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Virtual Physiological Human
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2007: VPH Research roadmap

Many called us crazy

In 2013 (end of FP7) some 
claimed VPH failed to deliver



In Silico Medicine today
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2014: first patient-specific 
model is FDA-approved

2019: dozen of digital patient 
products on the market

2019: Dassault Systems buys 
Medidata for US$5.8 BILLIONS 

Today we discuss the regulatory 
aspects of in silico trials
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Credibility of a predictive model
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! 𝑂 −
$𝑂 = 𝛼' + 𝛼)
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Model

Epistemic Aleatoric Numeric

Machine Learning

No epistemic error
No numeric error

Mechanistic model

All three errors
Aleatoric can brought 

back to input errors

Inputs

$𝑂 = 𝑓 𝐼



VV&UQ: Verification

• Verification involves code and 
model

• Code verification is essentially 
software quality assurance

• Model verification aim to show 
that the numerical error is 
negligible when compared to the 
other errors in the model
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𝛼) = 𝛼* + 𝜀* + 𝜈 )*('

𝜈 )*(' = o 𝛼* + 𝜀*
𝛼) ≈ 𝛼* + 𝜀*



VV&UQ: validation
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𝛼) = 𝛼* + 𝜀* + 𝜈 )*('
𝜈 )*(' = o 𝛼* + 𝜀*

3
456

7→9

𝛼' → 0

• Over repeated comparisons:
– we assume that the error due 

to the inputs has null average

– Than the average of the error 
is only due to the model error

𝑎𝑣𝑒 𝑂 − $𝑂 ≅ 𝑎𝑣𝑒 𝛼?



VV&UQ: 
Uncertainty quantification
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𝛼) = 𝛼* + 𝜀* + 𝜈 )*('

𝜈 )*(' = o 𝛼* + 𝜀*
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456

7→9

𝛼' → 0

If all above are true, then the 
variance of the error over 
repeated comparison is only due 
due to the variance of the inputs

𝑣𝑎𝑟 𝑂 − $𝑂 ≅ 𝑣𝑎𝑟 𝛼'



In Silico Trials: medical devices
• Code Verification
• System Configuration
• Governing Equations, 

Constitutive Laws
• System Properties
• System Conditions
• System Discretization
• Numerical 

Implementation
• Validation
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ASME V&V-40
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VV40 structure
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Context of 
Use

Description of 
the model

Risk analysis: 
credblity
threshold

Verification

Validation

Uncertainty 
quantification

Applicability 
analysis



Risk analysis
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Purpose Define Context of 
Use

Assess model 
risk

Establish 
credibility 
threshold

Establish 
VV&UQ plan

FEM model to 
predict peak cyclic 
stress, and form that 
predict the risk of 
fatigue fracture

Use the model to predict 
the outcome of ISO7206-4 
on Ti6Al4V cementless hip 

stem

Prediction 
error

<10% of 
fatigue limit

www.fda.gov 20 

Risk-inform Credibility Assessment Framework 

Example: Hemolysis prediction in blood pump 
 

Model Influence: Intent of the model is to minimize the 
hemolysis for a pump; the actual pump will ultimately be 
assessed with in vitro testing  

 Influence Æ Medium 
 

Decision Consequence: Incorrect design could lead to 
hemolysis during clinical use and this patient injury 
 Consequence Æ High 
 
Model Risk Æ Medium-High      Drives V&V 

*This is one possible way to 
classify model risk 



Verification
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Numerical 
Code 

Verification

Software QA

Code Verification

Discretisation 
error

Model Verification

Solver error

Use error
(Human)

ASME V&V-20



Validation
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• Credibility factors
– Model Form

• governing equations
• system configuration 

(i.e. geometry)
• system properties   

(i.e. materials)
• system conditions   

(i.e. loads)
– Model Inputs
– Comparator

• In vitro, ex vivo, in vivo
– Assessment



Uncertainty quantification
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!

!! Achilles( Peroneus(Longus( Tibialis(Anterior( Tibialis(Posterior(
!! I! via1! via2! via3! via1! via2! I! via1! via2! I!

Patient(1(
Anterior( 10.6! 20.6! 22.8! 20.6! 20.6! 23.0! 22.9! 21.3! 5.2! 20.6!

Posterior( 28.2! 20.6! 2.5! 22.2! 20.6! 3.0! 3.3! 0.7! 24.3! 20.6!

Superior( 21.7! 20.6! 23.8! 20.6! 20.6! 23.1! 22.4! 21.0! 21.5! 20.6!

Inferior( 1.4! 20.6! 5.3! 22.0! 20.6! 4.1! 2.2! 20.6! 1.5! 20.6!

Lateral( 13.4! 20.6! 23.4! 20.9! 20.6! 23.8! 25.5! 1.0! 8.2! 20.6!

Medial( 212.0! 20.6! 3.8! 0.8! 20.6! 3.9! 5.8! 21.0! 25.4! 20.6!

Patient(2!
Anterior( 9.6! 1.2! 22.0! 1.3! 1.2! 22.7! 22.8! 21.0! 4.4! 1.2!

Posterior( 27.9! 1.2! 1.5! 21.2! 1.2! 2.4! 2.2! 2.0! 23.8! 1.2!

Superior( 21.5! 1.2! 22.5! 1.3! 1.2! 22.5! 21.5! 21.0! 2.1! 1.2!

Inferior( 1.6! 1.2! 2.6! 1.1! 1.2! 2.4! 1.5! 2.0! 21.5! 1.2!

Lateral( 11.5! 1.2! 23.5! 1.3! 1.2! 24.5! 24.6! 2.8! 4.8! 1.2!

Medial( 211.9! 1.2! 3.8! 1.1! 1.2! 3.8! 3.9! 22.1! 23.5! 1.2!

Patient(3!
Anterior( 12.9! 20.8! 21.0! 20.8! 20.8! 3.2! 22.3! 20.9! 7.8! 20.8!

Posterior( 29.9! 20.8! 20.9! 20.8! 20.8! 23.0! 2.4! 0.6! 26.5! 20.8!

Superior( 2.0! 20.8! 22.6! 20.8! 20.8! 22.6! 21.6! 20.9! 21.6! 20.8!

Inferior( 22.4! 20.8! 22.4! 20.8! 20.8! 23.1! 21.0! 20.6! 0.9! 20.8!

Lateral( 29.3! 20.8! 21.3! 20.8! 20.8! 23.4! 3.3! 21.0! 25.0! 20.8!

Medial( 9.4! 20.8! 22.3! 20.8! 20.8! 3.8! 2.0! 0.9! 6.7! 20.8!
Table!2:!!Maximum!absolute!value!of!percentage!change!in!ankle!joint!reaction!force!–!original!muscle!position!

value!subtracted!from!perturbed!muscle!position!value!only!in!the!stance!phase!of!gait.!Muscles!are!included!

that!have!a!mean!percentage!change!of!greater!than!or!equal!to!0.5%!in!at!least!one!perturbation!in!one!

patient.!The!colour!scale!is!based!on!the!absolute!values!and!ranges!from!7.2!(the!maximum!value!with!the!

highest!level!of!shading)!to!0!(with!a!white!background!color).!

Hannah I., et al. Proc Inst Mech Eng H. 
2017 May;231(5):415-422.



Applicability analysis
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Courtesy of Tina Morrison, FDA



AVOID CLINICAL TRIAL
ADVISA SR APPROVAL CRT-D MRI, 3T MRI

• Advisa SR approved with no clinical 
• No clinical required for CRT-D MRI, 3T 

MRI, and future MRI programs 
Credit: CRHF MRI

Significant cost and time savings 
due to clinical trial avoidance
leading to valuable incremental 
revenue gain and earlier patient 
access
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Courtesy of Markus Reiterer



Limits of the VV40
• Applicability approach assumes physics-

based models
• Primary target is replacement of bench 

tests
• No explicit provision for replacement of 

clinical trials
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Machine learning models

• ML regulatory framework 
proposal acknowledge the 
issue of “concept drift”

• Recommend a continuous 
QA process è collection 
of clinical outcomes

• Cast shadow on “locked 
ML” systems
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EMA Qualification process
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Scientific 
advice (ITF)

Qualification 
advice 
(SAWP)

Qualification 
Opinion 
(CHMP)

Novel 
Methodology 

validation plan

Qualified 
Methodology

Observation
al clinical 

trial

Technical 
validation

Intervention
al clinical 

trial

Briefing Book

Regulatory 
Plan



STriTuVaD

• Universal Immune System Simulator (UISS), U. of Catania

• UISS-TB to be used to reduce duration and cohort size of 
clinical trials of new therapeutic vaccines
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Qualification of UISS-TB /1
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t0 t1
Observed disease progression of Px

t2
IPx =[HLA, Age, gender, …]

Px

Predicted disease progression of PxIPx =[HLA, Age, gender, …]

Vx≈Px

Validated patient-specific model of disease progression



Qualification of UISS-TB /2
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t0 t1
Observed disease progression of Py (treated)

Predicted disease progression of Py (treated)IPy =[HLA, Age, gender, …]

Vx≈Px

Validated patient-specific model of treatment response

IPy =[HLA, Age, gender, …]

PyTr
ea

tm
en

t

t2



Simplest use: time extrapolation
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Validation Validation Prediction

Physical Patients

Virtual Patients



Conclusions
• “First in Kind” qualification of In Silico Trials 

methods will complete the cycle started in 
2005 with the idea of the VPH

• In Silico Medicine research should now 
enters a maturity stage where:
– Clear distinction between models for hypothesis 

falsification and models for problem-solving
– Problem-solving models should undergo same 

levels of VV&UQ required by standards before 
publication
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