADnounces Flan lo Fhase Qui Animal Testing Fegy

FDA NEWS RELEASE

FDA Announces Plan to Phase Out Animal &

A Holistic and Market Failure Approach to
Ethical & Innovative Medical Development e i

® Ethical Imperatives: Reducing animal testing across the entire product lifecycle, aligning with broader ethical standards.

® [nnovative Synergy: Reducing animal testing can simultaneously reduce patient harm, business risks, and costs.

® Accelerated Access: Approaches speeding up the delivery of lifesaving therapies and interventions.
H reduced costs

R Fee i o less animal
: Rt expts & time
Replacement
9.58 million animals were used for "' %
“research and testing” in the year 2017 *re % e
g i > early drug drug iniple
development s ot repositioning
P combinations fosei

Rising Alternatives
in vitro, in silico, invertobrates

these models can be used as a starting point in workflow
Guimaraes Al. Are Animal Models Necessary? Exploring Ogilvie LA, Rieke DT, Lehrach H. A vision: in silico clinical trials without patients. In: Schiiler P,
editor. Innovation in Clinical Trial Methodologies. Academic Press; 2021. p. 39-48. doi:
10.1016/B978-0-12-824490-6.00020-7.

(Dis)advantages and Alternatives. Eur J Neurosci. 2025
Jan;61(1):e16651. doi: 10.1111/ejn.16651.

Centre of Excellence on in-silico

-
C EI RS Regulatory Science & Innovation



The Ethical & Safety Imperative
Minimise Patient Exposure to Unproven Therapies

HUMAN CLINICAL STUDIES ~] HUMAN CLINICAL STUDIES
Complex Medical Devices 9 Pharmaceuticals
A Fa-;ltslblltty . .52% of ﬁ'rst-in-humslm technologies expose patients to «  Phase 1: Evaluate safety of a drug in (usually healthy)
interventions that will not progress to next stage in product human volunteers (20-100 people per trial)
lifecycle (42 patients per study)

* Phase 2: Explores effectiveness in treating targeted
condition and to identify side effects (25-200 patients
per trial).

= 24% of pivotal human studies expose patients to interventions
that will not progress to next stage in product lifecycle (565
patients per study)

= B1% of pivotal studies provide a reasonable assurance of safety
and effective and allow the device to be marketed in the U.S.

= Phase 3: Determine if better than existing therapies
in treating condition (300-3000 patient RCT).

FDA For every 100 drugs that enters clinical testing:
Approval Only 5 will receive FDA approval

Phase 3 8 Approximately 32k of 47k or

are exposed to drugs that remain investigational
and do not advance to the market.

(Adapted from Serkaya, et al., JAMA Network Open, 2022) (https://www.trialsearch.com/clinical-trials/phases)

Courtesy of Dr Tina Morrison (FDA) and Dr Mark Palmer (ANSYS)
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I Regulatory Science & Innovation



The Economic & Financial Imperative
Sustainable care and affordable innovation

-
Complex Medical Devices:

» Average cost from discovery to launch
continues to increase

» Average cost to successfully deliver an asset to
market is $0.52B

» Range in cost varies from $0.205B to $3.4B

* Average total time is 13 years

E Pharmaceuticals:
(@

Average cost from discovery to launch
continues to increase

Average cost to successfully deliver an asset
to market is $2.3B

Range in cost varies from $0.74B to $6.7B
Total time is 14-16 years
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m Phase 1 mPhase 2 » FDA Approval

¥
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WHAT IF....
We build credible models that surface hidden

insights and predict post-market failures early.
We then optimise designs to prevent or minimise
those failures.

Human studies become confirmatory—verifying
safety and performance, not estimating them.

The vision

IN SILICO EVIDENCE

. Centre of Excellence on in-silico
| Regulatory Science & Innovation 9



The Innovation Imperative
Better Products, Less Failure, Reduced Time to Revenue

CEiRS

L )
-
amsgsssumunsnntd

Safety Risks / Inefficacy Signals =

Cost per problem 1x

earlier, cheaper, better, safer, greener

Cost per problem 1000x — 10,000x

se® *
Cost per problem 10x — 100x

Discovery Invention & Pre-clinical & Regulatory Production Product Post-Market
& Ideation Prototyping Clinical Trials Approval Ramp-up Launch Monitoring
Source: Adapted from J Lemon, ITI Global Medical Product Lifecycle -

Centre of Excellence on in-silico
Regulatory Science & Innovation
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Modelling and simulation is a technology integrator
The foundation of 21st-century design and manufacturing

Models are built to address specific questions of interest
The better the question is defined, the better the model
Al (data-driven) + mechanistic (first-principles) modelling

Models are informed by
Physical and Real-World Data Computer
Clinical imaging “in silico”
Disease or condition to be treated Model
Digital representation of the device and its operation
Manufacturing processes for the device

Procedure

of Excellen n in-silico 11
I R g Imory Suence nnovotion



Regulatory use of modelling and simulation
Benefits to the regulatory ecosystem

B |nitial use was for forensic analysis of post-market failures

®m Applications moved left in the product life cycle towards
manufacturing, R&D, and clinical evidence
B Successful applications have included
® Reducing the number of questions to be addressed in the study design
® Augmenting a clinical trial with virtual patients
® Use of modelling and simulation to expand claims
® Uses simulation to resolve post-market product safety & efficacy issues

Patient positions

Animal it i MR scanner |
Studies Non-Clinical —e B
Testing .
Early
Human R¥ coil modeks and
Studies | fiwld excitations |
Design
Optimization Aycock K, Battisti T, Peterson A, Yao J, Kreuzer S, Capelli C, Pant S, Pathmanathan P, Hoganson DM, Levine SM, Craven BA.
Design Prototyping Design Clinical Regulatory Product Post- Towarq trustworthy mgdical device in silico clinical trials: a hierarchical framework for establishing credibility and
Ideation Freeze  Trial Decision Launch Market strategies for overcoming key challenges. Front Med (Lausanne). 2024 Aug 12;11:1433372.

Soejima K, Edmonson J, Ellingson ML, Herberg B, Wiklund C, Zhao J. Safety evaluation of a leadless transcatheter pacemaker
for magnetic resonance imaging use. Heart Rhythm. 2016 Oct;13(10):2056:63

0 Centre of Excellence on in-silico 12
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High-value Evidence for the entire Product Lifecycle

Value Proposition: Reduce RDR from “Years to Months” & Safety Risks “Failing fast & earlier ”

In-silico testing/trials:

computer-based tests/trials using detailed
prediction models on highly controlled virtual
conditions or virtual cohorts

representing realistic operational conditions
or target populations for the intended use

/?r acute

%\ g’ma/d& g, ¢ predicted
ounaary hysics- afety and/or
clinician \\conditions device gaged ﬁ{ec%vene/ss
‘ ' * * > {{’ 7+ pred/ctvons = endpoints
W o
* ' * Q panentt dEVICE +
eometry, : —
it kAR patient clinical
virtual properties atient outcome
hort P
\ conho full lscy

.

IN SILICO = evidence derived from real-world data plus

computational modelling and simulation, including Al

Aycock K, Battisti T, Peterson A, Yao J, Kreuzer S, Capelli C, Pant S, Pathmanathan P, Hoganson DM, Levine SM, Craven BA. Toward trustworthy medical device in
silico clinical trials: a hierarchical framework for establishing credibility and strategies for overcoming key challenges. Front Med (Lausanne). 2024 Aug 12;11:1433372.

Centre of Excellence on in-silico
Regulatory Science & Innovation
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TODAY

In Silico

Predictive Capability . . . mp> | vechmoiogy
T h e F u t u re? [ Relevant outcomes to patients/consumers _] m Good
[ Clinicalfreal-world _perfc:rrnance ] m Good
[ Use beyond indications ] m m Good
I Investigational Capability
P.ro p.ortlon ate a nd [ Represent health condition J m
r I S k- I n fo r m e d [ Adaptable for patient/consumer specificity ] Fair m
eviden Ce [ Rely on simplifying assumptions ] Fair
f k [ Maintain experimental control J Fair m m m
ramewor (o ) oD
Business Considerations
No single source of evidence (Expand CoUlLabeling J oo
pro vides the highest e vidence ("Execution Time (relative ) [ low
rigour for all categories (‘Scaing Eficiency ) "
* With data from all
https://reaganudall.org/publications/silico-technologies-strategic-imperative-accelerating-breakthroughs-and-market other models w/
AVML capabilities

E' R I Centre of Excellence on in-silico 14
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This is happening, Regulators just don't assess it

EXEMPLARS



Orthopaedic implants

> in silico bench test on realistic regimes

CEiRS

Centre of Excellence on in-silico
Regulatory Science & Innovation

Annals of Biomedical Engineering. Vol. 49, No. 12, December 2021 (© 2024 pp. 3213-3226

https://doi.org/ 10 1007/s 10439-021-02787-y

Virtual Physiological Human

BIOMEDICAL @
ENGINEERING  Ghock for
SOCETY updates

@ ZIMMER BIOMET

In Silico Clinical Trials in the Orthopedic Device Industry: From Fantasy
to Reality?

PuiLirrE FAVRE @,' GHISLAIN MAQUER,2 ADAM HENDERSON,2
DanieL HerTig,” DanieL Ciric,” and JEFFrey E. BISCHOFF®

'Zimmer Biomet, Zihlerweg 4. 6300 Zug., Switzerland *Zimmer Biomet, Sulzerallee &, 8404 Winterthur, Switzerland; and
Zimmer Biomet, 1800 West Center St, Warsaw, IN 46580, USA

{ Received 29 January 2021 accepted 24 April 2021; published online 10 May 2021)

Associate Editor Joel Stitzel oversaw the review of this article.

Abstract—The orthopedic device industry relies heavily on
clinical evaluation to confirm the safety, performance, and
clinical benefits of its implants. Limited sample size often
prevents these studies from capturing the full spectrum of
patient variability and real-life implant use. The device
industry is accustomed to simulating benchtop tests with
numerical methods and recent developments now enable
virtual “in silico clinical trials” (ISCT). In this article, we
describe how the advancement of computer modeling has
naturally led to ISCT; outline the potential benefits of 1ISCT
to patients. healthcare systems, manufacturers, and regula-
tors; and identify how hurdles associated with ISCT may be
overcome. In particular, we highlight a process for defining
the relevant patient risks to address with ISCT, the utility of
a versatile software pipeline, the necessity to ensure model
credibility, and the goal of limiting regulatory uncertainty.
By complementing—not replacing—traditional clinical trials
with computational evidence, ISCT provides a viable tech-

FE

ISCT

MDR

Clinical investiga-
tion (trial, study)

Clinical data

Clinical evaluation

Finite element

In silico clinical trials

Medical Devices Regulation
Systematic investigation in one
or more human subjects,
undertaken to assess the
clinical performance,
effectiveness or safety of a
medical device

Safety, clinical performance
and/or effectiveness
information that is generated
from the clinical use of a
medical device

Systematic and planned process

Favre P, Maquer G, Henderson A, Hertig D, Ciric D, Bischoff JE. In Silico Clinical Trials in the
Orthopedic Device Industry: From Fantasy to Reality? Ann Biomed Eng. 2021 Dec;49(12):3213-

3226. doi: 10.1007/s10439-021-02787-y.
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Personalised high tibial osteotomy

> realignment surgery with bespoke vs generic devices

medicine

ARTICLE

DePuy Synthes

- -
communication: %
THE ORTHOPAEDICS COMPANY OF gdmwgclmnm

Interesting points

« Obesity has been shown to be a significant independent
predictor of major complications following HTO surgery (p=
0.007). TomoFix plate not recommended in obese
individuals.

» Despite this fact, 88% of patients in a previous clinical study
were overweight or obese.

« The study included 92.9% overweight and 78.6% obese

patients and is representative of the typical patient
demographics.

CEiRS

Centre of Excellence on in-silico
Regulatory Science & Innovation

https://doi.org/10.1038/543856-021-00001-7 OPEN

Personalised high tibial osteotomy has mechanical

Personalised, on which virtual HTO was performed. Finite element analysis was performed to
calculate the stresses in the plates arising from simulated physiclogical activities at three
healing stages. The odds ratio indicative of the relative risk of fatigue failure of the HTO
plates between the personalised and generic arms was obtained from a multi-level
logistic model.

Results Here we show, at 12 weeks post-surgery, the odds ratio indicative of the relative risk
of fatigue failure was 0.14 (95%C| 0.01 to 2.73, p=0.20).

Conclusions This novel (to the best of our knowledge) in silico trial, comparing the
mechanical safety of a new personalised 3D printed high tibial osteotomy device with an
existing generic device, shows that there is no increased risk of failure for the new perso-
nalised design compared to the existing generic commonly used device. Persanalised high
tibial osteotomy can overcome the main technical barriers for this type of surgery, our
findings support the case for using this technology for treating early knee osteocarthritis.

Table 2 Maximum von Mises stress (Stress) in the plates, maximum Von Mises strain (Strain) in the bone adjacent to the plates SafEty EC]UIV8|Eﬂt to generlc dEVICe In a
screws and maximum inter-fragmentary movement (IFM) for the two arms, and the differences between the arms for each of the I * I I - I * I
Generic? Personalised? Adjusted Difference (95% Cls)® Alisdair R. MacLeod® !, Nicholas Peckham® 2, Gil Serrancoli( , Ines Rombach?, Patrick Hourigan®,
Generic: Vipul I. Mandalia“, Andrew D, Toms®, Benjamin J. Fregly® & Harinderjit S, Gill 6%
n Mean (SE) n Mean (SE) p values

Stress (MPa)

Hs2 3 3318 (13.55) 410 3451 (9.54) ~12.5 (~70.0, 45.0) 0.67

Hs3 a0 90.6 (3.56) 392 108.3 (3.87) -17.1(-26.2, -1.9) <0.001

Hs4 416 37.0 (164) 419 48.3 (160) 111 (-153, ~6.8) <0.001 Abstract Plain Language Summary

Strain (unitless) Background Despite favourable outcomes relatively few surgeons offer high tibial ostectomy ~ Surgical treatment to realign the

H52 3% 0.015 (0.00071) 365 0.017 (0.00067) -0.00N (-0.0030, 0.0008) o027 HTO) as a treatment option for early knee ostecarthritis, mainly due to the difficulty of knee, called a high tibial osteotomy, Is

H53 a10 0.01 (0.00065) 392 0.0M (0.00056) —0.0002 (—0.0024, 0.0021) 058 ¢ hievi | 4 i: d Yr‘t o4 s6ft 1 ) ; i 4 R EI ; i effective at relieving symptoms of

Hea A6 0.0096 (0.00067) 410 0.0090 (0.00055) 0.0005 (~0.0020, 0.0031) 067 achieving planned correction and reported soft tissue irritation around the plate used to = L ansvakion

IFM () stablise the osteotomy. To compare the mechanical safety of a new personalised 3D printed ts. difficulty & new: personalised trea-

H52 3 0.3 (0.2} 410 0.33 (0.015) -0.014 (-0.045, 0.017) 037 high tibial osteotomy (HTO) device, created to overcome these issues, with an existing  ment with simpler surgery has been

Hs3 410 0.2 (0.005) 392 0.2 (0.004) —0.005 (-0.010, 0.001) 0.0 . . I . s . ) ] !

Hs4 416 0.04 (0.002) s 0.06 (0.003) 0,036 (—0.054, —0.018) <0.001 generic device, a case-control in silico virtual clinical trial was conducted. designed. The aim of this study was
Methods Twenty-eight knee osteoarthritis patients underwent computed tomography (CT) 1o investigate the safety of the new

*Data are presented foe 3l nhcenations, which are clustared within participants y . ; i lised treatment d to

"Eslwn:; ate based on 3 mullldevel logistic ,,:L‘.:‘sm;,m, measures over fime and allawing lor additional chistiving within pirtipants using robust Sondarnd &ors scanning to create a virtual cohort; the cohort was duplicated to form two arms, Generic and ::;Ttr;:ard t':ﬂ:::;:::':;: B

time, a detailed computer simulation
clinical trial was performed, using
imaging data from 28 real patients.
The computer simulation compared
the risk of the implant failure
between the personalised and stan-
dard treatments, The personalised
treatment did not have a higher risk
of implant failure than standard
treatment. This supports further
clinical studies looking at the benefits
of personalised over standard rea-
lignment surgery. The personalised
treatment has the potential to allow
much more widespread use of rea-
lignment surgery to treat early knee
osteoarthritis.

MacLeod, A.R., Peckham, N., Serrancoli, G. et al. Personalised high tibial
osteotomy has mechanical safety equivalent to generic device in a case—

control in silico clinical trial. Commun Med 1, 6 (2021).
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Cheaper, faster, better, safer and more scalable |r'TiYA\
VICTRE Trial — Digital Breast Mammography vs DB Tomosynthesis M iz

QICTRE

Real population Real acquisition Radiologist interpretation @Eé

Real trial

Abadi E, Segars WP, Tsui
BMW, Kinahan PE, Bottenus
N, Frangi AF, Maidment A, Lo
J, Samei E. Virtual clinical
trials in medical imaging: a
review. J Med Imaging
(Bellingham). 2020
Jul;7(4):042805

of Exc || n in-silico
CEIRSI RJI i ry Scie rmovcx?ion 18

Virtual trial




Digital Breast Tomosynthesis
> comparative diagnostic efficacy r

ek [OpEen.

Health Reseorch Boord

L

‘Triols Meshscloingy Research Networic

Original Investigation | Imaging

Evaluation of Digital Breast Tomosynthesis as Replacement
of Full-Field Digital Mammography Using an In Silico Imaging Trial

Aide Badanp, PhiD; Chnstian G Geaff, PhD; Andrew Badal, PhD; Diksha Shanma, MSC Rongpeng Zang, Phi; Frank W, Samuelson, Phil;

Stephen 1 Glick PHD; Hyle § Myers, FAD

Trials
Abstract Key Points
y2IBA Question Canin siliceimaging trials
als pan 30-GEH0EN regulatory evaluation of innovative
F:;:g;’fwmm;m ¥ regulatoey play a rofe in the evaluation of new

Il preducts. Simulation s increasingly

o medical imaging systems?
Figure 2. Example Images From the Virtual Imaging Clinica wplications.

E] DM of microcalcification cluster

CEiRS

Centre of Excellence on in-silico
Regulatory Science & Innovation

A and B, Digital mammography (DM) (A) and selected
digital breast tomosynthesis (DBT) slice (B) of a case
corresponding to a breast with scattered areas of
fibroglandular density containing a microcalcification
cluster (inserts). C and D, Digital mammography (C)
and selected DBT slice (D) of a case corresponding to a
breast with scattered areas of fibroglandular density
containing a spiculated mass lesion (arrowheads).
Lesions have been made more conspicuous for display
purposes by artificially increasing their radiography
attenuation during image acquisition.

@ Mean (SE) Favors : Favors
« a\ S. w-'#‘ Changetn G O | ewaluating digital breast tomosyrithesis
renl i . ‘o compare the results with a
. H ng C‘ \ﬂ\Ca‘ t \ab\e 1.0587 (0.0062) ‘-
silico imagdt fer, and MOre sca
petter, saref, 0657 (0.0148) —a s g Cliical Trialfor Reguftry
fastef 1l 1724 (0.0073) - triai that used human patients and
o Taols 1449 (0.0038) E o AT systerms via Fast Mante Carko x-ray
o pnadicsl deVICER T " ting the presence of lesions. A total of
ity M2dCE 500 (0.0061) - gthe p
iy, Hiese. ) ﬂe""“b‘::; execution of 5 and rackographic densities
rdensome 3 4¥ juring the desia® - = icknesses from 3.5 to & om were
ina clirical wrials © :‘A“ ::.:h:'\dr cantiy "‘F'f:; erumente five lBsse “E;al:qr:i::"\? vicky} ‘:: igg:i; i Tuctures are sandomily creatad within a
ALy v rugy Trsts D jals ar > o iort 1T 5
heoimaad™ T e "._.,;;_;.\r.g:‘“::_“:‘ o roguiatory Vet 4al orientation. & positive cohort
principal '\‘(J:ﬂr:\:; irtuat imaging e v, Regulutoy #¢ alustioht Siek  TEEEH culated mass
st alleho s X o s - . —a—
e i e Hids, Computationa! | sl applications rﬂﬂ'fh[::‘ where
- e TOFE com'cntl‘i?“: Ay technolofy mm':d o any S s the difference in area under the
aprment af “‘:31;:)“\:‘15 nok yet w\aﬁb o e W ; (0.026) I = or kesian ditection. The trial was sided
computer SIRCE staice; S £ rand modific (0.021) —a— , haif the uncertalnty In the comparative
ficant jevel FoE u:;\amﬂ o better unr.\er:)ﬂfﬂtmam-e
by industey ?‘gljka@_s and 1o predict the T
1oa 1o £335U0 s wilion TMAE 5
b:w techneloBY . ioms on the U af in 5;“';";‘2 e 0.032) — = 500 and 27 960 DBT cases from 2966
While ma“:‘;mﬁuﬁmnce of radiation \‘mf'g i silico 0 ‘10 ﬁ = -15 and Data System densities: 386 (3.6%)
udy the peeics it 1 0. o
mim;r i:mnge. 2]y have heent N;!;d il rosmntty 134 Change in AUC 10 (40.2%) scattered fibroglandulas
i 3

£) change in ALIC was QU587 (0.0062)
7 TV A0F LT 1, 3 CRIGTIE N AU s sarger Tor masses (mean [SE], DU0903 [Q.008])
caloifications {mean [SE], 00268 [(.004]), which was consistent with the findings of the
tive trial imiean [SE], 0.065 [0.017] for masses and -0.047 [0.032] for calcifications).

SIONS AND RELEVAMNCE The results of the simulated VICTRE trial are consistent with the
e seen in the comparative trial. While further research is needed to assess the
ablity of these findings. insilico imagng trials represent a viable source of regulatory

for imaging devices

ok Opmn. 2013718544, doi 10100 Vamane twiorkopen 2058 5474

Findings This diagnostic stucy isad
computer-srmalated Imagng of 2085
syrifetic image-basad virtual patients
1o compare digitl rmammagraphy snd
digital breast tomasynithesis and faund
an improwved lesion detecton
perfonmance favoring tomosynthesis for
all breast sizes and lesicn types. The
Increased performance for
tomesyrithesis was consistent with
results from a comparative trial using
human patients and radiologists.

Meaning The study's findings suggest
that insilico imagmg trials and imaging
aystem computsr simiulation 1aals can in
some cases be corsidesed viable
sources of evidence for the regulznory
evaluation of imaging devices.

+ Supplemental content

Author affifiations and artiche nformaton ane
|t at the-end of this arice

no A, Graff CG, Badal A, Sharma D, Zeng R, Samuelson FW, Glick SJ,
s KJ. Evaluation of Digital Breast Tomosynthesis as Replacement of

ield Digital Mammography Using an In Silico Imaging Trial. JAMA Netw
. 2018 Nov 2;1(7):e185474. doi: 10.1001/jamanetworkopen.2018.5474.
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Blood vessels
—

Brain

- Cerebral Aneurysm
Sacculr Fusitam Dissecieg

www.rwjbh.org/rwj-university-hospital-new-
brunswick/treatment-care/ neurosciences/neurosurgery/for
patients/new-jersey-brain-aneurysm-avm-program/what-is-a-
brain-aneurysm-/

. Centre of Excellence on in-silico
| Regulatory Science & Innovation

www. neurosurgicalatlas.com/neuroanatomy/
most-common-sites-of-saccular-aneurysms

) A\

~ 6

Leaf section  Anchor section

Leaf section

ovascular Devices for
0s.2017.02229
akhloo AK, Ortega

Jia ZY, ShiHB, Miyachi S, Hwang SM, Sheen JJ, Song YS, Kim JG, Lee DH, Suh DC. Development of New End
Aneurysm Treatment. J Stroke. 2018 Jan;20(1):46-56. doi: 1(
ereira VM, Arat A, W

)

Dandapat S, Mendez-Ruiz A, Martinez-Galddmez M, Macho J, Derakhshani S, Foa Torres G, P
3(1)

Gutierrez S. Review of current intracranial aneurysm flow diversion technology and clinical use. J Neurointerv Surg. 2021 Jan;1¢
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Flow-Diverter Mechanism of Action

(a) (b) . ;
Flow Diverter Implantation
Aneurysm
_ Flow activity
Side within aneurysm
branch reduces

— > —

(d)  Vessel Remodeling (© Aneurysm Thrombosis
Aneurysm is
resorbed

o
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oriGnAL ResearcH m NEURORADIOLOGY

CEiRS

Pipeline for Uncoilable or
Failed Aneurysms: Results from a
Multicenter Clinical Trial’

Tibor Becske, MD

Davi F. Kallmes, MO i o
Isil Saatci, MD

Gameran G. McDougall, MD

Istvdn Szikora, MD, PhD Materials and
Giuseppe Lanzino, MD Methods:

Chriztopher J. Moran, MD
Henry H. Woo, MD
Demetriuz K. Lopas, MD
Aaron L. Bergz, MD

Daniet J. Cher, MD

Adnan H. Siddigui, MD, PhD
Eiad |, Lewy, MD

Felipe C. Aluquerque, MD
David J. Fiorella, MD, PhD
Zsolt Berentel, MD

To evaluate the safety and effectiveness of the Pipeline
Embaolization Deviee (PED: ev3/Covidien, Irvine, Calil) in
the treatment of complex intracranial aneurysms,

The Pipeline for Uneoilable or Failed Aneurysms is a
multicenter, prospective, interventional, single-arm (rial
of PED for the treatment of uncoilable or failed aneu-
rvams of the internal carotid artery. Institutional review
board approval of the HIPAA-complinnt study protocol
wis obtained from each center. After providing informed
consent, 108 patients with recently unruptured large and
ginnl wide-necked ANEUrVSING were enrolled in the _':tud}'_
The primary effectiveness endpoint was angiographic eval-
uation that demonstrated complete aneurysm occlusion
and absence of major stenosis ar 180 davs. The primary
safiety endpoint was oceurrence of major ipsilateral stroke
or neurologie death at 180 days,

Design to Publication 8 years
Recruitment 6 years

108 patients ca. £30-40m

https://clinicaltrials.gov/ct2/show/NCT00777088

Centre of Excellence on in-silico
Regulatory Science & Innovation

PIPE|
EMBOLI.

DEVICI
STUDIES

(=)

Radiology

PUFs' o
PREMIER’ o
ASPIRe" o

PREMIER’

n=141

Ankara Experience
n=251

SEE CLINICAL EVIDENCE
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L

FD-PASS
Our first in silico clinical trial AL Medtronic

COMMUNICATIONS

> 3 ARTICLE ) Crack for upstos
= 8 W OPEN
54 = - . 3 5 v
EQ o In-silico trial of intracranial flow diverters
S xR replicates and expands insights from

o . e« o .
* 3 conventional clinical trials
V| RTUAL ANATOMY ‘_—% Ali Sarrami-Foroushani® "2, Toni Lassila® !, Michael MacRaild', Joshua Asquith‘, Kit C. B. Roes>,

@neurlST study (V=82) Device implantation Volume mesh generation James V. Byrne® 4 & Alejandro F. Frangi 1256%

Villa-Uriol et al. 2011  Larrabide et al. 2012 ICEM CFD (Ansys, Canonsburg PA)

",

The cost of clinical trials is ever-increasing. In-silico trials rely on virtual populations and
interventions simulated using patient-specific models and may offer a solution to lower these
costs. We present the flow diverter performance assessment (FD-PASS) in-silico trial, which
models the treatment of intracranial aneurysms in 164 virtual patients with 82 distinct
anatomies with a flow-diverting stent, using computational fluid dynamics to quantify post-
treatment flow reduction. The predicted FD-PASS flow-diversion success rates replicate the
values previously reported in three clinical trials. The in-silico approach allows broader
investigation of factors associated with insufficient flow reduction than feasible in a con-
ventional trial. Our findings der that in-silico trials of endovascular medical devices
can: (i) replicate findings of conventional clinical trials, and (ii) perform virtual experiments
and sub-group analyses that are difficult or impossible in conventional trials to discover new
insights on treatment failure, e.g. in the presence of side-branches or hypertension.

STAV redection
1n e wac (%]
s 3

. ¥ 5838 8
4R |
L i ]
B

STAV reducbiu
[ S
- % 58 2 %

§
£

POST-TREATMENT  PRE-TREATMENT

CFD modelling & simulation
Sarrami-Foroushani et al. 2019

Statistical analysis of device performance
Flow reduction -related endpoint (AMVR) acts as
surrogate for complete occlusion (clinical endpoint)

CLOTTING

Sarrami-Foroushani A, Lassila T, MacRaild M, Asquith J, Roes KCB, Byrne JV,
Frangi AF. In-silico trial of intracranial flow diverters replicates and expands
insights from conventional clinical trials. Nat Commun. 2021 Jun
23;12(1):3861. doi: 10.1038/s41467-021-23998-w.

E' R Centre of Excellence on in-silico 25
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FD-PASS:
replicated the occlusion rates of three studies

56 86,99 95.2%

100.0% 5% ,
- . I
0.0% . .

76.8% 74.8%

mo. 1 yr. S yr. 1 yr. 7.8 mo.
FDPASS PUFS PREMIER ASPIRe
2021 2008-2014 2014-2015 2016
In-silico trial Clinical trial Clinical trial Observational registry
Small, large, and giant Large & giant aneurysms Small & medium aneurysms  Small, large, and giant
aneurysms (size > 10mm) (size <12mm) aneurysms

PUFS—Outcome improvement over time—Three possible explanations:
1/ The aneurysm occlusion process can be prolonged in some cases. As time passes, more aneurysms heal.

2/ Some cases received re-treatments: 6 aneurysms re-treated
3/ Dropouts or failure in follow-ups Y1: 86.8% (79/91), Y3: 93.4% (71/76), and Y5: 95.2% (60/63).

CE. RS Centre of Excellence on in-silico Sarrami-Foroushani A, Lassila T, MacRaild M, Asquith J, Roes KCB, Byrne JV, Frangi AF. In-silico trial of intracranial flow diverters replicates and expands insights from 26
I LSRR 2 S L S conventional clinical trials. Nat Commun. 2021 Jun 23;12(1):3861.
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In silico trials — Concrete example: cerebrovascular flow diversion devices
Systematically explore design space & test it against available knowledge

Surrogate end point:
Reduction in max

/2, Morphology #1  Morphology #2

N "5:‘\90'
'-t'f,Nt,_. ,\ W ,’
AKX 4}. \u\ ,m O
' \ .' ‘.0.,5,/""
-?:6“ “"’ "/l"’s '\oe '»\“ B

PN

Rest
Exercise
Enterprise:
Pipeline:
CE. RS Centre of Excellence on in-silico Sarrami-Foroushani A, Lassila T, MacRaild M, Asquith J, Roes KCB, Byrne JV, Frangi AF. In-silico trial of intracranial flow diverters replicates and expands
| Regulatory Science & Innovation insights from conventional clinical trials. Nat Commun. 2021 Jun 23;12(1):3861.

time-averaged
velocity at the neck

Anatomy #1: 64%
Anatomy #2: 27%

64%
56%

10%
64%
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The In-Silico Trial Space

Population
Data

bioﬁamk"“

Improving the heatth of future generations
1

Device Design &
Delivery envelope

YT )
TATA

(c) Stent 2

5 F 3
,i/
X
b F 3

*\,2Yorkshire :
LEEDS CARE RECORD =

| Anatomical, Mechanical &
Q Toariren Hunmber Rheological envelope

Care Record

virtual experiment @

@ "'\ _LIVING Lifestyle, Physiological
& INLEEDS. e & Operational envelope

® Centre of Excellence on in-silico
| Regulatory Science & Innovation
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Real-world datasets — intracranial aneurysms
CDaneurisT

Brain angiographic data (3D
rotational angiography, CTA,
and/or MRA).

Approximately 600 patients.

Exams/Interventions

When available, aneurysm
rupture status.

When available, information
about coiling treatment.

Demographics & clinical data
Age, gender, smoking status,
and BMI

. Centre of Excellence on in-silico
| Regulatory Science & Innovation

NHS

The Leeds

Teaching Hospitals
NHS Trust

Consecutive brain angiographic data (3D rotational angiography, CTA, and/or MRA) and
radiology reports from the past 10 years have been retrieved in LTHT.

Approximately 36,000 patients.

Exams/Interventions

When available, aneurysm rupture status
Flow diversion or coiling treatment of
aneurysms.

Device information (type/make,

size, numbers)

Demographics & clinical data
Age, gender, ethnicity, smoking status,
and BMI

Blood analytics
Information re RBCs, WBCs, platelets, etc.

Comorbidities

Diabetes, (controlled) hypertension,
hyperlipidemia, coronary artery

disease, polycystic kidney disease, atrial
fibrillation, and cancer.

Medicines

Anticoagulant and antiplatelet
medicines like heparin, warfarin, aspirin,
clopidogrel, ticagrelor, and prasugrel.

29



Real-world datasets — intracranial aneurysms NHS

The Leeds
Teaching Hospitals
NHS Trust
Example: Population— 35,891 cases (examined 2014-2024). Mean age = 59 yo [17-92 yo]
Gender Smoking Status Ethnicity Aneurysm Diagnosis

m Male mFemale m Smoker m Non-Smoker m Ex-Smoker m\White M Black M Asian B Mixed B NotStated B Other B N/A m Aneurysm mNo-Aneurysm

Diabetes Cancer Coronary Disease

2% 7%

21%

79%
93%

98%

H Diabetes M No-Diabetes B Cancer H No-Cancer H CAD mENo-CAD

. Centre of Excellence on in-silico 30
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Reference at-scale datasets — aortic valve stenosis

S

Primary Safety

Primary Efficacy

Boston
cientific

@REPRISE 1l

> Lotus Valve System

A randomized, controlled trial to evaluate the safety and effectiveness of the
Lotus™ Valve System for TAVR in symptomatic subjects with calcific, severe
native aortic valve stenosis who are considered at extreme or high risk for
surgical valve replacement

« 2:1 Randomization of Lotus Valve vs. CoreValve®
Transcatheter Aortic Valve Replacement Platform

« N=1032
« Annulus size: 20 mm-27 mm
(utilizing the 23, 25, and 27 mm Lotus valves)

Study
Design:

Composite of all-cause mortality, stroke, life-threatening and

i vascular complications at 30 days

Composite of all-cause mortality, disabling stroke, or moderate
or greater paravalvular aortic regurgitation (based on core lab

Endpoint:

assessment) at 1 year
Secondary Moderate or greater paravalvular aortic regurgitation (based on
Endpoint: core lab assessment) at 1 year

Up to 60 Centers
United States, Canada, Western Europe and Australia

° Centre of Excellence on in-silico
| Regulatory Science & Innovation

1,000

maijor bleeding events, stage 2 or 3 acute kidney injury, or major

A prospective, multicenter,
2:1 randomised (Lotus
Valve System versus a
commercially available
CoreValve Transcatheter
Aortic Valve Replacement
System, controlled trial

A very large, population-
based prospective study,
established to allow
detailed investigations of
the genetic and nongenetic
determinants of the
diseases of middle and old
age. 500k (100k imaging
enhancement)

85,000

biobank

CENTRAL ILLUSTRATION: UK Biobank Data Types

Lifestyle factors

- &5

Heart and lung
function measure

Arterial stiffness

Body size and
body composition

- » wﬂyﬁ metabolites
[¥) &% - it
L ——» Blochemical
Mmaly care records
+ Secondary care records ‘YW
* Death register
» Cancer register

Caleyachetty, R. et al. J Am Coll Cardiol. 2021;78(1):56-65.
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& GOV.UK

Health Data as a Sovereign Asset P —

Press release
Prime Minister turbocharges medical ®
research

Better and faster access to NHS data for researchers, with
gold standard security and privacy measures.

-
UK: Health Data Research Service to
+
From: Department of Health and Social Care, Prime Minister's Office, 10 Downing
* * e Street, Department for Science, Innovation and Technology, Office for Life Sciences,
p rOV l ‘ : S I n ‘ : p O I n O a CC( :S S O The Rt Hon Sir Keir Starmer KCB KC MP, The Rt Hon Wes Streeting MP and The Rt Hon

Peter Kyle MP

data in the United Kingdom

* Latestin aseries of pro-growth measures to build a strong, resilient
economy with more well-paid jobs

* Changes will help make Britain the best country in the world for medical
research driving growth that puts more money in people’s pockets as part
of the Plan for Change

. Centre of Excellence on in-silico 32
I Regulatory Science & Innovation

https://www.gov.uk/government/news/prime-minister-turbocharges-medical-research
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New devices and techniques

©

OPEN ACCESS

» Additional supplemental
material is published online
anly. To view, please visit the
journal online (https:fdolong/
10.11364nis-2024-02 2000}

'Centre for Computational
Imaging and Modelling in
Medicine (CIMINM]), University of
Manchester, Manchester, UK
*EPSRC Centre for Doctoral
Training in Fluid Dynamics,
University of Leeds, Leeds, UK
JIZuepartmem of Computer
Science, School of Engineering,
University of Manchester,
Manchester, LK
*Schaol of Health Scences,
Division of informatics, Imaging
and Data Sciences, University of
Manchester, Manchester, LK
*Schoed of Computing,
University of Leeds, Leeds, LK
“Interventional Neuroradiology,
Leads Teaching Hospitals NHS
Trust, Leads, UK
"Schaol of Mechanical
Engineering, University of Leeds,
Leeds, UK

epartment of Cardiovascular
Sciences; KU Leuven, Lauven,
Belgium
“Department of Electrical
Engineering (ESAT), KU Leuven,
Leuven, Belgium

Correspondence to
Prafessor Alejandro F Frang;
alejandro.frangi@manchester.
ac.uk

Received 18 May 2024
Accepted 13 September 2024

Original research

Off-label in-silico flow diverter performance assessment
in posterior communicating artery aneurysms

Michael MacRaild @ ,'** Ali Sarrami-Foroushani,"* Shuang Song,” Qiongyao Liu @,

Christopher Kelly,> Nishant Ravikumar, Tufail Patankar,® Toni Lassila,’

Zeike A Taylor @ ,” Alejandro F Frangi

ABSTRACT

Background The posterior communicating artery
(PComA) is among the most common intracranial
aneurysm locations, but flow diverter (FD) treatment
with the widely used pipeline embolization device

(PED) remains an off-label treatment that is not

well understood. PComéA aneurysm flow diversion is
complicated by the presence of fetal posterior circulation
(FPC), which has an estimated prevalence of 4-29% and
is more common in people of black (11.5%) than white
(4.9%) race. We present the FD-PComA in-silico trial {I5T)
into FD treatment performance in PComA aneurysms.
I5Ts use computational modeling and simulation in
cohorts of virtual patients to evaluate medical device
performance.

Methods We modeled FD treatment in 118 virtual
patients with 59 distinct PCom#A aneurysm anatomies,
using computational fluid dynamics to assess post-
treatment outcome. Boundary conditions were prescribed
to model the effects of non-fetal and FPC, allowing for
comparison between these subgroups.

Results FD-PComA predicted reduced treatment
success in FPC patients, with an average aneurysm space
and time-averaged velocity reduction of 67.8% for non-
fetal patients and 46.5% for fetal patients (P<0.001).
Space and time-averaged wall shear stress on the device
surface was 29.2 Pa averaged across fetal patients and
23.5 Pa across non-fetal (P<0.05) patients, suggesting
D endothelialization may be hindered in FPC patients.
Morphological variables, such as the size and shape

of the aneurysm and PComA size, did not affect the
treatment outcome,

Conclusions FD-PComA had significantly lower
treatment success rates in PCom#A aneurysm patients
with FPC.We suggest that FPC patients should be
treated with an alternative to single PED flow diversion.

13489

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Flow diverter (FD) treatment of posterior
communicating artery (PComA) aneurysms
using the pipeline embolization device (PED) is
an off-label indication with poorly understood
low treatment success rates in patients with
fetal posterior circulation (FPC).

WHAT THIS 5TUDY ADDS

= The FD-PComA in-silico trial used computer
modeling and simulation in 118 virtual patients
to determine that PED treatment of PComA
aneurysms was less effective in patients with
FPC and was due to the increased flow rate
through the PComA in this scenario.

= Morphological variables, such as PComA size,
aneurysm maximum diameter, aneurysm aspect
ratio, aneurysm neck width, and aneurysm non-
sphericity index did not influence treatment
outcomes.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Alternative treatment to single PED flow
diversion is recommended for PComA
aneurysms with FPC.

= This study highlights how in-silico trials
can generate evidence on medical device
performance in less studied treatment
scenarios.

neoinrima along the device irself, ulnmately leading
to aneurvsm occlusion. Neoinrimal proliferation
can also lead to parent vessel remodelling, which

led to concerns that the PED has the potendal to
EURELT, LI SRRty R TRt e M Sy Tt T R R Ty
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Anterior communicating artery (Acom)

Anterior cerebral artery (ACA A1)

Miidie cerebral artery (MCA)

Postenor communicating artery (PCoA)

Posterior cerebral artery (PCA P2)
Posterior cerebral arlery (PCAP1)

Basilar artery

Posterior communicating artery (PCoA)

Posterior cerebral artery (PCA P2)
Posterior cerebral artery (PCAP1)

B - Basilar artery

Posterior communicating artery {PCoA)

o Posterior cerebral artery (PCA P2)
Posterior cerebral artery (PCAPT)

Basilar artery
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FD-PComA complete occlusion rates

Flow reduction & thus, the success rate is reduced in PComA
aneurysms with foetal posterior circulation.

88.6%

100.0%

42.6%

0.0%

Foetal

FD-PComA

Non-foetal

Flow reduction (STAV) > 50% threshold.

Centre of Excellence on in-silico
Regulatory Science & Innovation

CEiRSI

1. Flow reduction measures vs. non-fetal and fetal posterior circulation.

Aneurysm STAV reduction [%]

g

g

E

g

H

=

&

P=162e—-12
o
Non-fetal (N = 59) Fetal (N = 59)
Mean = 67.8% Mean = 46.5%

Neck MTAV reduction [%]

100

80 4

40 4

20

o

=20

40

—60 4

P=0.001

o

Non-fetal (N = 59)
Mean = 39.7%

Fetal (N = 59)
Mean = 25.3%

2. Non-fetal and fetal treatment success rates vs. flow reduction threshold defining success.

Success rate [%]
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Success rate [%)]
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—~-— Optimal thres.
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!
5
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i
|
i
i
[
i
i
i

11 16 21 26 3 36

a1
Successful MTAV reduction threshold [%]

Flow reduction = space and time-averaged
velocity (STAV) in the aneurysm sac.

MacRaild M, Sarrami-Foroushani A, Song S, Liu Q, Kelly C, Ravikumar N, Patankar T, Lassila T, Taylor ZA, Frangi AF. Off-label in-silico flow diverter performance
assessment in posterior communicating artery aneurysms. J Neurointerv Surg. 2025 Jan 26:jnis-2024-022000.
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Coiling: the basics

Packing density is defined as the ratio between the
inserted coils and aneurysm volume.

Finish

Penumbra Smart Coil Insertion

. . Morales HG, Kim M, Vivas EE, et al. How do coil configuration and packing density influence intra-
Generic Call Insertion (S hOI’ﬂ aneurysmal hemodynamics?. AJNR Am J Neuroradiol. 2011;32(10):1935-1941. doi:10.3174/ajnr.A2635

E' R Centre of Excellence on in-silico 37
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https://youtu.be/fBoFy_LEVO4
https://youtu.be/QR7sKMYCqec

How Do Coil Configuration and Packing Density

ORIGINAL G
researcH | Influence Intra-Aneurysmal Hemodynamics?
H.G. Morales BACKGROUND AND PURPOSE: Endovascular coiling is a8 well-established therapy for treating intracra-
M. Kim nial aneurysms. Monetheless, postoperative hemodynamic changes induced by this therapy remain
E.E. Vivas not fully understood. The purpose of this work s to assess the influence of ceil configuration and

packing density on intra-aneurysmal hemodynamics.

M.-C. Villa-Uriol

I. Larrabide MATERIALS AND METHODS: Three 3D rotational angicgraphy images of 3 intracranial aneurysms

befare and after endovascular coiling were used. For each aneurysm, a 30 representation of the

T. Sola vasculature was obtained after the segmentation of the images. Afterward, a virtual coiling
L. Guimaraens technique was used to treat the aneurysm geometries with coil medels. The aneurysms were
A.F. Frangi cailed with 5 packing densities, and each was generated by using 3 coil configurations. Compu-

tational fluid dynamics analyses were carried out in both untreated and treated aneurysm geom-
etries. Statistical tests were performed to evaluate the relative effect of coil configuration on local
hemodynamics.

RESULTS: The intra-aneurysmal blood flow velocity and wall shear stress were diminished as packing
density increased. Aneurysmal flow velocity was reduced =50% due to the first inserted coils (packing
density <12%} but with a high dependency on coil configuration. Nonsignificant differences (P = .01)
were found in the hemodynamics due to coil configuration for high packing densities (near 30%). A
damping effect was observed on the intra-aneurysmal biood flow wavetorm after coiling.

CONCLUSIONS: Intra-anesurysmal hemodynamics are altered by coils. Coil configuration might reduce
its influence on intra-aneurysmal hemodynamics as the packing density increases until an insignificant
influence could be achieved for high packing densities.

ABBREVIATIONS: 3DRA = 3D rotational angiography; ANOVA = analysis of vanance; CFD =
computational fluid dynamics; DSA = digital subtraction angiography, WSS = wall shear stress

Irltr:lcranial aneurysms are balloon-like dilations of arteries
often occurring at branching points in the circle of Willis. In
most cases, these stay asymptomatic and are only diagnosed
through medical imaging or after spontaneous rupture. Aneu-
rysm rupture typically leads to subarachnoid hemorrhage pro-
ducing rates of mortality of approximately 50%." The existing
therapeutic options seck solating the aneurysm from the
bloodstream and preventing its rupture. The most important
therapies are surgical clipping and endovascular interven-
tions,” such as coiling and stent placement.

Coiling has been the most popular endovascular option for
the last 15 years." * This minimally invasive treatment consists
of the placement of biocompatible metal alloy coils to block
the blood Now into the aneurysm and to prevent rupture. Al-
though coiling is associated to lower mortality and morbidity

CEiRS

Centre of Excellence on in-silico
Regulatory Science & Innovation

rates compared with surgical 4:1i|:|{:i:'m.lﬂ_,,2 its outcome 15 not al-
ways pred:lic:tah]l:,l'5 Packing density is thought to have a
strong influence in postcoiling outcome, and usually the an-
eurysms are packed as dense as possible.”® Packing density is
defined as the ratio between the inserted coils and aneurysm
volume.

Moreover, the success of coiling is intimately related to the
biologic responses to hemodynamics inside the ancurysm,”
Certainly, CFD is an effective and well-accepted technique to
investigate intravascular hemodynamics in silico."" However,
the use of this technique in the presence of endovascular coils
is still challenging, due to the geometric complexity of the
devices, their small size {diameters of 0.010-0.015 inch),"!
and their unpredictable distribution inside the aneurysm.

To simulate the hemodynamics in coiled aneurysm geom-

a LR S R | 1o SEEE |

HIHWISIH TUNIDIHD g

Morales HG, Kim M, Vivas EE, Villa-Uriol MC, Larrabide |, Sola T, Guimaraens L, Frangi AF.
How do coil configuration and packing density influence intra-aneurysmal
hemodynamics? AUNR Am J Neuroradiol. 2011 Nov-Dec;32(10):1935-41.
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g o~ TABLE 2: Embolized volume of aneurysms d -
(C'ase | Configuration
I o
. 1
Embolized Volume (%) 2 | oo
3 A A A
2 Size of Aneurysm Stable Aneurysm  Unstable Aneurysm Pocking density O
. Small (n = 71) _— gﬁw
Small neck (n = 47) 325+98 19373 1 [omna
Wide neck (n = 13) 277114 17.4 = 10.3 " " L2 “‘ —
L
E Large (n = 27) 20.2 + 8.2 129%.5.7 = a m 0§
s
= Tamatani S, Ito Y, Abe H, Koike T, Takeuchi S, Tanaka R. Evaluation of the stability of aneurysms after embolization using detachable coils: correlation between stability of ‘ ‘ : A &
aneurysms and embolized volume of aneurysms. AUNR Am J Neuroradiol. 2002 May;23(5):762-7.

1
- — 0 15 20 25 30 35
20% 25% 32% < ‘ g B Packing density (%

Morales HG, Larrabide |, Geers AJ, San Roman L, Blasco J, Macho JM, Frangi AF. A virtual coiling technique forimage-based aneurysm models by dynamic path planning. IEEE Trans Med Imaging. 2013 Jan;32(1):119-29.
Morales HG, Kim M, Vivas EE, Villa-Uriol MC, Larrabide I, Sola T, Guimaraens L, Frangi AF. How do coil configuration and packing density influence intra-aneurysmal hemodynamics? AJNR Am J Neuroradiol. 2011 Nov-Dec;32(10):1935-41.
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Better population coverage

- Complex or Rare Diseases

Underserved communities

Pediatric applications

Combination therapies — co-simulation
Off-label or Foreseeable Misuse
Dose—Device Coupling

Virtual First-in-Body

Communicating RCT risk to patients

Fragile Physiology Zone

| Pregnancy Protected Window

Comorbidity Jigsaw

" Evidence for the Global South

" Pre-test inclusion/exclusion
Incremental Equivalence Proof
Supply Chain Substitute Swap
Reprocessing & Reuse Validator

 Operator Variability Reactor

Magnetic Environment Immunity

Extreme Physiology Checker

Recall Scope Optimiser

Recurrence Predictor Sandbox

Adaptive Arm Optimiser

- Non-Inferiority Cushion Finder

' Bespoke Manufactured Devices
Bioresorbable Horizon Scan
Clinician Learning Curve




Why should regulators and industry get involved?

READY FOR PRIME TIME?



In Silico Medicine/Trials FOA

> Computational Modelling & Simulation, Model-Informed or In Silico Evidence in FDA

NEWS IN DEPTH

U.S. FOOD & DRUG (7Y U.S, FOOD & DRUG
ADMINIATRATION ADMINISTRATION

ANIMAL RESEARCH

FDA no longer

Advancing Regulatory Science at FDA: ha's to requ!re

o e . s animal testing
B s - Bl 5 for new drugs

e Agency can rely on
Successes and Opportunities in animal-free alternatives

Modeling & Simulation for FDA before human trials

By Meredith Wadman

ew medicines need not be tested in
THE MAZE OF animals to receive US. Food and

HAZE Drug Administration (FDA) ap-
A proval, according to legislation

signed by President Joe Biden in late
December 2022, The change—long
sought by animal welfare organizations
could signal a major shift away from ani-
mal use after more than 80 years of drug
safety regulation.
“This is huge,” says Tamara Drake, direc-

"MOdeI-informed [prOdUCt] development iS tor of research and regulatory policy at the
the way of the future [at FDAJ![..]

W d M FDA | h . . | animal welfare organization and key driver
. o o . n of the legislation. “It’s a win for industry. It's
Modelling will become the leading science. adman M. FDA no longer has 1o require anima e e

teStlﬂg fOI’ new drUgS. SC/ence. 2023 Jan In place of the 1938 stipulation that
— Food & Drug Administration, Dr Patrizia Cavazzoni 13,379(6628):127-128. i s

] Centre of Excellence on in-silico 42
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> Modelling & Simulation, 3Rs, ... in EMA

Development of the regulatory science strategy to 2025

Ale Goal 2 % Leverage non-clinical models and

3Rs principles

. Foster innovation in clinical trials

Develop the regulatory framewaork for
emerging clinical data generation

FUROPEAN MEDICINES AGENCY
CIENCE MEDICINES NEALT

EMA Regulatory Science to 2025

Strategic reflection

Driving
collaborative
evidence generation
and improving the
scientific quality
of evaluations

Expand benefit-risk assessment and
communication

of &~ Invest in special populations
}“@ initiatives

Optimise capabilities in modelling,
simulation and extrapolation

canntntan aed workihoes et s B uasis

Exploit digital technology and artificial

O
Hines PA, Gonzalez-Quevedo R, Lambert AIOM, Janssens R, Freischem B, Torren Edo J, Claassen IJTM, Humphreys AJ. Regulatory Science to 2025: i i 2 oA 2
intelligence in decision making

An Analysis of Stakeholder Responses to the European Medicines Agency's Strategy. Front Med (Lausanne). 2020 Sep 23;7:508.

“In Silico Trials should be at the core of the
EMA 2025 strategy.”

— Efthymios Manolis, Scientific Advise Office, European

MedlCln es A genc_y https://www.ema.europa.eu/en/about-us/how-we-work/regulatory-science-strategy
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In Silico Medicine/Trials - Ready for prime time?

> Clinical Evidence, Modelling & Simulation, ... in TGA

Example - Adaptable medical device

Louise is a dentist and clinical expert for a manufacturer of temporary stainless-
steel crowns that are used as an interim measure whilst patients await fitting of
patient-matched dental crowns. One new device is @ mass-produced stainless steel
molar crown that comes in a range of sizes. Dentists are required to trim the edges
with crown scissors and "crimp” the device with crimping pliers for the individual
patient. The device is then cemented to the tooth.

The IFU contains detailed instructions for acceptable point-of-care manipulation of
the subject device with respect to sizing. The greatest extent of trimming and
crimping supported by the IFU are considered worst-case scenarios (justified
through computer modelling).

Louise has conducted a state-of-the-art literature review and from the literature is
satisfied that temporary stainless steel and acrylic resin dental crowns are the
accepted standard of care when patients are awaiting a more permanent, patient-
matched crown.

www.tga.gov.au/resources/guidance/clinical-evidence-guidelines-medical-devices

Centre of Excellence on in-silico
Regulatory Science & Innovation

Australian Government

Department of Health
Therapeutic Goods Administration

" Deparimment o Fleskh snd Aged Core
Therapo Cond \smmaean

Clinical evidence guidelines for
medical devices

Version 3.2, November 2023
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Health Research Boord

AR

del-Informed Evid : Credibili inciples?
Model-Informed Evidence: Credibility Principles®
HM Treasury
& 110 No single piece of guidance can provide a route to a definitive assessment of whether a : .
|HM Hhaasury piece of analysis is of sufficient quality for an intended purpose. However, the Aqua Book sets Q ua I Ity - R I G O U R
out the following principles of analytical quality assurance that will help to support
commissioning and delivery of fit-for-purpose analysis:
«  Proportionality of response: The extent of the analytical quality assurance effort
should be proportionate in response to the risks associated with the intended use Re pe ata bl e,
The Aqua Book: of the analysis. These risks include financial, legal, operational and reputational
guidance on producing quality impacts. In addition, analysis that is frequently used to support a decision-making I nd epe nd en't,
analysis for government process may require a more comprehensive analytical quality assurance response.
«  Assurance throughout development: Quality assurance considerations should be G rou nd ed In real Ity;

taken into account throughout the life cycle of the analysis and not just at the end. . .
Effective communication is crucial when understanding the problem, designing the O bJeCUVe,

analytical approach, conducting the analysis and relaying the outputs. UnderStOOd and managed

« Verification and validation: Analytical quality assurance is more than checking that

_the analysis is error-free and S;_‘:Iti‘SﬁES its sp_e.'cific‘atiop (verification). It must algo N U ncert ainty,

include checks that the analysis is appropriate, i.e. fit for the purpose for which it is L )

being used (validation). address the initial question
«  Analysis with RIGOUR: Quality analysis needs to be repeatable, independent, R b |

grounded in reality, objective, have understood and managed uncertainty, and the obust y

results should address the initial question robustly. In particular, it is important to
accept that uncertainty is inherent within the inputs and outputs of any piece of
analysis. It is important to establish how much we can rely upon the analysis for a
March 2015 given problem.

AQuA Handbook - https://www.gov.uk/government/publications/the-aqua-book-guidance-on-producing-quality-analysis-for-government
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PAGIT Framework

Proportionate and Adaptive Governance of Innovative Technologies

Executive Summary

Proportionate and adaptive governance
of innovative technologies

The role of regulations, guidelines and standards

Joyce Tait and Geoffrey Banda

Innogen Institute, University of Edinburgh

Figure 1 - Framewaork for proportionate and adaptive governance of innovative technologies

Standards —> Guidelines

Adaptation

1. Early stage R&D Standards = |-------
2. Beginning ¢
translational
development | proportion > Cuidelines
3. Late stage AT
translational
development Regulations
4. Marketing
stage

O\ _ » Framework
standard

Disruptive
innovation

Incremental
innovation

-4

Soft law
Firm law
Hard law

Table 1 — Differences between standards and regulations/guidelines

Standards

Regulations/Guidelines

Based on recommendations

Based on legislation

Adoption is usually valuntary

Adoption is mandatory for requlations and potentially so for
guidefines {soft law}

Established by consensus of all parties concerned,
including relevant industry sectors

Developed by a requiatory authority, usually invalving
consultation

Based on consolidated results of science,
technology and expenance

Guidefines provide technical specifications either girectly or by
reference, e.g. to standards

Approved and published by recognized
standardization body

Adopted by a legal authority

Oversight by independent third party certification

Qversight by farmal government-appointed ragulatory bodies

See also Allen and Sriram, (2000}, Langlois and Savage (20077

Table 2 — Relative advantages of standards and regulations/guidelines

Advantages of standards

Advantages of requlations/guidelines

Standards can act as infrastructures far
coordination; a common language for
interoperability and compatibility

Regulations have the force of law, and compliance is
compulsory and enforceable

Standards as routines {usually internal standards)
can govarn behaviour required for certain
activities/routines

Easier to diffuse through inter-country, reguoonal or
international treaties and conventions

Standards as technolagy can reduce variety and
enhance ecanomies of scale thereby reducing
transaction costs

Requlations are prescriptive, and sometimes are linked to
specific guidelines and/or standards which, if agnared 1o,
constitute cumpllance

Standards can be an innovation to achieve market
dominance

See also Allen and Sriram, 2000y, Langlois and Savage (2001)°

Tait, J., Banda, G., Watkins, A.: Proportionate and Adaptive Governance of Innovative Technologies (PAGIT): A Framework to Guide Policy and Regulatory Decision Making, Innogen
Institute Report to the British Standards Institution. (2017). https://www.innogen.ac.uk/reports/1222.

Centre of Excellence on in-silico
Regulatory Science & Innovation

CEiRS
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Openness to Computational Modeling & Simulatio

® for regulatory approval: a global initiative

Health Canada, in favor of
adopting procedures similar

to those accepted by the FDA;

open to the use of numerical
methods and accept Digital
Evidence.

US FDA, , the first to adopt
and regulate in silico
methods (Guidance 2016).
Many cardiovascular device
submissions include
simulation results.

:e.b"‘l‘t:-“-

o e3$S 2
3

D

.1!.

%

Brazil ANVISA, encourages
the investigation of digital
methods and legislates in this
direction (session in the
Brazilian Parliament on
October 4, 2023).

UK MHRA, very dynamic for
the validation and use of
numerical methods. Actively
promoting this discussion.

Germany TuV SuD, This Notified
Body has the expertise and
understanding of simulation
results that they often receive.
During approval process

Saudl Arabia SFDA, Multiplies
international meetings to
inform and train their staff.
Open to simulation results.

Confidential

. Avicenna Alliance

" Assaciation for Data Driven Medicine

China NMPA, Authorities very
engaged in information,
evaluation and training of
their staff for numerical
methods.

Japan PMDA, Evaluation of
numerical methods and their
verification. Networking with
key players.

South Korea KFDA , Develop a
strong expertise in numerical
methods within their staffs.

Australia TGA, Collects
information related to
numerical methods; cautious
opening for Digital Evidence
in the context of submissions.

47

Non exhaustive, illustrates some Avicenna engagements




Cross-sector Co-creation In Practice

IN SILICO REGULATORY AIRLOCK




Mapping Barriers

InSificollK Pro-Innovation Regulati

Unlocking the power of
computational modelling
and simulation across the
product lifecycle in life
sciences

A UK Landscape Report

This report

« Outlines the public health and aconomic benetits of using
in ailico technalogles (ISTs) to refine, reduce, and even
replace the need for conventional human chnical trials and
animal and physical testing in the development of new
medical products,

» Describes current to the exp i use of ISTs,

* identifies opportunities for the UK to spearhead the global
effort to develop ISTs, making the UK a leader in the field
and, therefore, friandly to inward investors,

= Detalls the significant commercial and aconomic benefits

in the develop of the UK life scit sector and
broader societal benefits 1o the NHS, UK, and the world in
general,

= Makes recommendations on how the UK government can
SuUpport this Inltiative.

e INSILICO UK

Unlocking
the power

of somputational modefing and simutatian
across the product Mecyole in ife wonces

et and Croth iR
o0 BN roguaaIacy ovicancd of

Frangi, A., Denison, T., Myles, P, Ordish, J., Brown, P., Turpin, R., Kipping, M., Palmer, M.,
Flynn, D., Afshari, P., Lane, C., de Cunha, M., Horner, M., Levine, S., Marchal, T., Bryan, R,,
Tunbridge, G., Pink, J., Macpherson, S., ... Thompson, M. (2023). Unlocking the power of
computational modelling and simulation across the product lifecycle in life sciences: A
UK Landscape Report. InSilicoUK Pro-Innovation Regulations Network.

https://doi.org/10.5281/zenodo.8325274

E' R Centre of Excellence on in-silico
I Regulatory Science & Innovation

What do you perceive to be the top 5 barriers for in silico
trial adoption as a source of regulatory evidence?

23%
19%

CMS/IST Regulatory Acceptance Uncertainty «  Lack of UK Use Case Studies

@ CMS Scientific Maturity & Model Credibility or ISTs Success Stories
@ Insufficient CMS Skills & Expertise/ @ Lack of UK leadership on ISTs for
Awareness in Regulators Regulatory Science & Innovation

@ Insufficient CMS Skills & Expertise in Industry @ ISTs Implementation Costs
@ No relevant CMS & IST UK compared to Conventional Trials
e n

Standerds of Guidelines () Return on Investment in Running

@ Insufficient Data Availability (e.g. to build a CMS Capability

ns ent Data Availa eg.to

Virtual Populations in UK populaticns) @ Insufficient funding for Industry -
Academia-NHS collaboration

Adapted from a presentation by Prof AF Frangi at the InSilicoUK Innovation Network Launch Event ™
InSiicollK Community Survey £1° Enablera and Barriers
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UK CEiRSI Community of Interest

Medical Devices & Pharmaceutical Companies C Ei R S I Centre of Excellence on Capital  Consultant Funders,

in-silico Regulatory Charities & Academies
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Health Research Boord

In-Silico Regulatory Airlock Initiative

We focus on applying and evaluating the strengths and limitations

. . . . og_ope —_ CPAP Mask Evaluation: CO2 Venting and Rebreathing Performance Using In-Silico Techniques for
of existing international model credibility frameworks. =Resmed = 1  reusoycompisnce |
gpykep 2 Eig;;g;v;::lls[)nu: Pre/Post Implantation Intracranial Aneurysm Blood Flow & Clotting Models for
Boston Transcatheter Aortic Valve Implantation: Conditional Generative Virtual Populations of Heart
Scientific 3 Anatomy for Targeted In-Silico Trials:
Why do we need a Regulatory Airlock Initiative? Fdwards | o8 | L2EsIusi s il emieitots i i it i s et B
» Double-derisking: managing change in regulators and industry [\ AMBER §  DeopBrain Simulaton: CloserkLoop Physiological Bidiectonal CotrolSystem Model for Early
. . L) SesmLsyuTICH Safety/Performance Assessment
. Problem—bqged Iearnlng.boost-s awareness, confidence & competence (7) DePuySynthes g  Spinel Pedicle Screw System: InSico Bench Testing for Gonfirming System Integrty after
» Precompetitive co-creation builds trust among stakeholders R SEemmienie - |
« Collaborative learning enhances engagement and learning oo 7|t o e i o o T
» Focused primarily on early regulatory impacts @) zver oweT g [oalKree Resscementdevce Augreriaonof Natonsl o Reey i e Dervedfom
» Consider broader socio-technical questions GSK g Vacaines Quantatie systems phamaclod (157) computationa modets for findingaptima
sing regimen
Nhirmetrs 10 Radiotherapy treatment system: in-device integration of treatment data and models of radiobiology
varian for optimised radiotherapy performance

Frangi, A. F. (2024). The In-Silico Regulatory Airlock Initiative for Advancing Model-Informed Evidence Adoption (v 6). InSilicoUK Pro-Innovation Regulations Network. https://doi.org/10.5281/zenodo.12745437
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Core Approach to CM&S Evidence & Model Credibility

A Risk-informed Validation, Verification & Uncertainty Quantification Framework

Establishes that model credibility
should be commensurate with the
risk associated with a decision
based, in part, on the
computational model.

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

NE IRIEERATIGEEL WA EER

4 Establish
N, >N 2 Credibility +—

Computational
Model credible for DRCHmearen
Context of Use?

Decision Consequence

»

Model lnfluenc;

A
Activities Credibility Factors

Verification
Code Software quality assurance
Numerical code verification
Calculation Discretization error
Numerical solver error
Use error
Validation
Computational model Model form
Model inputs
Comparator Test samples
Test conditions
Assessment Equivalency of input parameters
Output comparison
Applicability Relevance of the quantities of
interest
Relevance of the validation
activities to the COU

Viceconti M, Pappalardo F, Rodriguez B, Horner M, Bischoff J, Musuamba F. In silico trials: Verification, validation and uncertainty quantification of predictive models used in the regulatory evaluation of biomedical products.

Methods. 2021 Jan;185:120-127.

Viceconti M, Emili L, Afshari P, Courcelles E, Curreli C, Famaey N, Geris L, Horner M, Jori MC, Kulesza A, Loewe A, Neidlin M, Reiterer M, Rousseau CF, Russo G, Sonntag SJ, Voisin EM, Pappalardo F. Possible Contexts of Use for In
Silico Trials Methodologies: A Consensus-Based Review. IEEE J Biomed Health Inform. 2021 Oct;25(10).:3977-3982.

. Centre of Excellence on in-silico
| Regulatory Science & Innovation
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ASWE VEY 40-2018

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

AR IIRARATICNBL FTREEED

ASME

. Centre of Excellence on in-silico
| Regulatory Science & Innovation

From 2018...

Jul/Nov 2023

ASME V&V 40

Verification and Validation

GUIDANCE DOCUMENT

Reporting of Computational Modeling
Studies in Medical Device Submissions

Guidance for Industry and Food and Drug Administration Staff

SEPTEMEER 2016

GUIDANCE DOCUMENT

Assessing the Credibility of

Standards and Guidance to industry and regulatory staff

. Computational Modeling and Simulation
in Medical Device Submissions

Docket Humber;  FDA-2013-0-
lssued by: Cemter for D

For many years, computat
by sponsors to support de
deviee submissions. These
dynamies (e.g., ealeulate s
determing maximum stres
radiofrequency safely in o
spectroscopy devices), ultt
therapeutic ultrasound), a
radiofrequency and laser ¢
provide reeommendations
reports of CME&S studies t]

|

Guidanee for Industry and Food and Drug Administration Staff

NOVEMBE Quailomon ol Mgl Gonos Devaoomen Took

Crownlond tha Final Guidance Dooumant

Qualification of Medical Device

fawe  NPom | dn Unkedn

Docket Mumber:  FDA-2021-D-0080
Issued by: GCenler for Devices and Radioiy

This guidanee document provides the FDA's re
framework for credibility assessment of compu
used in medical device regulatory submissions.
mechanistic, or other first principles-based mo
promete consistency and facilitate efficient revi
increase confidence in the use of CM&S in regu
improved interpretation of CMES credibility ov
submissions.

GUIDANCE DOCUMENT

Development Tools

Guidance for Industry, Tool Developers, and Food and Drug Administration Staff

JuLy 2023

Downicad the Final Gusancs Document

Pinsl

Fonee XPet inliets BEml 8Pt

Docket Number:  FDA-2013-D-1270

Issued by: Center lor Devices and Radoiogical Hea

This guid describes a voluntary program for the qualification of medical device

deovelopment tools (MDDTs) for use in the evaluation of devices regulated by CORH,

Specifically, this guidance describes the f k for voluntary land

qualification of an MDDT, includi

of

&n MDDT for a specific context of use,
a qualification package. CORH believes that MDDTs will facilitate the development and
timely evaluation of medical devices by providing a more efficient and predictable means

for collecting inf tion to support reg;

for qualification, and the

making.

y submissions and iated decision-

terms, criteria for evaluating


https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=100003367&_ga=2.192480802.928881319.1673705069-564752656.1673565334

Best Practices — from practitioners

Led by:

SAINSILICO
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https://insilico.world/

Model-Informed Evidence (MIE)
Position Paper

* We are striving to launch an In-Silico Regulatory Airlock
Initiative.

e This initiative will involve a collaborative learning process that
engages all stakeholders and taps into their expertise.

* Qurultimate aim is to present the MHRA, NICE, and HRA with
preliminary guidance on the Use of MIE in Preclinical and
Clinical Studies to support Regulatory Decisions.

e This guidance will be underpinned by the analysis of 10 realistic
case studies or in-silico regulatory Pilots.

Additionally, we will deliver a host of activities and reports that
cover technical and socio-technical regulatory considerations and a
sustainability plan to scope and prioritise and continue the work of
the UK CEiRSI beyond 12 months

. Centre of Excellence on in-silico
| Regulatory Science & Innovation

Principles on the Use of
Model-Informed Evidence in
Pre-clinical and Clinical Studies to
Support Regulatory Decisions.

Contents

. Scope

. Introduction to the MIE Position Paper

. Quality Principles of Data Informing Reliable Computational Models
. Credibility Principles for Trustworthy In-Silico Models and Evidence
. Advice

o b L Py

1. Scope

This document provides an introduction to the UK CEiRSI's model-informed
evidence (MIE) guideline series, and points to consider when evaluating
whether a MIE is of sufficient quality for the intended use.

2. Introduction to UK CEIRSI MIE quidelines

Model-Informed Evidence (MIE} is a novel approach to produce digital
evidence supporting regulatory decision-making that leverages
Computational Modelling and Simulation (CMS) to generate data that
reduces, refines, and potentially replaces other forms of pre-clinical testing
and that, alongside clinical evidence, can complement and expand the
understanding on safety and performance of medical products.

This methed, frequently referred to as in silico testing or in silico trailing,
marks a significant shift from traditional experimental methods, including
animal testing, towards more mechanistic, computational techniques that,
combined with real-world data. (RWD), can go beyond the use of real-world
evidence (RWE). MIE encompasses a wide range of applications frem drug
development to the regulatory assessment of medical devices, offering a
more efficient, ethical, and cost-effective means of evaluating the safety
and efficacy of medical products.

The use of MIE in regulatory contexts is supported by a growing body of
international efforts aimed at developing and harmonizing guidelines for
CMS applications. This includes initiatives by regulatory bodies such as the
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OUTLOOK AND CONCLUSIONS




Outlook

B Medical product innovation and regulatory processes — at an inflexion point
B CM&S: essential new ingredient well positioned in current regulatory pathways

B Both a technical and a cultural transformation — where to start?

® Focus on how in silico studies enhance the type of evidence regulators currently receive and how evidence
gaps (e.g., in paediatrics, rare diseases, combination devices, etc.) can be filled

B Transformation is already taking place, needing cross-stakeholder engagement.
B Catalysing uptake relies on the pull from regulators and push from the industry
B \Work alongside patients — they expect better regulatory pathways.

E' R I Centre of Excellence on in-silico 57
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Discussion

1. Integration of In Silico Models

® Question: How do you envision integrating in silico models with existing clinical trial protocols, and what specific
challenges do you foresee in aligning model outputs with clinical endpoints?

2. Data Requirements and Sources

® Question: What types of clinical data are currently underutilised in your trials that could enhance the predictive
accuracy of in silico simulations, and how can we ensure these data sources are adequately captured and validated?

3. Regulatory Considerations

® Question: What regulatory hurdles do you anticipate for the acceptance of in silico trials as part of the clinical
development process, and what methodological innovations do you believe are necessary to address these concerns
effectively?

4. Adaptive Trial Design

® Question: How can we incorporate adaptive trial design principles into in silico trials to enhance flexibility and
efficiency in responding to emerging data, and what specific methodological frameworks do you think are necessary

to support this integration?

E' R Centre of Excellence on in-silico 58
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Contact us =

E: UK-CEiRSI@manchester.ac.uk

=
P W

in https://www.linkedin.com/showcase/ukceirsi

Life
Sciences
Vision

https://insilicouk.podbean.com

In SilicoRegulatory
Evidence Utilisation within
the Life Science Sector

u https://www.youtube.com/@UK-CEiRSI

MANCHESTER

1824
The University of Manchester
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