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Simulation as Evidence: In Silico Methods in 
the Regulation of Medical Technologies

OR ….
Why We Model: Regulatory Evidence 
when Complexity Outruns Data 
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Outline

n Safety and efficacy in healthcare: and their systems impact 
n The vision in action — digital evidence for the digital era
n AI in service of in silico medicine
n Building trust within complex systems
n Conclusions and outlook — one open question
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DIGITAL EVIDENCE FOR THE DIGITAL ERA
Safety and efficacy in healthcare: and their systems impact 
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The Hippocratic Oath
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Source: https://www.avicenna-alliance.com/avicenna-roadmap.html But actually… are they?

Innovation in Medical Products and Regulatory Evidence 
The Imperative of Solid Scientific Evidence on Safety and Efficacy

n Experimental paradigm: randomised 
experiments are the “gold standard” 
of evidence, and all other methods are 
evaluated in terms of how closely they 
resemble the gold standard.

n Pragmatist paradigm: scientific 
claims are inferred, using practical 
criteria, from diverse bodies of 
evidence that may but need not 
include experiments.

Reiss, J. (2015). A Pragmatist Theory of 
Evidence. Philosophy of Science, 82(3), 341–362.
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The scale of the problem – revisiting patient safety

www.immdsreview.org.ukwww.icij.org/investigations/implant-files/
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The Ethical & Safety Imperative
Minimise Patient Exposure to Unproven Therapies

Courtesy of Dr Tina Morrison (FDA) and Dr Mark 
Palmer (ANSYS)
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The Economic & Financial Imperative
Sustainable care and affordable innovation

Courtesy of Dr Tina Morrison (FDA) and Dr Mark 
Palmer (ANSYS)
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The Innovation Imperative
Better Products, Less Failure, Reduced Time to Revenue
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Lessons from the $1.7tn Automotive Sector Transformation
n Rapid advances in car reliability, efficiency, and intelligence over the past 20 years.
n Modelling, simulation, sensing, and big data drove innovation and quality.

1990 Citroen XM 2010 Ford Fusion2000 Toyota Yaris 2024 Tesla

virtual wind tunnel virtual prototyping self-driving cars
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Healthcare innovation in MD, per comparison, remains largely incremental.
> yet the impact of failure can be devastating for the patient, industry and society

1990     2000     2020

Zhou G, Su M, Yin YL, Li MH. Neurosurg Focus. 2017 Jun;42(6):E1

After 30 years R&D
17% 

complication
2.8% mortality
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Upfront simulation – The paradigm shift

https://aerospaceamerica.aiaa.org/departments/the-case-for-more-virtual-testing/

This trend away from the physical is already happening
in other industry sectors like the automotive or aerospace industry

Hollmann, R.W., Schäfer, A., Bertram, O. et al. Virtual testing of multifunctional 
moveable actuation systems. CEAS Aeronaut J 13, 979–988 (2022).
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What is a complex system?

https://necsi.edu/visualizing-complex-systems-science

“There is no precise technical definition of a 
“complex system”, but that “most researchers in 
the field would probably agree that it is a system 
composed of many interacting parts, such that 
the collective behaviour of those parts together is 
more than the sum of their individual behaviours”

Newman, M. E. J. (2011). Resource letter CS-1: Complex systems. American Journal 
of Physics, 79(8), 800–810. https://doi.org/10.1119/1.3590372
Estrada, E. What is a Complex System, After All?. Found Sci 29, 1143–1170 (2024). 
https://doi.org/10.1007/s10699-023-09917-w

Some Properties of Complex Systems
• Interacting components: Systems are made of many 

individual elements, or agents, that interact with each 
other.

• Emergence: The system as a whole displays 
behaviours that cannot be predicted by simply 
examining the individual components in isolation.

• Nonlinearity: Small changes in the input or initial 
conditions can lead to disproportionately large 
changes in the system's output.

• Feedback loops: The output of the system can loop 
back to influence its input, often in a nonlinear and 
adaptive way.

• Self-organization: Components can spontaneously 
organize into patterns and structures without a central 
organiser or controller.

• Lack of central control: There is no single point of 
command or control; the system's behaviour arises 
from the decentralized interactions of its parts.

https://doi.org/10.1119/1.3590372
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Disrupt a Stagnant R&D Innovation & Regulatory System
ISTs are models of two complex systems– the medical product interacting with the body

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 

IN SILICO = evidence derived from real-world data plus 
computational modelling and simulation, including AI

Aycock KI, 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. 
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Virtual Participants & Populations Virtual Examinations & Interventions Virtual Readers & Outcomes

Source: adapted from cvit.duke.edu/research 

Computational Modelling and Simulation 
Regulatory Science & Innovation
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The Future?

Proportionate and 
risk-informed 
evidence 
framework

No single source of evidence 
provides the highest evidence 
rigour for all categories

https://reaganudall.org/publications/silico-technologies-strategic-imperative-accelerating-breakthroughs-and-market
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Device Design & 
Delivery envelope

In silico Trial Space 
> A Large-Scale Complex System…

Experiments & 
Device 

Manufacturers

Population  Data & 
Real-World Evidence

Population  Data & Real-World 
Evidence

Anatomical, Mechanical & 
Rheological envelope

Lifestyle, Physiological 
& Operational envelope

virtual experiment
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THE VISION IN ACTION

Credible models, credible evidence: where simulations already provide insights
At scale, not just at demo: virtual populations, stress testing, and faster iteration
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In silico Trial – Driving Exemplars
Flow diverters (FD) to treat Intracranial Aneurysms

Transcatheter aortic valve implantation (TAVI) to treat aortic valve stenosisC
ardiovascular D

evices      
Endovascular D

evices

§ FDs are stent-like devices used to treat Intracranial Aneurysms by reducing blood flow 
& inducing clotting – e.g. Pipeline embolization device (PED) 

§ Can our IST reproduce trends/findings of real clinical trials and answer questions that 
actual trials cannot answer:

§ TAVI has revolutionised treatment of severe AV stenosis, but key challenges remain
§ Can our IST reproduce the REPRISE III clinical trial (by Boston Scientific) and assess:

§ Long-term durability of transcatheter valves
§ Efficacy and safety of TAVI in key sub-groups (bicuspid anatomy, valve-in-valve, TAVI-in-TAVI)
§ Early valve failure (due to thrombosis, mispositioning, coronary occlusion, or conduction abnormalities)
§ TAVI safety in patients with calcified aortic stenosis

§ Better understanding and clinical guidelines for management IA with FD
§ Long-term complications (rupture, stroke, etc.) despite excellent angiographic outcome
§ Influence of aging, smoking, hypertension, etc. on FDs' performance.
§ Influence of deployment factors, particularly, stent oversizing, on FDs' performance.
§ Expand prescription of FD to posterior circulation and Sylvian bifurcation aneurysms
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ENTIRE IN SILICO TRIAL EXPERIENCE
IN SILICO REENACTMENT / 
PHYSICS+BIOLOGY+PHYSIOLOGY / 
EMERGING BEHAVIOURS

Exemplar I

Morphology

Device
Physiology

Rest Exercise

Simple morphology Complex morphology

Enterprise stent Pipeline device
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Haemorrhagic stroke: intracranial aneurysms

Jia ZY, Shi HB, Miyachi S, Hwang SM, Sheen JJ, Song YS, Kim JG, Lee DH, Suh DC. Development of New Endovascular Devices for 
Aneurysm Treatment. J Stroke. 2018 Jan;20(1):46-56. doi: 10.5853/jos.2017.02229.

Dandapat S, Mendez-Ruiz A, Martínez-Galdámez M, Macho J, Derakhshani S, Foa Torres G, Pereira VM, Arat A, Wakhloo AK, Ortega-
Gutierrez S. Review of current intracranial aneurysm flow diversion technology and clinical use. J Neurointerv Surg. 2021 Jan;13(1):54-62.

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-/

www.neurosurgicalatlas.com/neuroanatomy/
most-common-sites-of-saccular-aneurysms
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Device selection for elective aneurysm 
treatments at a US center over 20-year

Lauzier DC, Huguenard AL, Srienc AI, Cler SJ, Osbun JW, Chatterjee AR, Vellimana AK, Kansagra AP, Derdeyn CP, Cross DT, Moran CJ. A review of technological
innovations leading to modern endovascular brain aneurysm treatment. Front Neurol. 2023 Apr 11;14:1156887. doi: 10.3389/fneur.2023.1156887.
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Flow-Diverter Mechanism of Action
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Can in silico trials replicate and expand 
conventional clinical trials?
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Pipeline for Uncoilable or Failed Aneurysms (PUFS) Trial

Design to Publication 8  years
Recruitment 6 years

108 patients  ca. £30-40m
https://clinicaltrials.gov/ct2/show/NCT00777088
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Enterprise device Pipeline 
device

Rest Exercise

Rest     64%
Exercise 56%

Morphology #1 Morphology #2

Surrogate end 
point:
Reduction in max 
time-averaged 
velocity at the neck

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

Enterprise: 10%
Pipeline: 64%

In silico trials – Concrete example: cerebrovascular flow diversion devices
Systematically explore design space & test it against available knowledge

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.
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Flow diversion devices
> intracranial aneurysms

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. 
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FD-PASS workflow — step 1 of 9

Imaging 
data

Modelling 
Anatomy

Virtual population 
of anatomy

Physiological 
measurement

s

Statistical 
models

Virtual population 
of physiology

In silico trial 
space of virtual 

patients

Device & 
intervention 
modellingA virtual patient

Evaluation of haemodynamics & thrombosis 

Device performance 
analysis

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.
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FD-PASS replicated complete occlusion 
rates in three clinical trials

6 mo. 1 yr. 5 yr. 7.8 mo.1 yr.HTNT

82.9% 73.6%
86.8% 95.2%

74.8%76.8%

PUFS ASPIRePREMIERFDPASS

67.1%

0.0%

100.0%

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).

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.

2008-2014
Clinical trial

Large & 
giant aneurysms

(size > 10mm)

2014-2015
Clinical trial

Small & medium 
aneurysms

(size < 12mm)

2016
Observational 

registry
Small, large, 

and giant 
aneurysms

2021
In silico trial
Small, large, 

and giant 
aneurysms

75%

OA
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Likely to lead to
delayed rupture
 (haemorrhagic

 stroke)

Likely to lead to
 PCoA occlusion 
(ischemic stroke)

Identify cases at risk of post-treatment complications

FD-PASS: Safety Risks

The IntrePED registry
Brinjikji et al., Am J Neuroradiol, 2016

• Higher risk of haemorrhagic stroke in those 
with large/giant aneurysms

• Higher risk of ischaemic stroke in 
hypertensive patients

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.
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IN SILICO TREATMENT STRATIFICATION 
OPERATOR INFLUENCE / COST EFFECTIVENESS
EMERGING BEHAVIOUR

Exemplar II
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Intracranial aneurysms’ coiling
A second device

Wang C, Li M, Chen H, Yang X, Zhang Y, Zhang D. Histopathological analysis of in vivo specimens of recurrent aneurysms after coil embolization. J 
Neurointerv Surg. 2021 Oct 21:neurintsurg-2021-017872. doi: 10.1136/neurintsurg-2021-017872.

https://www.dailymail.co.uk/health/article-2054726/The-tiny-coil-wire-inserted-body-saves-thousands-stroke.html
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Intracranial coils

n Biocompatible metal wires (NiTi, Pt, Ni)
n Coils fill aneurysm to prevent its rupture
n Features:

� Diameter
� Length
� Design (structural configuration)
� Softness

n  Operators’ skills and coil type Þ
  different outcomes [1,2,3]

[1] White, J. B., C. G. ken, et al. (2008) “Coils in a nutshell: a review of coil physical properties” AJNR Am. J. Neuroradiol., 29(7):1242-6.
[2] Sluzewski, M., W. J: van Rooij, et al. (2004). “Relation between aneurysm volume, packing and compaction in 145 cerebral aneurysm treated with coils.” Radiology 231(3): 653-8.
[3] Piotin, M., L.Spelle, et al. (2007). “Intracranial aneurysms: treatment with bare platinum coils--aneurysm packing, complex coils, and angiographic recurrence.” Radiology 243(2): 500-8.

Platinum and hydrogel-coated 
coils. From bottom to top, a 
platinum coil, unexpanded 
hydrogel-coated coil, and 
expanded hydrogel-coated coil 
are shown. The white coating of 
the unexpanded hydrogel-coated 
coil is the dried hydrogel. The 
increase in the volume of the 
hydrogel-coated coil is evident 
when comparing the unexpanded 
and expanded states.
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Coiling: the basics

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

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

Penumbra Smart Coil Insertion
Generic Call Insertion (short) 

https://youtu.be/fBoFy_LEVO4
https://youtu.be/QR7sKMYCqec
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Coil distribution in intracranial aneurysms

De
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l.

Dehdashti AR, Thines L, Willinsky RA, Tymianski M. Symptomatic enlargement of an occluded giant carotido-ophthalmic aneurysm after endovascular treatment: the vasa vasorum theory. 
Acta Neurochir (Wien). 2009 Sep;151(9):1153-8

Sherif C, Bavinzski G, Dorfer C, Kanz F, Schuster E, Plenk H Jr. Computerized assessment of angiographic occlusion rate and coil density in embolized human cerebral aneurysms. AJNR 
Am J Neuroradiol. 2009 May;30(5):1046-53.
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Virtual Coiling 
validation & verification
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Coiling: in silico trials /device understanding

Morales HG, Larrabide I, Geers AJ, San Roman L, Blasco J, Macho JM, Frangi AF. A virtual coiling technique for image-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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IN SILICO EVIDENCE FOR NEW TREATMENTS 
WORK IN PROGRESS

Exemplar III
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Intrasaccular Devices – expanding evidentiary basis
n Flow diverter and Stent-coiling are successful procedures but 

come with a price:

Factor Flow 
diverter

Stent + 
Coiling

Intrasaccular 
Devices

Alteration in parent 
lumen flow1

High Moderate Minimal

Antiplatelet 
therapy1

DAPT DAPT No need

Wall – Device 
contact1

High Yes Minimal

Intraparenchymal 
Haemorrhage risk2,3 

2-5 % 1-2% < 1%

[1] Gaub et al., 2024, [2] Brinjikji et al. 2015, [3] Kayan et al. 2016, [4] Lauzier et al. 2023 · device names are trademarks of their respective manufacturers

Not for every aneurysm:
• Best suited to wide-neck aneurysm
• Large, fusiform, sidewall aneurysms still need flow diverter and stent-coiling

Intrasaccular devices (WEB) usage* getting prominence4

* At Washington University in St. Louis School of Medicine, USA

Intrasaccular devices:
1) Woven EndoBridge (WEB) – MicroVention 

(Terumo); FDA PMA 2019
2) Contour Neurovascular System – Cerus 

Endovascular (now Stryker); CE marked
3) Nautilus Intrasaccular System – 

EndoStream; CE marked
4) Artisse – Medtronic; CE marked

n Intrasaccular aneurysm treatment can alleviate these problems

https://doi.org/10.3390/jcm13144167
https://doi.org/10.3174/ajnr.A4443
https://doi.org/10.1007/s00234-015-1624-3
https://doi.org/10.3389/fneur.2023.1156887
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Intrasaccular devices: Fill Sac or Seal Neck?
n WEB (Woven EndoBridge; MicroVention/Terumo): fills the sac — 

intrasaccular flow disruption
n Contour (Contour Neurovascular System; Cerus/Stryker): seals the neck 

— neck-bridging flow disruption
n WEB is the only FDA-approved intrasaccular device (PMA 2019; WEB-IT 

n=150, 84.6% adequate occlusion at 1 yr)
n Early non-randomised series suggest Contour may offer:

� shorter, simpler deployment than WEB1,2

� earlier angiographic occlusion than WEB1,2

� lower retreatment rate (2.5% vs 6%) than WEB1,2

[1] Hecker et al., 2023, [2] Gärtner et al. 2025 · no randomised head-to-head data · device names are trademarks of their respective manufacturers

Woven EndoBridge (WEB)1

Contour Neurovascular System1

n Why model Contour?
� Limited computational and in silico evidence compared with WEB
� Limited sizing guidance and no positioning guidance
� Device sizing and positioning determine the deployed shape, which 

influences bifurcation flow patterns and ultimately treatment 
efficacy

� Opportunity to identify optimal anatomy, sizing, and deployment 
strategies and support ongoing clinical evaluation

https://doi.org/10.3171/2022.12.jns222268
https://doi.org/10.1177/15910199231179512
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Modelling Contour: from micro-CT to a deployable model

Side viewFront view

n CIMIM has previously conducted in silico trials for 
flow diverters

n The deployment and meshing components of the 
pipeline must be adapted for Contour

n Accurate device geometry and deployed shape is 
essential to predict intra-aneurysmal flow 
reduction and occlusion

n Parametric model is developed to reproduce the 
single-layer braided geometry reconstructed from 
micro-CT imaging

n A spring-mass-based Fast Virtual Deployment 
(FVD) framework for deployment

n Deployment simulation time: seconds to hours 
(depending on case complexity), compared with 
days to weeks for FEM-based approaches.

----- Braids reconstructed from μCT imaging
----- Braids generated from parametric model 
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Fast virtual deployment

7 stages of unsheathing of Contour in free environment

Crimped 
Contour

Free Contour

3

4

5

6

7

1

2

unsheathing

Shape recovery validation from crimped configuration

Deviation = 3.3%

Computational time = 14 seconds
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Deployment of Contour in the aneurysm sac

Cr
im

pe
d 

Sh
ap

e

Deployed Shape

Fast virtual deployment
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Sample results of Contour deployment across patient-
specific aneurysm sacs

ASD_0015 UPF_P0024_ID1 UPF_P0076_ID1 ASD_006

case-id from @neurIST dataset
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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
…
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AI IN SERVICE OF 
IN SILICO MEDICINE

Data methods are not the full solution, but part of it
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Virtual Participants & Populations Virtual Examinations & Interventions Virtual Readers & Outcomes

Source: adapted from cvit.duke.edu/research 

• Generalisation of synthetic data 
• Anatomical organ(s) variation(s)
• Organ function & structure variation
• Physiological & biological variability
• Pathology presence/heterogeneity
• Effect of ageing, lifestyle, co-

morbidities
• Inclusion of complex covariates on 

demographics, environment, 
socioeconomics, etc.

• Biomarkers read outs (e.g. AI-derived 
imaging biomarkers)

• Clinical surrogate end-points 
• Computational Physiology
• Computational Anatomy

• Physics of diagnostic imaging process
• Device mechanisms of action and 

associated mechanobiology, 
• Organ/tissue response & remodelling: e.g. 

radiobiology, radiotracers, tissue 
absorption, drug uptake, etc.

• Operator Influence – e.g. uncertainty on 
optimal device placement, sizing & 
settings, or therapy planning, etc.

In silico trial – a Model with Multiple Sub-models
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In silico trial execution workflow
> Scaling up virtual patients from the artisanal to a streamlined trial

Image acquisition Anatomical Modelling Surface preprocessing Mesh generation

1. Larrabide I, Kim M, Augsburger L, Villa-Uriol MC, Rüfenacht D, Frangi AF. Fast virtual deployment of self-expandable stents: method and in vitro evaluation for intracranial aneurysmal stenting. Med Image Anal. 2012 Apr;16(3):721-30 
2. Morales HG, Larrabide I, Geers AJ, San Román L, Blasco J, Macho JM, Frangi AF. A virtual coiling technique for image-based aneurysm models by dynamic path planning. IEEE Trans Med Imaging. 2013 Jan;32(1):119-29 
3. Cebral JR, Castro MA, Appanaboyina S, Putman CM, Millan D, Frangi AF (2005).Efficient Pipeline for Image-Based Patient-Specific Analysis of Cerebral Aneurysm Hemodynamics: Technique and Sensitivity, IEEE Trans on Medical Imaging. 24(4):457-67.
4. Villa-Uriol M.C., I. Larrabide, J.M. Pozo, M. Kim, O. Camara, M. De Craene, C. Zhang, A.J. Geers, H. Morales, H. Bogunovic, R. Cardenes, A. F. Frangi (2010) Toward integrated management of Intracranial Aneurysms, Phil. Trans. R. Soc. A., 2010;368:2961-2982.
5. Lassila T, Sarrami-Foroushani A, Hejazi S, Frangi AF. Population-specific modelling of between/within-subject flow variability in the carotid arteries of the elderly. Int J Numer Method Biomed Eng. 2020 Jan;36(1):e3271
6. Sarrami-Foroushani A, Lassila T, Hejazi SM, Nagaraja S, Bacon A, Frangi AF. A computational model for prediction of clot platelet content in flow-diverted intracranial aneurysms. J Biomech. 2019 Jun 25;91:7-13
7. Sarrami-Foroushani A, Lassila T, Frangi AF. Virtual endovascular treatment of intracranial aneurysms: models and uncertainty. Wiley Interdiscip Rev Syst Biol Med. 2017 Jul;9(4).

Clotting

Device & Intervention Modelling

Computational Fluid and Biochemical 
Dynamics - modelling and simulation

Physical performance – 
haemodynamic response

Physiological & Lifestyle Regimes
– systemic circulation

Functional performance –
thrombotic response

In Silico Trial Cloud 
Infrastructure

Measurement 
Uncertainty, Inclusion 
& Exclusion Criteria

Prediction 
Uncertainty, 
Model Credibility
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Vessel & 
aneurysm 

segmentation

Centreline 
Extraction & 

Undirected graph 
estimation

Inlet/outlet 
identification

Parent centreline 
identification 
(guide device 
deployment)

Flow diverter 
deployment, QC & 

clipping

Volumetric 
meshing

Assignment of 
boundary 
conditions

Streamlined/automated modelling & simulation pipeline
Example: digital twins of intracranial aneurysms treated with endovascular devices

n Laplacian Mesh Contraction & Spectral Clustering: Extracts centerlines efficiently.
n Undirected Graph Estimation: Uses exhaustive recursive pathfinding.
n Graph Geodesic: Identifies 'parent centerline' and guides device deployment.
n Population-Based Model: Generates flow waveforms and boundary conditions

Larrabide I, Kim M, Augsburger L, Villa-Uriol MC, Rüfenacht D, Frangi AF. Fast virtual deployment of self-expandable stents: method and in vitro 
evaluation for intracranial aneurysmal stenting. Med Image Anal. 2012 Apr;16(3):721-30. 

Lassila T, Sarrami-Foroushani A, Hejazi S, Frangi AF. Population-specific modelling of between/within-subject flow variability in the carotid arteries 
of the elderly. Int J Numer Method Biomed Eng. 2020 Jan;36(1):e3271. 
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3D vascular models from multimodal 
imagery: challenges

n High-throughput segmentation & modelling are challenging
� limited resolution, anisotropy, noise and artefacts
� complex vascular territory; the need for watertight models
� relevant vessels radii close to image resolution (1-4 mm)

n Need to deal with kissing/missing vessels

Kissing vessels Missing vessels

El-Barhoun EN, Gledhill SR, Pitman AG. Circle of Willis artery diameters on 
MR angiography: an Australian reference database. J Med Imaging Radiat 
Oncol. 2009 Jun;53(3):248-60. 
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Understanding physiology and lifestyle influence
n One-dimensional systemic models is the way to go to incorporate dynamic boundary conditions
n Pervasive sensing and body sensor networks might provide real-time physiological BCs
n Use of reduced order methods to solve Navier-Stokes on real-time around a baseline solution?
n Which will be the typical conditions under which this patient will be at risk?

Reymond P, Bohraus Y, Perren F, Lazeyras F, Stergiopulos N. Validation of a patient-
specific one-dimensional model of the systemic arterial tree. Am J Physiol Heart 
Circ Physiol. 2011 Sep;301(3):H1173-82.

Reymond P, Merenda F, Perren F, Rüfenacht D, Stergiopulos N. Validation of a one-
dimensional model of the systemic arterial tree. Am J Physiol Heart Circ Physiol. 
2009 Jul;297(1):H208-22.

Shaltis PA, Reisner AT, Asada HH. Cuffless blood pressure monitoring using 
hydrostatic pressure changes. IEEE Trans Biomed Eng. 2008 Jun;55(6):1775-7.
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Multi-scale coupling in fluid dynamics

Liang F, Oshima M, Huang H, Liu H, Takagi S. Numerical Study of Cerebroarterial Hemodynamic Changes Following Carotid Artery Operation: A Comparison Between Multiscale 
Modeling and Stand-Alone Three-Dimensional Modeling. J Biomech Eng. 2015 Oct;137(10):101011. doi: 10.1115/1.4031457. PMID: 26343584.
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Physiological uncertainty and lifestyle variability– modelling
n Significant variability in intra- and inter-subject flow.
n Quantifying uncertainty in intra-aneurysmal blood flow amid systemic blood flow variability.
n Impact of ICA waveform variability on aneurysmal WSS vector field.

Lassila T, Sarrami-Foroushani A, Hejazi S, Frangi AF. Population-specific modelling of between/within-subject flow variability in the carotid arteries of the elderly. Int J Numer Method Biomed Eng. 2020 Jan;36(1):e3271
Sarrami-Foroushani A, Lassila T, Gooya A, Geers AJ, Frangi AF. Uncertainty quantification of wall shear stress in intracranial aneurysms using a data-driven statistical model of systemic blood flow variability. J Biomech. 
2016 Dec 8;49(16):3815-3823. 

Intra-subject variability Inter-subject variability
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Inter-subject variability
Why? Patient-specific flow/pressure measurements, if not impossible, are rarely available in the clinical 
routine.

Stress level #1 Stress level #2 Stress level #M

Patient #1 Patient #NPatient #2

…

Physiological uncertainty and lifestyle variability– modelling

Lassila T, Sarrami-Foroushani A, Hejazi S, Frangi AF. Population-specific modelling of between/within-subject flow variability in the carotid arteries of the elderly. Int J Numer Method Biomed Eng. 2020 Jan;36(1):e3271
Sarrami-Foroushani A, Lassila T, Gooya A, Geers AJ, Frangi AF. Uncertainty quantification of wall shear stress in intracranial aneurysms using a data-driven statistical model of systemic blood flow variability. J Biomech. 
2016 Dec 8;49(16):3815-3823. 

Intra-subject variability
Why? Patient-specific flow/pressure measurements are not representative of physiological variability of the subject.

…
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� Generate virtual patients and digital twins of 
vascular anatomy at scale for use in in silico
trials

� Very few large databases with imaging 
modalities (such as MRA) that enable 
quantitative characterisation of whole-brain 
vasculature and for haemodynamic analysis

� For instance, UK Biobank contains 40K brain 
MRI images but no angiograms available for 
building vascular models

� Create digital twin cohorts for UKB, whereby in 
silico trials be evaluated at scale

Virtual Populations from Virtual Imaging: Virtual Populations as a Synthesis Problem

Non-angiographic 
images

Virtual MRA images

Xia Y, Ravikumar N, Lassila T, Frangi AF. Virtual high-resolution MR angiography from non-angiographic multi-contrast MRIs: 
synthetic vascular model populations for in silico trials. Med Image Anal. 2023 Jul;87:102814.
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Synthetic

Turing Test – Which image is synthesised?
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MRA Synthesis: Results
n IXI database: Training 

(N=300), Test (N=96)

n T1+T2+PD – best results

n T1+T2 (available in UKBB) – 
marginal decrease in MRA quality

n PD helps capture fine vessels

GT From T1+T2From T1+T2+PD From PD

SSIM (96 
samples)

0.868 ± 0.020 0.843 ± 0.021 0.822 ± 0.062 

Vessel volume and length measurement

3D
 v

ol
um

e 
re

nd
er

in
g

GT

Synth

Xia Y, Ravikumar N, Lassila T, Frangi AF. Virtual high-resolution MR angiography from non-angiographic multi-contrast MRIs: synthetic vascular model 
populations for in silico trials. Med Image Anal. 2023 Jul;87:102814.
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q Preservation of key vascular morphological characteristics q Haemodynamic analysis: no significant differences between the 
real vascular geometries and synthesised ones

q This is the first study to show virtual patients can be used for CFD

MRA Synthesis: Performance

Xia Y, Ravikumar N, Lassila T, Frangi AF. Virtual high-resolution MR angiography from non-angiographic multi-contrast MRIs: synthetic vascular model 
populations for in silico trials. Med Image Anal. 2023 Jul;87:102814.
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FiPi evaluates the impact of post-flow 
diversion on platelet delivery to the clotting 
site for complete stagnation.

Blood Flow – Navier-Stokes equations

ρ
𝜕u
𝜕t + ρ u. ∇ u = −∇p + µ∇!u − µΦ k", k# u

Φ k", k# =
1
k$%
ϕ#$% +

1
k#
ϕ#
&#

Transport of coagulation factors and platelets – 
convection-diffusion-reaction equations:

𝜕𝐶'
𝜕𝑡 + 𝑢. 𝛻𝐶' = 𝐷'𝛻!𝐶' + 𝑆'

𝐅𝐢𝐏𝐢 =
𝐂𝐎𝐩𝐞𝐧	𝐬𝐲𝐬𝐭𝐞𝐦𝐁𝐏

𝐂𝐂𝐥𝐨𝐬𝐞𝐝	𝐬𝐲𝐬𝐭𝐞𝐦𝐁𝐏 − 𝟏

𝐅𝐢𝐏𝐢 =
𝐂𝐁𝐏

𝐂𝟎𝐀𝐏 + 𝐂𝟎𝐑𝐏
− 𝟏

Sarrami-Foroushani A, Lassila T, Hejazi SM, Nagaraja S, Bacon A, Frangi AF. A computational model for prediction of clot 
platelet content in flow-diverted intracranial aneurysms. J Biomech. 2019 Jun 25;91:7-13. 

Thrombus formation in intracranial aneurysms – modelling

Platelet-poor 
fibrin gel

Red Clot

Platelet-fibrin 
rich clot

White Clot

Prothrombin
ThrombinThrombin

Prothrombin
Platelet activation by thrombin

Platelet activation by other APs

AP

Fibrinogen
Fibrin

Fibrin generation 
by thrombin

Fibrinogen
Fibrin

Fibrin generation 
by thrombin

RP

Anti-thrombin

Platelet-released agonists

RT > 10 s & SR < 25 s-1

RT < 10 s or SR > 25 s-1

Model structure (thrombin generation, and inhibition, fibrin generation, platelet activation and aggregation)We developed a 
computational model to 
predict thrombus 
composition & stability 
(red/white) after flow 
diversion.
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Sarrami-Foroushani A, Lassila T, Hejazi SM, Nagaraja S, Bacon A, 
Frangi AF. A computational model for prediction of clot platelet 
content in flow-diverted intracranial aneurysms. J Biomech. 2019 Jun 
25;91:7-13. doi: 10.1016/j.jbiomech.2019.04.045.

Model complexity

The thrombosis model includes 

17 primary parameters (Table 1), along with 
approximately 
8 additional fixed constants, defined in the 
text for fluid properties and threshold 
functions.

Which are critical?
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Thrombus formation: in silico prediction

FIPC

0

> 0.15

Sarrami-Foroushani A, Lassila T, Hejazi SM, Nagaraja S, Bacon A, Frangi AF. A computational model for prediction of clot platelet content in flow-diverted intracranial 
aneurysms. J Biomech. 2019 Jun 25;91:7-13.

White Clot

Red Clot

Gester K, Lüchtefeld I, Büsen M, Sonntag SJ, 
Linde T, Steinseifer U, Cattaneo G. In Vitro 

Evaluation of Intra-Aneurysmal, Flow-Diverter-
Induced Thrombus Formation: A Feasibility 

Study. AJNR Am J Neuroradiol. 2016 
Mar;37(3):490-6.
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Patient-Specific Aneurysmal 
Thrombosis Modelling for Clinical 
Application
n Our comprehensive sensitivity analysis of 31 

parameters identified resting platelet concentration as 
the most influential factor in aneurysmal thrombosis 
modelling, highlighting its critical role in determining 
thrombus composition and stability.

n We validated our thrombosis model using a patient-
specific case, successfully predicting thrombus 
formation both before treatment (spontaneous 
thrombosis) and after endovascular intervention (flow 
diverter and coiling), demonstrating the model's clinical 
relevance.

Liu Q, Lassila T, Lin F, MacRaild M, Patankar T, Islim F, Song S, Xu H, Chen X, Taylor ZA, 
Sarrami-Foroushani A, Frangi AF. Key influencers in an aneurysmal thrombosis model: A 
sensitivity analysis and validation study. APL Bioeng. 2025 Feb 11;9(1):016107. 
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Parameter Space Compression – model parsimony
Core Principle: Stiff vs Sloppy Parameters

In many complex multiparameter models (both in physics 
and other sciences like biology), system behaviour often 
depends strongly on only a few "stiff" combinations of 
parameters, while being largely insensitive to many other 
"sloppy" directions.

• Stiff Parameters: A small number of parameter combinations that 
dictate the macroscopic behaviour (e.g., diffusion constant, net drift).

• Sloppy Parameters: A vast number of parameter combinations that 
have little to no effect on the observable outcomes (e.g., microscopic 
details of particle collisions)

Geometric Interpretation via Fisher Information

The Fisher Information Matrix (FIM) acts as a Riemannian metric on the 
parameter space, measuring how distinguishable a model is from a 
nearby model when parameters change. The eigenvalue spectrum of the 
FIM quantifies the "importance" of different parameter directions.
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BUILDING SYNTHETIC PATIENTS AND 
VIRTUAL POPULATIONS

Generative Model

<
Synthesis

In/Exclusion Criteria

<

Control

Where alternative AI meets in silico evidence/trials



76Abadi 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. doi: 10.1117/1.JMI.7.4.042805.

Digital Twins, Virtual Patients, Virtual Populations Trials

Example whole-body phantoms developed by (a) RPI, 
(b) UF/NCI, (c) IT’IS, and (d) the XCAT series developed by 
Duke and JHU.

Three main categories of computational phantoms: 
(a) mathematical based on equations or geometric 
primitives, (b) voxelized based on segmented imaging data, 
and (c) BREP based on segmented data but fitting high-
level surfaces to the structures. The MIRD5 VIP-Man6 and 
XCAT7 phantoms are shown as examples.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7148435/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7148435/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7148435/
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Complications caused by TAVI devices

Bansal, A. et al., 2025. EuroIntervention, 21(8), pp.e390-e410. Van der Boon  R. M. et al., 2012. Nature Review Cardiology, 9, pp.454-463. 

Lotus
(Boston Scientific)

Evolut Pro
(Medtronic)

Portico
(St. Jude Medical)

SAPIEN
(Edwards)

ACURATE neo
(Boston Scientific)

New 
Left Bundle 

Branch Block

Permanent
Pacemaker

Implantation
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The contact injury to the conduction tissue as a potential 
cause of conduction abnormalities (CAs) after TAVI

Marieb, E. N. and Hoehn, K., 2007. Human anatomy & physiology. Pearson education. Piazza, N. et al., 2008. Circulation: Cardiovascular Interventions, 1, 
pp.74-81. Van der Boon  R. M. et al., 2012. Nature Review Cardiology, 9, pp.454-463.

(Van der Boon et al., 
2012)

Cardiac conduction system 
(Marieb and Hoehn, 2007)

Views of the aortic root anatomy, where the conduction 
system is close to the blue region (Piazza et al., 2008). 
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TAVI simulation pipeline

Imaging data Modelling 
Anatomy

Virtual population 
of anatomy

Physiological 
measurements

Statistical 
models

Virtual population 
of physiology

In silico trial space 
of virtual patients

Device & 
intervention 
modellingA virtual patient

Evaluation of contact stresses and haemodynamics

Device performance analysis
𝜌 𝑢̇ + 𝑢 % ∇ 𝑢
= −∇𝑝 + 𝜇∇!𝑢

∇ % 𝜎 + 𝑏 = 𝜌𝑢̈
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3D CTA images from RCT (50 cases)

Feldman, T.E. et al., 2018. JAMA, 319(1), pp.27-37. 
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Digital twins for RCT (same 50 cases)



82

Populations of Virtual Chimeras - The Concept

UK BiobankRCT

Multiple Cardiac Datasets Structured Missingness Machine Learning Virtual Heart Chimaeras

……
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Probability Distribution: synthesis vs real – UKBB
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Probability Distribution: synthesis vs real – RCT
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BUILDING TRUST WITHIN 
COMPLEX SYSTEMS

From Science to Policy: Cross-sector Collaboration and Cocreation
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International regulators – Ready for prime time?

Wadman M. FDA no longer has to require 
animal testing for new drugs. Science. 2023 Jan 
13;379(6628):127-128. 

"Model-informed [product] development is the 
way of the future [at FDA]! […]
Modelling will become the leading science." 
– Food & Drug Administration, Dr Patrizia Cavazzoni



87

CM&S in FDA Regulatory Submissions
FDA Guidances’ Citations and Uptake

Source: Presentation at the 2025 Virtual Human Global Summit, Pras Pathmanathan, FDA
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UK CEiRSI Community of Interest
Funders, 

Charities & Academies
Capital

Clinical Needs, National Data 
Controllers & Providers

Medical Devices & Pharmaceutical Companies

Policymakers, Standardisation, 
Regulators & Health System

Membership 
Organisations

Research Organisations & Infrastructures

Supply Chain Catalysts

Consultant
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Mapping Sector’s Barriers

23% 22%

19%

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
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IN SILICO REGULATORY AIRLOCK
Cross-sector Co-creation In Practice

“The gap isn’t legality but confidence; we 
need an authoritative, positive framework to 

turn tacit allowance into trusted adoption”.
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In silico Regulatory Airlock Initiative

We focus on applying and evaluating the 
strengths and limitations of existing 
international model credibility frameworks. 

Why do we need a Regulatory Airlock Initiative?
• Double-derisking: managing change in regulators 

and industry
• Problem-based learning boosts awareness, 

confidence & competence
• Precompetitive co-creation builds trust among 

stakeholders
• Collaborative learning enhances engagement
• Focused primarily on early regulatory impacts
• Consider broader socio-technical questions

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

Theme#

CPAP Mask Evaluation: CO2 Venting and Rebreathing Performance Using In-Silico Techniques for 
Regulatory Compliance1

Flow-Diverter Device: Pre/Post Implantation Intracranial Aneurysm Blood Flow & Clotting Models for 
In-Silico Trials2

Transcatheter Aortic Valve Implantation: Conditional Generative Virtual Populations of Heart 
Anatomy for Targeted In-Silico Trials3

Transcatheter Aortic Valve Implantation: Frame Release and Pre/Post Implantation Blood Flow 
Models Predicting Aortic Stresses and Valve Leakage for In-Silico Trials4

Deep Brain Stimulation: Closed-Loop Physiological Bidirectional Control System Model for Early 
Safety/Performance Assessment 5

Spinal Pedicle Screw System: In-Silico Bench Testing for Confirming System Integrity after 
Introduction of a Cannulation 6

Total Hip-Joint Replacement: Computational Simulator for Patient-Centered Wear Testing of 
Orthopaedic Device 7

Total Knee Replacement Device: Augmentation of National Joint Registry with Data Derived from In-
Silico Trial Insights 8
Vaccines: Quantitative systems pharmacology (QSP) computational models for finding optimal 
dosing regimens9
Radiotherapy treatment system: in-device integration of treatment data and models of radiobiology 
for optimised radiotherapy performance10

Pilot Convenors
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In Silico Regulatory Airlock 
Learnings that Persist and Set Standards

International 
Standards

Joint 
ISO/IEC WG 

from 
TC62/ahC11

Others:
ISO 18969 
ISO 14155
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Standards and Guidance to industry and regulatory staff

Adoption by regulators? 
14 FDA case studies

From 2018…

Jul/Nov 2023

V&V Standards Committee on Verification and Validation in Modeling and Simulation

https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=100003367&_ga=2.192480802.928881319.1673705069-564752656.1673565334
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Global Standards – Filling the Gap
Validation, Verification and Uncertainty Quantification Framework

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.
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Model Risk vs Decision Consequence

n Decision consequence
“How bad it is for patients if this decision is wrong (severity × 
likelihood of harm).”

n “Under-predicting valve fracture risk in a high-risk implant has higher decision 
consequence than slightly mis-estimating trial sample size.”

n Model influence
“How much the decision relies on this model compared with other 
evidence (bench tests, clinical data, expert judgement).”
� “Under-predicting valve fracture risk in a high-risk implant has higher decision 

consequence than slightly mis-estimating trial sample size.”
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Risk based Model Credibility
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Model Credibility Assessment in Complex Systems
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Best Practices – from practitioners 

Published Feb 2024
Open Access

Expected Publication date: Jan 2026
Open Access

Led by:

https://insilico.world/
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Conclusions and Outlook
1. From Artisanal to Industrial Scale. Digital twins have matured from bespoke, single-patient models to high-

throughput virtual populations, enabling statistically powered in silico trials that match or exceed the scale of 
traditional clinical studies.

2. Predictive Power Beyond Replication. Validated digital twins (e.g., FD-PASS) do not merely replicate 
historical trial data; they expose emergent behaviours and stratify risks in underserved patient groups, off-
label scenarios, and complex anatomical variants where physical trials are infeasible.

3. The "Regulatory Airlock" for Trust. The primary barrier to adoption is no longer technical but regulatory 
confidence; a collaborative "Regulatory Airlock" framework is essential to co-create the validation standards 
that transform in silico predictions into admissible regulatory evidence.

4. The "Fail Fast" Safety Paradigm. Digital twins shift the risk curve by enabling exhaustive virtual stress-testing 
against edge cases, allowing manufacturers to "fail fast" in silico—protecting patients and dramatically 
compressing the time-to-market for medical innovations.
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A New Medical Oath for the Digital Age: from Hippocrates to Turing 
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UK CEIRSI

E: UK-CEiRSI@manchester.ac.uk

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

https://insilicouk.podbean.com

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


