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ABSTRACT  

 

Intra-arterial thrombectomy is a minimally invasive procedure in which an obstructing 

thrombus (clot) is removed using a minimally-invasive device: a stent-retriever. The stent-

retriever is first deployed, and then the thrombus is removed during stent-retriever retraction. 

This procedure can be simulated using a detailed computational model. However, to be useful 

for an in silico trial in a clinical setting, model credibility should be demonstrated. The aim of 

this work is to apply a credibility process for the validation phases to the thrombectomy 

procedure in order to deem it credible for use in an in silico trial. Validation evidence is 

proposed for the identified context of use and then used to build credibility to the numerical 

model. Applicability of the proposed model is justified and assessed using a rigorous step-by-

step method based on the ASME V&V40 protocol.  
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1. INTRODUCTION 

Computational models might be considered as credible according to their demonstrated ability 

to replicate the modeled reality within a predefined tolerance (Schruben, 1980). To build 

credibility, computational experiments should be reproducible; that is, the experiment can be 

repeated by others to obtain similar results. They should also be reliable; that is, simulated 

results have satisfactory accuracy and precision (Mulugeta et al., 2018).  

Validation, verification and uncertainty quantification (VVUQ) provide methods to ensure 

model reliability. Verification tests the accuracy of the implementation of the formulated 

model. In validation, one determines the accuracy of the model formulation. This is often 

achieved by comparing simulation results with results obtained from a physical experiment. In 

this way, both validation and verification are responsible for the accuracy of the computational 

results (Oberkampf et al., 2002). In uncertainty quantification (UQ), one estimates, analyses 

and, if possible, reduces uncertainty in the results of computational models due to uncertainties 

in model parameters and initial- and boundary conditions.  

The American Society of Mechanical Engineers (ASME) provides a framework for assessing 

the credibility of computational modeling through verification, validation and uncertainty 

quantification (VVUQ) approved by the U.S. Food and Drug Administration (FDA). The V&V 

40 “Verification and Validation in Computational Modeling of Medical Devices” details the 

framework for medical devices. This framework provides a guide for the assessment of 

computational models, and communication of their reliability and validity.  

Establishing the credibility of a computational model is paramount when applying the results 

in safety-critical situations, which is particularly the case for medical applications. Good 

practice in assessing credibility is to combine VVUQ with a rigorous applicability analysis. A 

recent paper by Pathmanathan et al. (Pathmanathan et al., 2017) details twelve steps for 

application analysis. They provide a framework for evaluating and justifying the model 
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validation used for an in silico model. An applicability analysis details the relevance of the 

validation with respect to the context of use (COU) of the model. The applicability of the 

computational model decreases as the difference between the context of use and the validation 

conditions increases. The computational model and its validation should mimic as closely as 

possible the context of use.  

In this paper, we provide a step-by-step credibility assessment or applicability analysis based 

on Pathmanathan et al. (Pathmanathan et al., 2017) following the ASME V&V40 protocol of 

the in silico thrombectomy procedure.   

Intra-arterial thrombectomy is a minimally invasive procedure for acute ischemic stroke in 

which the obstructing thrombus (clot) is removed using a minimally invasive device (stent-

retriever). The stent-retriever is deployed from the femoral artery access to the thrombus 

location in the brain. After the deployment of the stent-retriever, the thrombus is removed by 

the retraction of the stent-retriever (Berkhemer et al., 2015). It is possible to model the critical 

stage of the thrombectomy process, the part of the procedure that occurs close to the clot, in 

silico. This model incorporates the deployment of the stent in a region local to the thrombus, 

the interaction between the stent and clot, and the recovery of the clot to the receiving catheter 

(Luraghi et al., 2021).  

 

2. APPLICABILITY ANALYSIS 

Twelve steps for the applicability analysis described by Pathmanathan et al. (Pathmanathan et 

al., 2017) following the ASME V&V40 protocol are here applied to the in silico thrombectomy 

procedure. In the first seven steps, the real environment setting (R-COU) and the physical 

experimental setting (R-VAL), and the corresponding computational models (M-COU and M-

VAL) are described (figure 1). The following four steps are the central body of the assessment 

analysis when equalities and differences between all the described ingredients (R-COU, R-
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VAL, M-COU and M-VAL) are analyzed and commented. The last step presents the 

conclusion of the credibility assessment.  

 

Figure 1. The reality elements of the contest of use (green box): the real environment setting 

(R-COU) and the corresponding computational model that is used to assess the question of 

interest (M-COU). The primary validation elements (yellow box): the physical experimental 

setting (R-VAL) and the corresponding computational model (M-VAL). The first seven 

descriptive steps are also shown.  

2.1 Describe the Aim of the Computational Modeling 

Assessment of model credibility starts by defining a question of interest. This question 

describes the intended purpose of the computational model: what question does the 

computational model hope to answer?  

The main objective of the thrombectomy modeling is to simulate the intra-arterial 

thrombectomy procedure, performed with stent-retrievers only, in virtual patients. The virtual 
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procedure can be used as a tool to predict procedure outcome: positive if the clot removal is 

successful, or negative if the clot remains inside the vessel. In this view, the question of interest 

(QOI) is: “Is the thrombectomy procedure with a given stent-retriever capable of successfully 

removing a clot of a given composition, a given volume, from a given location?”.  

In silico clinical trials for new devices can be carried out by answering this QOI. These in silico 

clinical trials for acute ischemic stroke will focus on optimization of use of stent-retrievers to 

improve procedural and periprocedural aspects of therapy and/or improvement of personalized 

thrombectomy treatment.  

2.2 Describe the Reality (R-COU) and Model Elements (M-COU) of the COU 

The reality of the context of use (R-COU) is the intended use of the model in the real-world 

context. The model elements of the context of use (M-COU) defines the way in which the 

model will be used for R-COU, i.e. the simulations that will be performed. These terms are 

described in further detail in Pathmanathan et al. (Pathmanathan et al., 2017).  

R-COU: In the real-world environment, the thrombectomy model will be used to address 

questions related to a thrombectomy clinical trial that may involve hundreds of patients 

(Konduri et al., 2020). For each patient undergoing intra-arterial thrombectomy, a stent-

retriever is selected from a (commercially) available device library. For the thrombectomy 

procedure, a balloon guide catheter is first positioned at the cervical ICA (internal carotid 

artery) level, out of which the stent, crimped in a microcatheter, is positioned relative to the 

clot location (the stent-retriever is placed distally with approximately two-thirds of the stent 

beyond the clot). The stent is then deployed in the vessel by withdrawing the microcatheter. 

Once the clot is trapped in the stent struts, the stent and entrapped clot are retrieved back to the 

(receiving) balloon guide catheter (still at the cervical ICA level), with the balloon inflated 

during the retrieval phase to stop the flow (Berkhemer et al., 2015).  

There are a number of sources of variability associated with the procedure: 
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- The geometric details of the patient vessels (Chen et al., 2018; Mokin et al., 2020): (i) 

diameters and lengths of the segments of interest (internal carotid artery—ICA, anterior 

artery—A1, middle cerebral arteries—M1 and M2), (ii) curvatures and tortuosity of 

each segment and (iii) bifurcation angles between the segments.  

- The specific clot characteristics (Boodt et al., 2020; Gersh et al., 2009): (i) location of 

the clot, (ii) length and (iii) clot composition (red blood cell or fibrin dominant). 

- The mechanical properties of the vascular tree and the blood flow conditions of the 

patient (e.g. pressures, flow rate) (Kühn et al., 2020). 

- The procedure itself (Ospel et al., 2019): (i) if the patient undergoes thrombolysis with 

intravenous administration of alteplase before thrombectomy, which alters the clot 

mechanical properties; (ii) the model and size of the selected stent-retriever; (iii) if the 

crimped stent is correctly positioned across the thrombus; (iv) the position of the 

balloon guide catheter that can change according to the tortuosity of the ICA segment.   

M-COU: The cerebral arterial branch geometry is pre-processed to obtain a finite-element 

patient domain. The vessel walls are discretized with rigid quadrilateral elements. The 

geometries of the three most widespread stent retriever devices (Trevo XP ProVue by Stryker, 

EmboTrap II by Cerenovus, Solitaire X by Medtronic) are discretized with beam elements with 

a cross-section integration defined by measuring the real devices with a confocal laser scanning 

microscope. Uniaxial tensile tests are performed on each device in a temperature-controlled 

chamber, and then computationally simulated to calibrate the NiTi stent material model 

parameters (Allegretti et al., 2018).  A shape memory alloy material constitutive formulation 

available in the adopted commercial solver (LS-DYNA, ANSYS) is used to model the 

mechanical behavior of the device. Clot geometries are placed in the occluded vessel segment 

with the patient-specific length and with a diameter equal to 95% of the vessel diameter. They 

are discretized with tetrahedral elements. The clot material model uses a compressible 
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hyperelastic formulation (Kolling et al., 2007) available in the commercial solver. Unconfined 

compression tests on ex-vivo clots with two different compositions (red: red blood cell 

dominant and white: fibrin dominant) with and without administration of alteplase are 

performed (Johnson et al., 2017) and the resulting curves are directly loaded in the solver to fit 

the material model parameters.  

The simulation of the thrombectomy procedure consists of four steps: 

I. Catheter tracking/stent crimping: the clot is deformed and pushed against the vessel 

wall by the microcatheter. At the same time, the stent is crimped in the microcatheter.  

II. Stent tracking: the crimped stent is positioned at the location of the thrombus by 

pushing it along the microcatheter.  

III. Deployment: the stent is released by unsheathing the microcatheter and hence it comes 

into contact with the clot.  

IV. Retrieval: the clot, trapped by the stent struts, is then retrieved along the vessel until the 

receiving catheter is reached at the ICA cervical level.  

If the clot reaches the receiving catheter positioned at the ICA cervical level at the end of the 

simulation the virtual thrombectomy is considered successful. Otherwise, if the clot remains 

inside the vessel, due to escape from the stent during the retrieval phase, the procedure is 

considered unsuccessful. Fragmentation of the clot is not here considered an option because it 

is not possiblewith the adopted constitutive model of the clot. 

2.3 Describe the Sources of Validation Evidence 

In this step, we describe available experimental results for model validation. As per 

Pathmanathan et al. (Pathmanathan et al., 2017), we select one of these as our primary 

validation evidence. The sources of validation evidence are: 

I. Validation of the constitutive model for the clot: Mechanical testing on clots are 

performed using a parallel plate experimental rig developed for unconfined 
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compression testing of clots in saline solution. Red synthetic clots, and ex vivo red and 

white clots with and without thrombolysis are subject to confined compression and the 

testing is numerically reproduced to validate the adopted constitutive material model. 

II. Validation of the crimp and release kinematics of the stent: crimping simulations of 

each device in a microcatheter followed by unconstrained release are carried out to 

validate the crimping and release kinematic of the modeled device (Fig. 2a).  

III. Validation of the thrombectomy procedure in a glass U-bent vessel with one of the three 

stent-retrievers (the EmboTrap II device) and a red clot (Fig. 2b). 

IV. Validation of the thrombectomy procedure in a silicone funnel-shaped vessel with the 

EmboTrap II device and a red clot (Fig. 2c). 

V. Validation of the thrombectomy procedure in a silicone 3D-printed patient-like branch 

with the EmboTrap II device and a red clot (Fig. 2d). 

The final validation evidence (V) is considered the primary validation evidence because the 

vessel geometry (diameters, lengths, curvatures, tortuosity and bifurcation angles) is the most 

representative of a patient, despite the mechanical properties of the vessel. Hence it is the most 

significant model for the purposes of the applicability analysis.  
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Figure 2. Validation Models: (a) crimp and release test of the EmboTrapII stent, (b) 

thrombectomy test in a glass U-bent vessel, (c) thrombectomy test in a silicone funnel-shaped 

vessel, (d) thrombectomy test in a silicone 3D-printed patient-like branch. 
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2.4 Describe the Reality (R-VAL) and Model Elements (M-VAL) of the Primary 

Validation Evidence 

In this step, we provide more detail on the primary validation evidence that was selected in 

Step 3. This detail covers the experimental setup and execution (R-VAL) and the equivalent 

setup and execution in the model (M-VAL) (Pathmanathan et al., 2017). 

R-VAL (Luraghi et al., 2021): The in vitro thrombectomy test is performed in a silicone 3D-

printed patient-like vascular branch, designed using physiological dimensions. The averaged 

diameters of the ICA, M1 and M2 segments measure 3.5, 2.6 and 2.1 mm, respectively. A red 

clot analog fabricated using ovine blood (Duffy et al., 2017) is placed at the right proximal M1 

segment. EmboTrap II size 5x33 mm is used. The experiment is carried out in a stationary flow 

of saline solution heated to 37°C. The experiment is repeated three times to ensure repeatability 

of the results and the thrombectomy runs are all performed by the same person. The experiment 

is video recorded for comparison purposes: the final displacement of the clot is the measured 

QOI of the in vitro test, which reveals the thrombectomy outcome.  

M-VAL (Luraghi et al., 2021): The CAD geometry of the 3D-printed branch is discretized 

with rigid quadrilateral elements. The geometries of the EmboTrap stent (size 5×33 mm) is 

discretized with beam elements with a cross-section integration defined by measuring the real 

devices with the confocal laser scanning microscope. The NiTi stent material is modeled with 

a shape memory alloy material constitutive formulation, and the material parameters are 

calibrated by coupling in vitro/in silico uniaxial tensile test. The geometry of the red clot is 

drawn using the real dimensions of the clot used in the experiment. The clot is discretized with 

tetrahedral elements and is positioned in the right proximal M1 segment. The nominal stress-

strain curve from an unconfined compression test, performed on the red clot analog, is used by 

the solver to model the compressible hyperelastic behavior of the clot.   
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The simulation of the thrombectomy procedure to replicate the R-VAL (in silico thrombectomy 

in a silicone 3D-printed patient-like vascular branch) consists of four steps, similar to M-COU, 

executed with the solver LS-DYNA (ANSYS): 

I. Catheter tracking/stent crimping: the clot is deformed and pushed against the vessel 

wall by the microcatheter. At the same time, the stent is crimped in the 

microcatheter. The virtual microcatheter has the same diameter of 0.5 mm of the 

real microcatheter.    

II. Stent tracking: the crimped stent is positioned at the location of the thrombus by 

pushing it along the microcatheter. The position of the crimped stent is defined to 

be the same position measured in the experiment.  

III. Deployment: the stent is released by unsheathing the microcatheter and it comes 

into contact with the clot.  

IV. Retrieval: the clot, trapped by the stent’s struts, and the stent are then retrieved along 

the vessel until a receiving catheter is reached at the ICA cervical level, in the same 

position as the experiment. 

2.5 Describe the Aspects of the Computational Model That Are the Identical in M-VAL 

and M-COU 

The following modeling settings are identical in M-COU (the model of in silico thrombectomy 

model) and M-VAL (the model of the primary validation): 

I. The element formulation used to discretize each part. The vessels’ walls are discretized 

with quadrilateral rigid elements. The stents are discretized with the same formulation 

of beam elements and the cross-sections are determined by measuring all the stents with 

the same microscope. The clots are always discretized with the same formulation of 

tetrahedral elements. The characteristic dimension of the quadrilateral elements 

(vessels), the beam elements (stents) and tetrahedral elements (clots) are also the same.  
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II. The material behavior to model the NiTi material of the stents. The material parameters 

are calibrated by performing uniaxial tensile tests with the same protocol on each 

device. The compressible hyperelastic behavior used to model the clots is also the same.  

III. The four steps of the simulations (catheter tracking/stent crimping, stent tracking, 

deployment, retrieval) and their timing. In addition, the numerical details of each step 

of the simulations are the same: damping coefficients (Luraghi et al., 2018), time-step 

size, contact algorithms, friction coefficients of the contacts (Gunning et al., 2018). The 

same commercial explicit finite element solver is also used.  

IV. The QOIs—both aim to evaluate the outcome of the procedure, being the successful or 

unsuccessful removal of the clot.  

2.6 Describe the Aspects of the Computational Model that are Different Between M-VAL 

and M-COU 

The following modeling settings are different in M-COU (the model of in silico thrombectomy 

model) and M-VAL (the model of the primary validation): 

I. Vessel geometries. In the M-COU the cerebral arterial branch presents the specific 

dimensions of the virtual patient, while in the M-VAL the vessels’ dimensions are 

derived from the CAD model of the 3D-printed branch.  

II. Stent device. The virtual thrombectomy of the M-COU can be performed with any 

device selected from the available device library (Trevo XP ProVue by Stryker, 

EmboTrap II by Cerenovus, Solitaire X by Medtronic) with a specific size. The M-

VAL only uses the EmboTrap II, size 5×33 mm.  

III. Clot geometry, composition, and location. In the M-COU the clot is located in the 

virtual patient-specific occluded segment, presents with a patient-specific length and 

could be red or white. In the M-VAL the length and the location of the red clot are 

defined to be the same as the experiment.  
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IV. The stress-strain curves used to fit the clot’s material model. Though the material model 

is the same, the curves used in the M-COU are derived from compression tests 

performed on ex-vivo red and white clots, while the curves used in the M-VAL are 

derived from a red clot analog.  

V. The positions of the crimped stent with respect to the location of the clot and the 

position of the receiving catheter. In the M-VAL these positions reflect the stent 

position observed in the experiment, while in the M-COU these positions could vary 

between virtual patients. The position of the receiving catheter could also change as it 

depends on the ICA tortuosity.  

2.7 Describe the Relevant Differences Between R-VAL and R-COU (ΔR) 

The following modeling settings are different in R-COU (the thrombectomy procedure on 

patients) and R-VAL (the in vitro thrombectomy model): 

I. Vessel geometries, mechanical properties and constraints. In the R-COU the cerebral 

arterial measurements of the acute ischemic stroke patients are measured from images. 

These measurements include the diameters, lengths, curvatures and tortuosity of the 

ICA, A1, M1 and M2 segments, and bifurcation angles between the segments.  The 

silicone 3D-printed branch of the R-VAL is fabricated with physiological “averaged” 

dimensions. The mechanical behavior of the vessel walls in the R-COU is nonlinear 

anisotropic, whereas the vessel walls in the R-VAL are silicone which is isotropic. The 

vessels are in the R-COU surrounded by brain tissues, whereas in the R-VAL are only 

constrained on the external ends.  

II. Stent device. The thrombectomy of the R-COU could be performed with any 

commercially available device, with a size according to the dimensions of the patient’s 

occluded vessel. The stent of the R-VAL is the EmboTrap II; size 5x33 mm.  



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

III. Clot geometry, composition, location, and mechanical properties. In the R-COU the 

clot length, composition (red or white) and segment location are patient dependent. In 

the R-VAL the red clot analog presents an “averaged” length and is placed in the most 

commonly occluded segment (M1) (Dutra et al., 2019). The clot mechanical behavior 

can also vary between the real clots and the clot analogs.  

IV. The procedure. In the R-COU the positions of the crimped stent with respect to the 

location of the clot and the position of the receiving catheter. Thrombolysis could also 

be performed before the thrombectomy. In the R-VAL the stent is correctly positioned 

across the clot, the receiving catheter is positioned in its usual location (cervical ICA 

level) and no thrombolysis is considered. The timing of each step (positioning of the 

catheter and of the crimped stent, release and retrieval phases) could also be different 

between R-COU and R-VAL, as it is dependent on the interventional neurologist.  

V. The R-VAL is performed with stationary flow of saline solution heated to 37°C, 

whereas in reality the fluid is blood at 37°C. The thrombectomy performed in the R-

COU uses balloon-inflation during the retrieval phase to stop the blood flow. However, 

it is possible that some secondary blood flows from anterior arteries may be present.    

2.8 Is it appropriate to use the Model aspects listed in Step 5 to make predictions about 

R-COU? Provide Rationale, Evidence, or Discussion. Assume that these model aspects 

are appropriate for R-VAL (or Refer to the Validation Results) and then consider each 

of the differences in ΔR (Listed in Step 7) 

Step 5 described the ways in which M-VAL and M-COU are identical. The light-blue cells in 

Table 1 list the identical aspects between the two models: M-VAL and M-COU. The grey cells 

list the differences between the two realities: R-VAL and R-COU. This step provides an answer 

to the question: “for each numerical setting that we assume to be appropriate to model the R-
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VAL because of the validation results, it is also appropriate to model R-COU in light of the 

differences between R-VAL and R-COU?” 

Table 1: Model aspects that are identical between M-VAL and M-COU in light of the 

differences between R-VAL and R-COU 

Differences between R-VAL 

and R-COU 

Identical aspects between M-VAL and M-COU 

Element 

formulations 

Material 

models 

Steps of the 

simulations 

QOIs 

Vessel  

(geometry/material) 

Are the element 

formulations 

adequate to 

model the parts 

of the 

thrombectomy 

of R-COU? 

 

Are the 

simulation 

settings 

adequate to 

model the 

thrombectomy 

of R-COU? 

 

Stent  

(device and size) 

Clot (geometry, composition and 

location) 

Are the 

material models 

adequate to 

describe the 

deformable 

parts of the 

thrombectomy 

of R-COU? 

Procedure (thrombolysis, stent 

position, catheter position, timing) 

  

Fluid (stationary saline solution / 

blood flow) 

 Is it correct not 

to model the 

fluid with 

respect to the 

QOI? 
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Element formulations – Are the element formulations adequate to model the parts of the 

thrombectomy of R-COU? The vessels are deformable in both the R-VAL and the R-COU; 

however, in both the M-VAL and M-COU are modeled with rigid elements. In the primary 

validation analysis, the vessel is made with silicone and, observing the recorded video of the 

experiments the vessels appear not to deform during the procedure. The comparison between 

the experimental and simulation results provides confidence in this assumption and similarly, 

the non-linear vessels’ walls of the R-COU are modeled with rigid elements. An additional 

observation regarding the rigid vessel assumption in M-COU is that, differently to the R-VAL 

where the silicone vessel is unconstrained from surrounding tissue, actual cerebral vasculature  

in R-COU is highly constrained by surrounding tissue favoring the rigid vessel assumption for 

the simulations.  

The stent-retrievers are all modeled with the same formulation: beam elements with an 

integrated cross-section, whose dimensions are defined with direct measures on the real 

devices. This is a significant simplification in comparison to solid (hexahedral elements) 

discretization techniques and may cause discrepancies in the integrated stresses and strains. 

However, the primary validation showed that the adopted beam discretization technique is 

adequate to properly describe the kinematics of the stent. In fact, the QOIs of both the reality 

M-COU and the validation M-COU are the thrombectomy outcome prediction, evaluated from 

the clot and stent interaction and kinematics. In this application, the stress and strain fields 

within the stent are not explicitly used to answer the QOIs. Moreover, one supporting validation 

evidence (validation II in Step 3) aims properly at assessing the kinematics of all the stents 

available in the device library of R-COU with crimping and release simulations.  

The clots are modeled with the same tetrahedral element formulation, which has been proven 

from the validation evidence to adequately describe the large deformation of the clots. The 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

appropriate element formulation mainly depends on the loading modes that the deformable 

parts are subject to (and these modes remain the same between R-VAL and R-COU). Hence 

this formulation is independent of the clot geometry, as well as the vessel and stent geometry. 

Material models - Are the material models adequate to describe the deformable parts of the 

thrombectomy of R-COU? The rigid vessel material has already been discussed in the previous 

section (element formulation). The deformable component in the M-VAL and M-COU is the 

clot. Unconfined compression tests are performed on red and white clot analogs, on ex-vivo red 

and white clots not exposed to a thrombolytic agent and on ex-vivo red and white clots exposed 

to a thrombolytic agent. The resulting stress-strain curves are directly fitted by the solver to 

define the parameters of the hyperelastic clot material model. The goodness of the material 

formulation has been proven by numerically replicating the compression tests and comparing 

the numerical and experimental stress-strain curves (Validation I in Step 3). The agreement 

between R-VAL and M-VAL in terms of clot deformation provided confidence in the adopted 

material model for the clot (red and white, and with and without a thrombolytic agent).  

Steps of the simulations: Are the simulation settings adequate to model the thrombectomy of 

R-COU? The four steps of the simulations (Catheter tracking/stent crimping, Stent tracking, 

Deployment and Retrieval) reflect the real procedure steps of R-COU and the thrombectomy 

performed in R-VAL. The R-VAL replicates the real clinical procedure as faithfully as 

possible. Each step of the simulation was compared with the recorded experiment, in terms of 

stent and clot kinematics, in the primary and supporting validation evidence. In fact, in the 

supporting validation tests (Validations III and IV in Step 3) the geometry of the vessel, the 

material of the vessel, the clot dimension and location, the position of the stent with respect to 

the clot, and the receiving catheter are different to the primary validation test, and the 

simulation setting proved adequate to reproduce the in vitro thrombectomy conditions 

(Validations III, IV and V in Step 3). Consequently, this proves the robustness and versatility 
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of the developed numerical analysis (and simulation settings). The R-COU can similarly 

change the device geometry, the clot location, dimension and composition, and the procedure 

settings (crimped stent and receiving catheter location), and the model’s formulation can 

accommodate these changes.  

QOIs: The aim of both the M-COU and the M-VAL is to determine if there’s a positive 

outcome from the procedure, i.e. the effective removal of the clot. Hence, the main focus of 

these models is the clot/stent interaction and the final displacement of the clot. For this reason 

neither of models include the fluid domain. In the R-COU the vessels are filled with blood and 

during the procedure a balloon is inflated in the cervical ICA to arrest the flow, although a 

small flux from anterior arteries could be present. The R-VAL is performed under a stationary 

flow of saline solution at 37°C. The steadiness of the fluid allows simplification of the fluid-

structure interaction problem into a structural one. The fluid forces acting on the structures can 

be reasonably neglected on both the R-VAL and R-COU. 

2.9 Do the modifications to the Computational Model (Listed in Step 6) result in 

trustworthy predictions for the COU? Provide Rationale, Evidence, or Discussion 

Step 6 described the ways in which M-VAL and M-COU differ. Each difference is here 

described and discussed.  

Vessel geometry – The vessel geometry of the M-COU differs from the one of M-VAL because 

the former derives from the specific patient of R-COU and the latter from the CAD model of 

the 3D-printed branch. Change in vessel geometry means a change in the diameters and length 

of the ICA, A1, M1 and M2 segments, the curvature and tortuosity of each segment and the 

bifurcation angles between adjacent segments. From a practical point of view, different vessel 

morphologies result in different displacements during the Catheter tracking and the Retrieval 

steps of the simulation. However, this does not affect the trustworthy prediction of the M-COU 
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as demonstrated with the supporting validation evidence using different vessel geometries 

(Validations III, IV and V in Step 3).  

Stent device – The virtual thrombectomy of the M-COU can be performed with a device 

selected from the available device library (Trevo XP ProVue by Stryker, EmboTrap II by 

Cerenovus, Solitaire X by Medtronic) with a specific size. All the modeled stent retrievers are 

discretized with the same elements (formulation and element size), measured with the same 

microscope, modeled with the same material law and characterized by the same tensile test 

protocol. The supporting validation evidence (Validation II in Step 3) validates the kinematics 

of the device during the crimping and releasing phases for all the modeled stents. From a 

practical point of view, different devices change only the applied displacement when the stent 

is crimped because of the different lengths. The different crimped lengths of each device are 

also considered in the Stent tracking phase to position the stent with respect to the clot.  

Clot geometry – The clot in the M-COU comprises patient-specific length and location, while 

the clot of M-VAL size and location is the same as the R-VAL. The change in length and 

location of the clot can be accounted for in the simulation settings by changing the position of 

the catheter and the crimped stent. The flexibility of the numerical model has already been 

proven by a comparison of the different validation evidence with different clot dimensions and 

locations (Validations III, IV and V in Step 3).  

The stress-strain curves used to fit the clot’s material model – Although the material 

constitutive law used to model the clots in M-COU and M-VAL is the same, the curves used 

in the M-COU are derived from compression tests performed on ex-vivo red and white clots 

and ex-vivo red and white clots exposed to a thrombolytic agent, while the curves used in the 

M-VAL are obtained from a red clot analog. However, the validation of the constitutive law of 

the clots is performed with different stress/strain curves from all the tested clots (Validation I 

in Step 3).  
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The positions of the crimped stent with respect to the location of the clot and the position of the 

receiving catheter – The geometry of the vessel and the clot location and dimension affect the 

tracking of the catheter and the tracking of the crimped stent (in these steps the displacement 

applied to the catheter and the stent depends on the centerline of the vessel). The tortuosity of 

the ICA segment also affects the location of the receiving catheter. Finally, the position of the 

crimped stent changes according to the length of the stent. All these procedural aspects vary 

from one patient to another and the M-COU settings need to be changed in accordance. Once 

again, the ability of the model to accommodate all these changes is proven by the conducted 

validation evidence that uses different vessel geometries and clot geometries and locations 

(validation III, IV and V in Step 3).  

2.10 Provide rationale for trustworthiness if the COU QOIs differ from Validation QOIs 

The COU and VAL QOIs are identical as they both aim to evaluate the outcome of the 

thrombectomy procedure. If the clot reaches the receiving catheter positioned at the cervical 

ICA the thrombectomy succeeds, otherwise the clot remains inside the arterial vessel and the 

thrombectomy fails.  

2.11 Consider the overall Computational Model M-COU, in the Context of Differences 

Between R-VAL and R-COU (ΔR) 

In light of the already discussed points in Step 8 and 9, one additional question is “Does the 

M-COU model consider all the aspects of the thrombectomy procedure?”. Considering also 

that improvements to the intra-arterial thrombectomy are still ongoing, another question is 

“Does the M-COU model different thrombectomy techniques?” (Table 2). As declared in Step 

2, the R-COU is the intra-arterial thrombectomy performed as described: a balloon guide 

catheter is positioned at the cervical ICA level from which the stent, crimped in a microcatheter, 

is positioned relative to the clot location and is then deployed in the vessel by withdrawing the 

microcatheter. Once the clot is trapped in the stent struts, the clot and the stent are retrieved 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

together up to the (receiving) balloon guide catheter positioned at the cervical ICA level while 

the balloon is inflated to stop the blood flow during the retrieval phase. In addition, the virtual 

treatment could also include thrombolysis with intravenous administration of alteplase before 

thrombectomy.  

This proposed applicability analysis is applicable only to the described thrombectomy 

procedure. The source of variability is from the generation of virtual patients—the generation 

of virtual thrombectomy procedures has been already discussed. The authors believe that any 

modification to the procedural thrombectomy needs to be reconsidered in a diff erent 

applicability analysis. For example, the assumption of the presence of balloon-inflation in the 

retrieval phase of the procedure led to the conclusion that the fluid domain modeling is not 

necessary for the M-COU. Of course, if the thrombectomy is conducted with blood flow, the 

fluid domain inclusion would need to be reconsidered. Another innovative aspect of the 

procedure is the inclusion of a single or double aspiration (McTaggart et al., 2017; Ospel et al., 

2019), which would involve the inclusion of this aspect in the M-COU with consequent 

applicability discussion and/or different primary validation evidence choice.  
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Table 2: Several additional issues regarding M-COU given the differences between R-VAL 

Differences between R-VAL and R-COU 

Additional questions regarding 

M-COU 

 

Vessel  

(geometry/material) 

No additional questions 

Stent  

(device and size) 

No additional questions 

Clot (geometry, composition and location) No additional questions 

Procedure (thrombolysis, stent position, catheter 

position, timing) 

Does the M-COU model consider 

all the aspects of the thrombectomy 

procedure? 

Does the M-COU model use a 

different thrombectomy technique? 

Fluid (stationary saline solution / blood flow) 

 

2.12: Assess the overall applicability of the Computational Model for the COU using 

sound scientific (albeit subjective) judgment 

Our credibility assessment showed that the developed numerical model is credible for 

conducting in silico thrombectomy procedures on virtual patients. In particular, once the 

generation of a virtual ischemic stroke patient is performed, the numerical workflow generates 

a discretized patient-specific arterial branch with an occluded vessel. Patient-specific 

characteristics of the clot are considered. The generation of the virtual procedure includes the 

choice of the device, the administration, or not, of thrombolysis before the intervention, the 

position of the receiving catheter and the correct position of the crimped stent with respect to 

the clot location. All these aspects are considered when determining the steps of the 
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simulations. The numerical results include the stress and strain fields of the stent-retriever and 

the clot, but, with respect to the QOI, the only relevant result is the final position of the clot, 

which determines the overall outcome of the procedure.  

3. CONCLUSIONS 

Model credibility refers to the level of trust that we place in the computational model with 

regards to the identified context of use. This trust is evaluated through a number of credibility 

factors. These factors refer to the activities that need to be undertaken in order to establish how 

well the model can be trusted. These actions include code verification, validation of the 

computational model including sensitivity analysis and uncertainty quantification, and 

evaluation of the applicability of the computational model with regards to the context of use.  

Recently, the regulatory process for biomedical devices started receiving and accepting in silico 

evidence from modeling and numerical simulations (Viceconti et al., 2020). VVUQ could be 

considered as good practice, contributing to simulation credibility (Mulugeta et al., 2018), and 

provides specific evidence for a given regulatory procedure (Viceconti et al., 2020). The V&V 

40 standard aims at “assessing the degree to which the computational model is an accurate 

representation of the reality on interest” but how the credibility of the model has to be 

established is subjective (The American Society of Mechanical Engineers, 2018).  In this 

regard, our framework is based on the guidlines proposed by a group working at FDA 

(Pathmanathan et al., 2017).  

In this study, an applicability assessment of an in silico thrombectomy model was performed, 

and the differences between the context of use and the validation conditions were argued and 

discussed.  After demonstrating the credibility of in silico models for a specific context of use, 

e.g. in an in silico stroke trial, a formal qualification is needed, after which the results of the in 

silico model can be used in producing evidence in the regulatory process related to a new 

medical device. To help the credibility assessment of a clinical procedure, in general, we 
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suggest designing the validation evidence and the corresponding models only once the context 

of use and the main questions of interest are clearly stated and defined. 

 

Conflict of interest 

None 

Funding 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation program under grant agreement No 777072. 

References 

Allegretti, D., Berti, F., Migliavacca, F., Pennati, G., Petrini, L., 2018. Fatigue Assessment of 

Nickel–Titanium Peripheral Stents: Comparison of Multi-Axial Fatigue Models. Shape 

Mem. Superelasticity 4, 186–196. https://doi.org/10.1007/s40830-018-0150-7 

Berkhemer, O.A., Fransen, P.S.S., Beumer, D., Van den Berg, L.A., Lingsma, H.F., Yoo, 

A.J., Schonewille, W.J., Vos, J.A., Nederkoorn, P.J., Wermer, M.J.H., van Walderveen, 

M.A.A., Staals, J., Hofmeijer, J., van Oostayen, J.A., Lycklama à Nijeholt, G.J., Boiten, 

J., Brouwer, P.A., Emmer, B.J., de Bruijn, S.F., van Dijk, L.C., Kappelle, L.J., Lo, R.H., 

Van Dijk, E.J., De Vries, J., De Kort, P.L.M., van Rooij, W.J.J., van den Berg, J.S.P., 

van Hasselt, B.A.A.M., Aerden, L.A.M., Dallinga, R.J., Visser, M.C., Bot, J.C.J., 

Vroomen, P.C., Eshghi, O., Schreuder, T.H.C.M.L., Heijboer, R.J.J., Keizer, K., 

Tielbeek, A. V., den Hertog, H.M., Gerrits, D.G., van den Berg-Vos, R.M., Karas, G.B., 

Steyerberg, E.W., Flach, H.Z., Marquering, H.A., Sprengers, M.E.S., Jenniskens, 

S.F.M., Beenen, L.F.M., van den Berg, R., Koudstaal, P.J., van Zwam, W.H., Roos, 

Y.B.W.E.M., van der Lugt, A., van Oostenbrugge, R.J., Majoie, C.B.L.M., Dippel, 

D.W.J., Investigators, M.C., 2015. A Randomized Trial of Intraarterial Treatment for 

Acute Ischemic Stroke. N. Engl. J. Med. 372, 11–20. 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

https://doi.org/10.1056/NEJMoa1411587 

Boodt, N., Compagne, K.C.J., Dutra, B.G., Samuels, N., Tolhuisen, M.L., Alves, H.C.B.R., 

Kappelhof, M., Lycklama À Nijeholt, G.J., Marquering, H.A., Majoie, C.B.L.M., 

Lingsma, H.F., Dippel, D.W.J., Van Der Lugt, A., 2020. Stroke Etiology and Thrombus 

Computed Tomography Characteristics in Patients with Acute Ischemic Stroke: A MR 

CLEAN Registry Substudy. Stroke 51, 1727–1735. 

https://doi.org/10.1161/STROKEAHA.119.027749 

Chen, L., Mossa-Basha, M., Balu, N., Canton, G., Sun, J., Pimentel, K., Hatsukami, T.S., 

Hwang, J.N., Yuan, C., 2018. Development of a quantitative intracranial vascular 

features extraction tool on 3D MRA using semiautomated open-curve active contour 

vessel tracing. Magn. Reson. Med. 79, 3229–3238. https://doi.org/10.1002/mrm.26961 

Duffy, S., Farrell, M., McArdle, K., Thornton, J., Vale, D., Rainsford, E., Morris, L., 

Liebeskind, D.S., MacCarthy, E., Gilvarry, M., 2017. Novel methodology to replicate 

clot analogs with diverse composition in acute ischemic stroke. J. Neurointerv. Surg. 9, 

486–491. https://doi.org/10.1136/neurintsurg-2016-012308 

Dutra, B.G., Tolhuisen, M.L., Alves, H.C.B.R., Treurniet, K.M., Kappelhof, M., Yoo, A.J., 

Jansen, I.G.H., Dippel, D.W.J., van Zwam, W.H., van Oostenbrugge, R.J., da Rocha, 

A.J., Lingsma, H.F., van der Lugt, A., Roos, Y.B.W.E.M., Marquering, H.A., Majoie, 

C.B.L.M., MR CLEAN Registry Investigators†, 2019. Thrombus Imaging 

Characteristics and Outcomes in Acute Ischemic Stroke Patients Undergoing 

Endovascular Treatment. Stroke 50, 2057–2064. 

https://doi.org/10.1161/STROKEAHA.118.024247 

Gersh, K.C., Nagaswami, C., Weisel, J.W., 2009. Fibrin network structure and clot 

mechanical properties are altered by incorporation of erythrocytes. Thromb. Haemost. 

102, 1169–75. https://doi.org/10.1160/TH09-03-0199 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

Gunning, G.M., McArdle, K., Mirza, M., Duffy, S., Gilvarry, M., Brouwer, P.A., 2018. Clot 

friction variation with fibrin content; implications for resistance to thrombectomy. J. 

Neurointerv. Surg. 10, 34–38. https://doi.org/10.1136/neurintsurg-2016-012721 

Johnson, S., Duffy, S., Gunning, G., Gilvarry, M., McGarry, J.P., McHugh, P.E., 2017. 

Review of Mechanical Testing and Modelling of Thrombus Material for Vascular 

Implant and Device Design. Ann. Biomed. Eng. 45, 2494–2508. 

https://doi.org/10.1007/s10439-017-1906-5 

Kolling, S., Du Bois, P.A., Benson, D.J., Feng, W.W., 2007. A tabulated formulation of 

hyperelasticity with rate effects and damage. Comput. Mech. 40, 885–899. 

https://doi.org/10.1007/s00466-006-0150-x 

Konduri, P.R., Marquering, H.A., van Bavel, E.E., Hoekstra, A., Majoie, C.B.L.M., 2020. In-

Silico Trials for Treatment of Acute Ischemic Stroke. Front. Neurol. 11, 1062. 

https://doi.org/10.3389/fneur.2020.558125 

Kühn, A.L., Vardar, Z., Kraitem, A., King, R.M., Anagnostakou, V., Puri, A.S., Gounis, 

M.J., 2020. Biomechanics and hemodynamics of stent-retrievers. J. Cereb. Blood Flow 

Metab. 40, 2350–2365. https://doi.org/10.1177/0271678X20916002 

Luraghi, G., Migliavacca, F., Rodriguez Matas, J.F., 2018. Study on the Accuracy of 

Structural and FSI Heart Valves Simulations. Cardiovasc. Eng. Technol. 9, 1–16. 

https://doi.org/10.1007/s13239-018-00373-3 

Luraghi, G., Rodriguez Matas, J.F., Dubini, G., Berti, F., Bridio, S., Duffy, S., Dwivedi, A., 

McCarthy, R., Fereidoonnezhad, B., McGarry, P., Majoie, C.B.L.M., Migliavacca, F., 

2021. Applicability assessment of a stent-retriever thrombectomy finite-element model. 

Interface Focus 11, 20190123. https://doi.org/10.1098/rsfs.2019.0123 

McTaggart, R.A., Tung, E.L., Yaghi, S., Cutting, S.M., Hemendinger, M., Gale, H.I., Baird, 

G.L., Haas, R.A., Jayaraman, M. V., 2017. Continuous aspiration prior to intracranial 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

vascular embolectomy (CAPTIVE): A technique which improves outcomes. J. 

Neurointerv. Surg. 9, 1154–1159. https://doi.org/10.1136/neurintsurg-2016-012838 

Mokin, M., Waqas, M., Chin, F., Rai, H., Senko, J., Sparks, A., Ducharme, R.W., Springer, 

M., Borlongan, C. V., Levy, E.I., Ionita, C., Siddiqui, A.H., 2020. Semi-automated 

measurement of vascular tortuosity and its implications for mechanical thrombectomy 

performance. Neuroradiology Epub ahead. https://doi.org/10.1007/s00234-020-02525-6 

Mulugeta, L., Drach, A., Erdemir, A., Hunt, C.A., Horner, M., Ku, J.P., Myers, J.G., 

Vadigepalli, R., Lytton, W.W., 2018. Credibility, replicability, and reproducibility in 

simulation for biomedicine and clinical applications in neuroscience. Front. 

Neuroinform. 12, 18. https://doi.org/10.3389/fninf.2018.00018 

Oberkampf, W.L., Deland, S.M., Rutherford, B.M., Diegert, K. V, Alvin, K.F., 2002. Error 

and uncertainty in modeling and simulation. Reliab. Eng. Syst. Saf. 75, 333–357. 

Ospel, J.M., Volny, O., Jayaraman, M., McTaggart, R., Goyal, M., 2019. Optimizing fast first 

pass complete reperfusion in acute ischemic stroke–the BADDASS approach (BAlloon 

guiDe with large bore Distal Access catheter with dual aspiration with Stent-retriever as 

Standard approach). Expert Rev. Med. Devices 16, 955–963. 

https://doi.org/10.1080/17434440.2019.1684263 

Pathmanathan, P., Gray, R.A., Romero, V.J., Morrison, T.M., 2017. Applicability Analysis of 

Validation Evidence for Biomedical Computational Models. J. Verif. Valid. Uncertain. 

Quantif. 2, 021005. https://doi.org/10.1115/1.4037671 

Schruben, L.W., 1980. Establishing the credibility of simulations. Simulation 34, 101–105. 

https://doi.org/10.1177/003754978003400310 

The American Society of Mechanical Engineers, 2018. Assessing Credibility of 

Computational Modeling Through Verificationa and Validation: Application to Medical 

Devices. 



Published manuscript at https://doi.org/10.1016/j.jbiomech.2021.110631 

Viceconti, M., Pappalardo, F., Rodriguez, B., Horner, M., Bischoff, J., Musuamba Tshinanu, 

F., 2020. In silico trials: Verification, validation and uncertainty quantification of 

predictive models used in the regulatory evaluation of biomedical products. Methods 

185, 120–127. https://doi.org/10.1016/j.ymeth.2020.01.011 

 


