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A B S T R A C T   

Treatment of acute ischemic stroke has been recently improved with the introduction of endovascular me-
chanical thrombectomy, a minimally invasive procedure able to remove a clot using aspiration devices and/or 
stent-retrievers. Despite the promising and encouraging results, improvements to the procedure and to the stent 
design are the focus of the recent efforts. Computational studies can pave the road to these improvements, 
providing their ability to describe and accurately reproduce a real procedure. A patient with ischemic stroke due 
to intracranial large vessel occlusion was selected and after the creation of the cerebral vasculature from 
computed tomography images and a histologic analysis to determine the clot composition, the entire throm-
bectomy procedure was virtually replicated. As in the real situation, the computational replica showed that two 
attempts were necessary to remove the clot, as a result of the position of the stent retriever with respect to the 
clot. Furthermore, the results indicated that clot fragmentation did not occur as the deformations were mainly in 
a compressive state without the possibility for clot cracks to propagate. The accurate representation of the 
procedure can be used as an important step for operative optimization planning and future improvements of stent 
designs.   

1. Introduction 

Treatment of acute ischemic stroke (AIS) caused by large vessel oc-
clusion has recently been improved with mechanical thrombectomy 
(MT) approaches as demonstrated by randomized clinical trials (Ber-
khemer et al., 2015; Campbell et al., 2015; Goyal et al., 2015; Jovin 
et al., 2015; Lapergue et al., 2017; Saver et al., 2015; Turk et al., 2019). 
Removal of clots in the cerebral arteries by means of stent-retrievers has 
emerged as a new way to mitigate the detrimental effects of acute 
ischemic stroke and facilitate the patient’s recovery. Procedural success, 

defined as removal of the clot and revascularization of the brain, is 
dependent on the chance to remove the clot in toto with one or more 
passes. Many investigators have attempted to improve the interaction 
between thrombectomy devices and thrombus to increase successful 
revascularization rates (Chueh et al., 2021; Kühn et al., 2020; Ospel 
et al., 2019). 

Computational analyses are increasingly being used to design new 
devices and to virtually study the capabilities and efficacy of endovas-
cular treatment (Colombo et al., 2020; Kusner et al., 2021; Luraghi et al., 
2020; Migliori et al., 2020; Zaccaria et al., 2020). Furthermore, the 
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analysis of radiological images can provide information on cerebral 
vasculature and thrombus characteristics (Dutra et al., 2019; Mokin 
et al., 2020). With these ingredients, a patient-specific simulation of the 
thrombectomy procedure is theoretically feasible, as demonstrated by 
previous work on bench-top models of cerebral arteries (Giulia Luraghi 
et al., 2021). Recently, in silico analyses plays an important role in the 
regulatory process for biomedical devices (Viceconti et al., 2020a) as 
verification and validation are key factors to prove the credibility of the 
numerical simulations (Mulugeta et al., 2018). 

We aim to show for the first time the capability of the in silico 
techniques to simulate with accurate details the thrombectomy pro-
cedure in a patient-specific case by identifying the causes of procedural 
success or unsuccess. Based on a previously validated methodology 
(Luraghi et al, 2021), a model consisting of the intracranial arteries and 
thrombus is developed from the baseline pre-treatment computed to-
mography (CT) scans of the patient; the composition of the clot is 
extracted from histologic analysis, while the stent-retriever is built from 
data from the manufacturer. The replica of the simulation was guided 
and supervised by the expert eye of the interventionist neuroradiologist 
who performed the real procedure. 

2. Materials and methods 

2.1. Patient 

In this study, a 64-year-old male patient from the Amsterdam Uni-
versity Medical Centers -location AMC with acute left arm and leg pa-
ralysis due to an occlusion in the right middle cerebral artery with pre- 
treatment thin-slice non-contrast computed tomography (NCCT) and 
computed tomography angiography (CTA) scans was analyzed. The 
endovascular treatment administered to the patient involved two at-
tempts with TREVO XP 4–20 mm stent (Stryker, US) using flow arrest 
using an 8 French balloon guide catheter, which resulted in complete 
reperfusion. The clot was detected at the same location before each 
attempt (Fig. 1a-b). In the first attempt, the stent was placed thoroughly 
distal to the proximal part of the thrombus (Fig. 1d) while in the second 
attempt only two-thirds of the stent was placed distal to the proximal 
part of the thrombus (Fig. 1e). There were no angiographically evident 
emboli. The final angiography image shows complete recanalization 
after the second attempt (Fig. 1c). 

2.2. Cerebral vasculature model 

2.2.1. Image segmentation 
To segment the intracranial arteries, the intracranial region was 

selected from the NCCT image after excluding skull and air using a 
threshold and region-growing-based algorithm (Fig. 2a), which has been 

previously validated (Barros et al., 2020). The NCCT image was subse-
quently automatically registered to the CTA image along with the 
segmented intracranial region using Elastix software (Klein et al., 2010). 
A convolutional neural network (CNN)-based intracranial vessel seg-
mentation software named StrokeViewer (NICO.LAB, Amsterdam, The 
Netherlands) was used to segment the intracranial arteries. In this 
method, the CTA image was first registered to an in-house brain atlas 
using Elastix. A patch-based algorithm classified voxels as vessels based 
on the Hounsfield Units of the surrounding voxels. The CTA image and 
the segmented vasculature were registered to the original CTA image 
space to obtain the results in the patient-specific coordinate system. The 
anterior vasculature was then automatically selected using a mask. A 
trained observer corrected the segmentation to only include the intra-
cranial arteries on ITK-SNAP software (Yushkevich et al., 2006). iCAFE 
(© 2016–2018 University of Washington. Used with permission.), a 
semi-automated software, was used to extract centerlines, local radius, 
and label arterial segments (Chen et al., 2018). A surface representation 
of the raw segmentation is shown in Fig. 2b. 

The thrombus imaging characteristics consisting of occlusion loca-
tion and thrombus length were assessed by an experienced neuroradi-
ologist using a previously developed measurement protocol (Dutra et al., 
2019). The NCCT and the CTA scans were registered for the intracranial 
arteries. The decrease of contrast filling observed on the CTA scan and 
the corresponding presence of the hyperdense artery sign on the NCCT 
scan allowed the observer to identify the occlusion location. The 
observer selected three voxels located proximal to the thrombus, within 
the thrombus, and distal to the thrombus. The length of the thrombus 
was measured as the distance between the proximal and distal voxels. 

2.2.2. Vessel surface mesh creation 
The computed vessel centerline data was used to create the vessel 

wall surface geometry. The raw centerline data may contain non-smooth 
jumps in the radius, furthermore, the point spacing is not uniform. 
Therefore, the centerline data was first sampled evenly, based on 
geodesic cubic Hermite interpolation. Subsequently, the resampled data 
were smoothed, based on Humphreys-Classes smoothing (Vollmer et al., 
1999) in terms of the coordinates and local radius. Next, the vessel 
surface meshes were derived with the aid of a level-set image (Fig. 2c). 
This level-set image intensity is based on the ratio between the distance 
to the nearest centerline point and the radius at this point (Moerman 
et al., 2021). Hence a single iso-surface for the unit-intensity (where the 
ratio is 1) appropriately defines the vessel geometry (Fig. 2c-2d). The 
vessel surface meshes were derived using automated methods created 
using the open-source MATLAB toolbox GIBBON (Moerman, 2018). The 
final triangulated surface mesh consisted of linear triangles. 

Fig. 1. (a-b) Digital subtraction angiography images in the AP view showing the occlusion of the patient in the right middle cerebral artery before each MT attempt 
(clot location marked with white arrows) and (c) after the second attempt. (d-e) X-ray images showing the stent deployment in the first and second MT attempt. The 
stent in the second attempt was positioned more proximal (stent head and tail marked with white points and lines respectively). 
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2.2.3. Clot composition and mechanical properties 
A small prospective study to investigate the relationship between 

human thrombus composition and mechanical thrombus properties was 
conducted. Five thrombi with different compositions (in terms of fibrin/ 
platelet content and erythrocyte content) from patients who underwent 
MT for acute ischemic stroke in the Erasmus University Medical Center 
in Rotterdam, were mechanically analyzed, directly after MT. All 
thrombi were retrieved with stent-retrievers. In preparation for the ex-
periments, thrombi were carefully removed from the stent-retriever, 
after which they were trimmed to a height of one millimeter, such 
that the resulting sample had a flat top and bottom. The unconfined 
compression experiments were performed with a custom-built test setup 
(Boodt et al., 2021), with the test samples submerged in DMEM at body 
temperature (37 ◦C) during the experiment. The force tester consisting 
of an aluminum compression plate, attached to a 2,5N load cell (LSB200 
Jr. Miniature S-beam load cell, Futek), which was vertically driven by a 
linear actuator (EACM4-E15-ZAMK, Oriental motor). The actuator was a 
stepper motor with a resolution of 0.01 mm, stroke length of 150 mm, 
and a maximal vertical thrust force of 200 N. The heated basin was 
controlled by a self-regulating temperature system. Samples were also 
subjected to 80% compression of their initial height, at a strain rate of 
10% per second (Fig. 2f). The applied deformation (strain) of the sam-
ple, and the corresponding force exerted by the tissue against the 
compression plate, were measured. The initial cross-sectional surface 
areas of the thrombus samples were measured from photographs of the 
trimmed samples before the experiment, using ImageJ (1.52a, National 
Institutes of Health, USA). After mechanical testing, thrombus samples 
were incubated in 4% paraformaldehyde and prepared for histological 
analysis (Fig. 2e). Thrombi were quantitatively analyzed for fibrin/ 
platelets, erythrocytes, and leukocytes on Hematoxylin and Eosin 
staining (H&E, HT110216, Sigma-Aldrich, St. Louis, MO, USA), with the 
use of Orbit Image Analysis (version 3.15, Idorsia Pharmaceuticals Ltd, 
Allschwil). Stress was obtained by dividing the measured force by the 
initial cross-sectional surface area of the sample. The mechanical 
behavior of the tissue was represented in a nominal stress–strain curve. 
The stress–strain curve for the patient-specific clot considered in this 
study (with 66.5% of fibrin/platelets) was obtained by interpolating the 
known curves for which the fibrin/platelet content was known (Fig. 2g). 

2.3. Thrombectomy simulation 

The details and the verification and validation of the thrombectomy 
simulation can be found in a previous paper (Giulia Luraghi et al., 2021). 
Briefly, the stent-retriever model (Fig. 2h) was created using a MATLAB 
(R2020b, MathWorks, Natick, MA, USA) code. It was discretized with 
848 beam elements and modeled with a shape memory alloy to repro-
duce the Nitinol material. The clot, discretized with 43,960 tetrahedral 
elements, was modeled with a quasi-hyperelastic foam formulation and 
a length of 13.7 mm from patient-specific data. The material parameters 
were obtained by fitting the stress–strain curve representing the patient- 
specific clot (for the complete clot formulation implemented in the 
solver see Luraghi et al., 2021). The arterial walls were assumed rigid. 
The friction coefficients between clot/vessel and clot/stent were 0.3 and 
0.1, respectively (Gunning et al., 2018). The simulation of the throm-
bectomy procedure consisted of a) a crimping phase of the stent, b) the 
stent positioning in the location of the clot by following the centerline of 
the guided catheter, c) the stent deployment by unsheathing the 
microcatheter, d) the retrieval of the stent along the catheter centerline 
with the entrapment of the thrombus defining friction contacts between 
stent, vessel and clot (Fig. 3). The finite-element models were set up in 
ANSA Pre Processor (BETA CAE System, Switzerland) and the simula-
tions were performed on a system featuring 40 CPUs (Intel Xeon64) and 
256 GB of RAM memory, using the commercial finite-element solver LS- 
DYNA (ANSYS, USA). Simulation time was approximal 24 h for the 
entire procedure. 

2.4. Fragmentation model 

The risk of clot fragmentation during the patient-specific MT was 
investigated by replicating the deformation of the clot during MT by 
applying the displacement history of the boundary nodes which are 
obtained from the thrombectomy simulation; the crack initiation and 
propagation using the Extended Finite Element Method (XFEM) in 
Abaqus (Dassualt Systèmes, France) was considered. A damage initia-
tion criterion based on the maximum principal stress (MAXPS) criterion 
for enriched elements was used. Initial clot crack was not considered 
before the thrombectomy procedure. The critical MAXPS of 25 kPa has 
been chosen for crack initiation based on the data reported by Fer-
eidoonnezhad and colleagues for different clot compositions (Fer-
eidoonnezhad et al., 2021). Moreover, the evolution of damage in terms 

Fig. 2. (a) CT images are segmented to extract the (b) intracranial arteries. (c) Centerlines are processed, and the vessel surface meshes are derived with the aid of a 
levelset image. (d) Clot location is visible in the transparent representation. (e) Hematoxylin and Eosin histological staining of a clot tested to derive mechanical 
properties from (f) unconfined compression tests. (g) With increasing fibrin/platelet content, the clot stiffness increases. The stress–strain curve for the patient- 
specific clot considered in this study (black dotted line) was obtained by interpolating the known curves. (h) Model of the stent-retriever. 
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of the energy required for failure (fracture energy) after the initiation of 
damage was considered. Based on the experiments of Fereidoonezhad 
et al. a fracture energy of 0.003 kJ/m2 is implemented in XFEM simu-
lations. Damage is quantified as a non-dimensional variable D, whereby 
D = 0 indicates that the initiation criterion has not been reached. 
Following damage initiation, D increases monotonically as strain energy 
is released and softening evolves. D = 1 indicates that the critical frac-
ture energy has been exceeded and crack propagation occurs in the 
XFEM scheme. 

3. Results 

3.1. Results on extraction 

Fig. 3 shows the results of the clot retrieval during the first and the 
second attempt. The more central stent positioning in the second 
attempt (Fig. 3a) produced a favorable outcome (Fig. 3f). In fact, the clot 

was more entrapped inside the stent struts especially in the T-junction 
areas (Fig. 3d). Furthermore, after the stent expansion in the first 
attempt (Fig. 3b), the clot was not completely “squeezed” towards the 
arterial wall; only the distal part of the clot was in contact with the stent 
indicating that the engagement with the stent struts was weak; an 
opposite behavior was noticed in the second and successful attempt. 

3.2. Results on fragmentation 

The clot configuration at the point of maximum tensile stress 
encountered during thrombectomy is shown in Fig. 4a (during the stent 
tracking step of the procedure). While several regions of elevated 
maximum principal stress occur on the surface, the tensile stress is 
sufficiently high to initiate damage only in one highly localized region, 
shown in Fig. 4b. A crack is predicted to propagate only ~ 150 μm in the 
radial direction. As shown in the inset of Fig. 4a, the majority of the 
cross-section of the thrombus is in a state of compression, therefore 

Fig. 3. (a-b) Catheter and stent positions in the first and second attempt during the removal procedure (c-d-e-f). Only the cerebral arteries interested by the pro-
cedure are shown. In the first attempt the stent is more distally positioned and the clot escapes from the stent when in the internal carotid artery. In the second 
attempt the stent is positioned in a way to cover the clot before the stent extraction. In the last image the clot is still entrapped into the stent with a success-
ful outcome. 

Fig. 4. Prediction of damage initiation and crack propagation during thrombectomy. (a) Distribution of the maximum principal stress in the clot at the location of 
maximum stress. The results show that the clot is mainly under compressive stress in the radial direction, with localized regions of elevated tensile stress on the 
surface. (b) Computed damage, D, and XFEM crack propagation in the thrombus. Damage initiation is localized to one region on the thrombus surface and a crack is 
predicted to propagate only ~150 μm. 
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crack propagation over a long distance through the thickness of the clot 
is prevented and clot fragmentation does not occur. This prediction 
agrees with the clinical observation that the clot remains intact and stays 
in the same position after the first unsuccessful thrombectomy attempt. 

4. Discussion 

In silico models are gaining importance in the clinical arena as they 
can be of help for the interpretation of unknown phenomena, for the 
prediction of outcome of different interventional techniques, and for 
testing the performance of different devices. With the improvements in 
clinical image acquisition, the merging of image post-processing and 
computational models has become a powerful method to investigate 
patient-specific details not thinkable a few years ago. The present study 
is in line with this development and shows for the first time how a 
detailed thrombectomy procedure with stent-retriever can be virtually 
replicated starting from the elaboration of CT images analysis, the his-
tology of extracted clots, and sophisticated computer simulations; sim-
ulations that necessarily need to be validated (Erdemir et al., 2020; 
Mulugeta et al., 2018), usually with an in vitro/in silico comparison 
approach (Giulia Luraghi et al., 2021). In this view, our group recently 
proposed an applicability analysis to establish the credibility of the 
thrombectomy simulations (Giulia; Luraghi et al., 2021), following the 
guidelines provided by the American Society of Mechanical Engineers 
V&V 40 “Verification and Validation in Computational Modeling of 
Medical Devices”. A proper validation with clinical data dealing with 
MT is not feasible in the present study because the clot and stent kine-
matics and clot/stent interaction during the procedure are not detect-
able by current imaging techniques. Our results were considered reliable 
and truthful by the interventional neuroradiologist who performed the 
procedure and confirmed by the literature (van der Marel et al., 2016). 
Prediction on success of a MT procedure with stent-retriever on a large 
cohort of patients would be desirable and would certainly strengthen the 
validity of our results; nonetheless this study represents the first patient- 
specific attempt in this direction. An important aspect to be considered is 
that MT is an unplanned procedure. The available clinical data to build 
an in silico model are limited, if compared to different interventional 
procedures. Indeed, time is crucial during the MT procedure, the x-ray 
dosage is minimized with the consequence to reduce the images’ 
availability for modelling purposes, not perfused vessels downstream 
the occlusion are missing with angiographic images and blood flow rates 
and pressures are not measured. 

Despite the mentioned drawbacks regarding the clinical data not 
always complete for modelling purposes, the exemplified simulation 
provided further insight into the reasons for failure (first attempt) and 
success (second attempt) by revealing thrombus-stent interaction in 
detail. In particular, the correct stent positioning appears to be an 
important procedural aspect to be taken into account. The complete 
stent expansion and clot compression in the second attempt, when 
compared to the first attempt, revealed the importance of the clot 
entrapment of the clot within the stent struts as a marker of potential 
success (Chueh et al., 2021; Kühn et al., 2020; Ospel et al., 2019; Tsu-
moto et al., 2017). Features like these can be clearly detected and 
foreseen by a computational simulation, which can help interventionists 
to optimize their treatment techniques, for example by modeling a 
different stent retriever. From a different perspective, the capability to 
run patient-specific simulations with a prediction capability might allow 
to define and run in silico trials with evident benefits (Konduri et al., 
2020; Viceconti et al., 2020b). For this purpose, the complexity of the 
simulation here proposed would suggest moving future efforts towards 
the investigation and creation of surrogate models capable of catching 
the main features of the interventional procedure in a short time. 
However, we envision that for complex and particular cases the full 3D 
model as that proposed in this study is a valuable tool for prediction and 
interpretation. 

Despite improvements since the first-generation thrombectomy 

devices, distal embolism due to clot fragmentation remains a significant 
challenge for MT procedures (Kühn et al., 2020). In general, all endo-
vascular MT techniques and devices carry a significant risk of thrombus 
fragmentation and subsequent distal emboli with associated adverse 
clinical outcomes (Gralla et al., 2006; Kaesmacher et al., 2017; Po Sit, 
2009). Fereidoonnezhad et al. have presented the first experimental 
characterization of the fracture properties of blood clots for a wide range 
of clot compositions (Fereidoonnezhad et al., 2021). This study attempts 
also the capability of a computational model to simulate crack initiation 
and to estimate clot fragmentation. Although the modeled patient did 
not show clot fragmentation, we demonstrated that also crack initiation 
and clot fragmentation can be foreseen with a virtual modality. More 
efforts and validation studies need to be done in this direction. 

Lastly, this study is not exempt from limitations. From a modeling 
point of view, the usage of rigid walls, rigid catheter and unknown 
patient-specific friction coefficient, together with neglecting the fluid 
flow from the neighboring communicating arteries, are notable to be 
mentioned and future studies should be devoted to reduce some of them. 
Imaging and histological analysis which are necessary for the correct 
patient-specific modeling present also some limitations. The information 
acquired from images is limited (e.g. single snapshot in time, 2D images 
in case of the digital subtraction angiography, etc), while the histolog-
ical characterization is done post-treatment when the clot is usually 
already fragmented. 
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