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Abstract:  The assesment of the safety and efficacy of medical 

devices can be time-consuming, expensive, and raise ethical 

concerns. Additionally, the high costs of innovation and 

lengthy development times may result in increased prices and 

unequal access for certain patient groups. In silico clinical 

trials (ISCTs) offer an innovative alternative by utilizing 

computational modeling and simulation to generate clinically 

relevant data. A recent draft by the FDA suggests the use of 

clinical data to support model validation. One example of this 

is a case study that investigates paravalvular leakage in the 

context of transcatheter aortic valve replacement. 
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1 Introduction 

The evaluation of safety and efficacy has traditionally been 

conducted through experimental methods, including in vitro, 

ex vivo, in vivo tests on animals, and clinical trials involving 

humans. There are several compelling reasons to incorporate 

computational models into the evidence-generation process. In 

vitro and ex vivo tests can be time-consuming, and using 

animals for experimentation and clinical trials raises ethical 

and translational concerns. Additionally, these tests can be 

costly and lengthy. The high costs associated with innovation 

and the lengthy time it takes to bring a product to market can 

result in increased prices and may lead to under-representation 

or discrimination based on factors such as gender, age, 

ethnicity, the rarity of the condition, or socioeconomic status 

[1]. Regulatory authorities, such as regulatory agencies and 

notified bodies, require evidence of the safety and efficacy of 

a new medical product to grant marketing authorization. This 

approval is essential for any company before their medical 

product can be sold in a specific country. The capacity of 

clinical studies acquire data on outlier patient cases or 

infrequently used device configurations is limited. In silico 

clinical trials (ISCTs) are a valuable source of clinically 

relevant data, which is obtained via computational modeling 

and simulation (CM&S) [2]. Technical aspects of an ISCT 

have been presented, however final regulatory decision on the 

ISCT application as a clinical trial alternative is still 

outstanding [3].  

Currently, only the American regulatory authority FDA is 

dealing with the question of how clinical data can support 

model validation [4]. For CM&S applications, including 

ISCT, aimed at modeling clinical outcomes, both benchtop 

testing and clinical evidence are necessary to establish 

confidence in the modeling approach [5]. To illustrate the 

current framework for ISCT can guide and evaluate clinical 

validation activities, a case study is introduced around a high 

risk ISCT application. The application focuses on 

ParaValvular Leakage (PVL) in Transcatheter Aortic Valve 

Replacement (TAVR). 

2 Model Credibility 

2.1 Existing Regulatory Guidelines 

The FDA guidance on Reporting of Computational Modeling 

Studies in Medical Device Submissions outlined the 

importance of providing a complete and accurate summary of 

computational modeling and simulation evidence in a dossier, 

referring to ASME VV-10:2019, VV-20:2009 (R2021), and 

VV-40:2018 [6-8]. The 2023 FDA guidance outlines an 

ASME VV-40:2018-based framework for assessing model 

credibility, proposing eight possible categories of credibility 

evidence (Tab.1). According to ASME VV-40:2018, the 

model's credibility activities are introduced with the 

formulation of the question of interest, which describes a 

specific question, decision, or concern addressed by the 

computational model. Building on this, the Context of Use 

(CoU) is defined, the objective of which is to explain the role 

and scope of the model and its relationship to other forms of  
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Table 1: Eight categories of credibility evidence. Reprinted from FDA guidance “Assessing the Credibility of Computational 

Modeling and Simulation in Medical Device Submissions” [5]. An in silico clinical trial where a device safety/effectiveness 

question is addressed using a virtual cohort of patient models, generated by sampling parameter values across the patient 

population, should be supported by: code verification results (Category 1), bench test validation results (to validate the device 

model; Category 3), in vivo validation results (to validate the baseline patient model; Category 4), calculation verification results 

(Category 3, 4 or 8) and population-based validation results (Category 5)   

Category Definition 

1 Code verification results Results showing that a computational model implemented in software is an accurate 

implementation of the underlying mathematical model 

2 Model calibration evidence  Comparison of model results with the same data used to calibrate model parameters  

3 Bench test validation 

results  

Validation results using a bench test comparator. May be supported by calculation 

verification and/or UQ results using the validation conditions  

4 In vivo validation results  Same as previous category except using in vivo data as the comparator  

5 Population-based validation 

results  

Comparison of population-level data between model predictions and a clinical data set. No 

individual-level comparisons are made  

6 Emergent model behaviour  Evidence showing that the model reproduces phenomena that are known to occur in the 

system at the specified conditions but were not pre-specified or explicitly modeled by the 

governing equations  

7 Model plausibility evidence  Rationale supporting the choice of governing equations, model assumptions, and/or input 

parameters only  

8 Calculation verification/ UQ 

results using CoU evidence  

Calculation verification and/or UQ results obtained using the CoU simulations, that is, the 

simulations performed to answer the question of interest 

 

data, such as in vitro or in vivo data, to answer the question of 

interest. In general, the approval is specific for that CoU, and 

therefore, a new approval must be granted for each new CoU. 

 

Bishopp et. al. proposed three independent factors of ‘scope’, 

‘coverage’, and ‘severity’ for model risk assessment. 

‘Severity’ is synonymous with severity of harm in the ISO 

medical device risk management process [2], representing the 

consequence to a patient if a device does not function as 

intended, and is specific to the patient outcome in the 

particular ISCT modeling application. The ’scope’ factor 

reflects whether ISCT cohorts are outside the bounds of 

clinical trial data, whereas the proposed ‘coverage’ factor 

reflects the amount of data represented exclusively within the 

ISCT cohorts. While the scope factor captures qualitative 

differences between ISCT and clinical data, the coverage 

factor captures quantitative differences. This includes in 

relation to the investigation of the full intended clinical setting 

(including device indications and configurations, patient 

demographics, surgical approaches, etc.) for the device.  

The scope reflects whether the ISCT application covers parts 

of the clinical setting that are not covered by traditional clinical 

data or whether the scope of the ISCT is entirely within the 

limits of other clinical data sources. The coverage factor 

reflects the quantitative impact of broader coverage of clinical 

variability etc. within the ISCT cohort (represented by 

anatomical variation of the aortic root area). Quantification of 

the coverage factor can be supported by various data sources, 

including literature and commercial data. 

2.2 Credibility Targets 

CM&S that reproduce the benchtop testing of products rely on 

benchtop validation activities [9]. The clinical relevance of the 

model must be ensured by extending the associated benchtop 

method. Therefore, complementing validation activities with 

clinical validation activities aimed at increasing confidence in 

the clinical relevance of the ISCT model is required. 

Credibility factors are proposed to evaluate the credibility of 

the clinical referent data and of the model used to predict these 

data, to guide evaluation of the agreement between the 

comparator data and the model results, and to assess the 

applicability of the clinical validation activities to the intended 

ISCT application. A range of clinical sources for referent data 

can be used for establishing the clinical relevance for CM&S. 
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A variety of clinical sources can be utilized to establish the 

clinical relevance for CM&S (Clinical Measurement & 

Safety). These sources can provide data on individual patients, 

patient cohorts, or even from public resources like journal 

articles. They can highlight trends or support statistically 

significant conclusions regarding the differences in clinical 

performance between various patient groups or device 

configurations. These studies can be designed prospectively to 

maximize their utility for CM&S validation, or they can be 

used retrospectively. Ideally, the data and conclusions should 

reflect the clinical variability associated with the subject 

device, and the statistical power of the study's conclusions 

should be robust. The validity of ISCT applications depends 

on the representation of the expected range of clinical 

variability. Thus, a validation model that uses a single average 

model to represent the anatomy of interest is less credible than 

modeling a range of anatomies. The former approach can 

demonstrate that anatomical variability has no influence on the 

predicted outcome, whereas the latter assumes this outcome. 

This principle applies to all aspects of the model such as 

boundary conditions, device configurations or implantation 

configurations. Generating evidence of the impact of clinical 

variables on predicted clinical outcomes creates greater 

credibility. 

As part of the evaluation of the validity of the clinical 

validation, both the congruence of the input conditions 

(validation inputs) and the clinical results (validation outputs) 

between the model and the clinical comparator are taken into 

account. The aim is to achieve agreement in the statistical 

distribution of the predictions from the in silico cohort and a 

corresponding clinical cohort. The assessment of credibility is 

also based on comparative data sets that show statistically 

significant differences between the clinical conditions. This 

allows accurate and quantitative prediction of outcomes, such 

as revision rates for specific failure modes. Lower credibility 

of assessments may mean that there is agreement on the 

relative performance of revision rates, but no accurate 

quantitative prediction is possible. 

 

To enhance credibility, the clinical study involving the product 

of interest should be utilized to validate the ISCT approach for 

that same product. If there are differences in product 

characteristics between the product of interest and the product 

used in the comparison group for validation, it will directly 

affect the model.  

3 ISCT Application 

TAVR has emerged as a new standard for percutaneous 

treatment of severe aortic valve stenosis in patients at 

intermediate and high surgical risk, or who are inoperable. 

Nevertheless, its extensive utilisation is presently constrained 

by the occurrence of postoperative PVL, which portends 

elevated mortality during follow-up [10]. Aortic valve 

calcification has been found to be associated with PVL, but 

results from the available literature have been obtained in 

studies with limited sample sizes [11].  

The CoU for this application is as follows: The ISCT aims to 

predict the occurrence of PVL by analyzing the variability in 

the severity and location of calcification within the target 

patient population. Clinical evidence has shown that the 

approved TAVR system performs well in anatomical 

configurations similar to those found in the ISCT patient 

population. The discussion regarding the risk assessment of 

the model focuses on its scope and coverage. Previous studies 

have already addressed the severity of clinical outcomes 

through simulations with a smaller sample size. A novel aspect 

of this study is the inclusion of variability in the clinical target 

environment, particularly with regard to the characteristics of 

calcification associated with the proposed implant system. The 

material characteristics of the TAVR reference product were 

adopted for the validation model using in vitro tests, by 

Finotello et al. [12]. Spanjaards et al. conducted a series of 

bench tests including a validation approach for the leakage 

flow simulations [13]. 

 

 

 
Figure 1: Exemplary flow results of patients with mild (A) and 

moderate (B) leakage. 

The approach involves a non-parametric shape model 

designed to capture the geometric variations of the aortic root 

within a real patient cohort using CT imaging. For modeling 

the calcifications, a method based on the work of Oldenburg 

et al. was utilized [14]. As part of the clinical validation, a 

comprehensive collection of key input parameters was 

completed, covering the full range of expected clinical 
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variability that are relevant to the model and the question of 

interest. The primary model inputs and comparison conditions 

are equivalent on a patient-specific basis [15]. The model 

quantitatively predicts the relative clinical performance of the 

patient cohort compared to published data with the identical 

device (24% vs. 16% moderate/severe PVL, p=0.250) [11]. 

Furthermore, the validation model was able to demonstrate the 

same statistical correlations as those reported in various 

published clinical studies using the identical reference 

product. 

The lack of credibility of this model lies in the lack of follow-

up of the patient cohort in order to be able to carry out a 

patient-specific comparison. This would require publicly 

available validation datasets for a cross-comparison of the 

predictive accuracy of the in silico technologies. 

4 Discussion 

Recent advancements in ISCT research have been impressive, 

resulting in several promising applications. However, the 

anticipated widespread adoption of ISCT is hindered by 

persistent challenges, including technological barriers, 

validation issues, regulatory deficiencies, scalability 

problems, communication difficulties, exploitation concerns, 

and training deficits [16]. When examining regulatory 

challenges, it becomes clear that the FDA's pathway for 

medical devices has proven effective and efficient, while 

Europe struggles to keep pace. Currently, no established 

processes exist for employing ISCT in the regulatory approval 

of medical devices. The establishment of a robust regulatory 

framework for ISCT applications in medical devices is 

imperative. The active involvement of regulatory authorities 

in this process is essential [17]. Moreover, establishing a solid 

theoretical and methodological foundation for generalizing 

verification, validation, and uncertainty qualification concepts 

in in silico models and ISCT is essential. Currently, the 

scarcity of public validation datasets limits accurate cross-

comparisons of in silico technologies. Initiatives like the 

European Health Data Space (EHDS) to gather high-quality, 

diverse datasets from EU member states could greatly enhance 

the validation process for in silico models. Ultimately, 

selecting reliable and valid assessment methods remains a 

crucial challenge for researchers, policymakers, and clinicians 

alike [16]. 
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