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Abstract 

Flow-diverting (FD) stent implantation has become a popular treatment mode for intracranial 
aneurysms (IAs). The stent wire configurations post-treatment can greatly affect the treatment 
outcomes. However, it remains a challenge to predict the stent wire configurations prior to a 
treatment. In this study, we propose to compare the FD stent structures and wire configurations 
between treatments with FD stents of different diameters being deployed at different 
compaction levels. 
 
We adopted a recently reported spring–mass model to virtually implant FD stents of three 
diameters — 4.0, 4.5, and 5.0 mm, with each diameter modelled at three compaction levels (no 
compaction, a low compaction, and a high compaction) — into two clinically observed IAs: 
one successfully treated and the other unsuccessfully treated previously with a single FD stent. 
We then examined the morphological differences in stent wire configurations across different 
treatment scenarios, and quantified the porosity achieved in each such scenario. 
 
This led us to two main findings. Firstly, at the same compaction level, the porosity differences 
attributable to device diameter were limited (SD < 2%). Secondly, stent deployment with some 
compaction could effectively reduce the FD wire porosity within the aneurysm ostium — a low 
compaction reduced the porosity by around 10%, and a high compaction reduced the porosity 
by around 30%. 
 
The FD stent structures observed from virtual deployment can be used in the subsequent 
aneurysmal haemodynamic simulations. Thus, the virtual stent deployment strategy, together 
with the stent compaction measurement and simulation technique presented in this study, may 
contribute to research into flow-diversion treatment planning. 
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Introduction 

Intracranial aneurysms (IAs) are common cerebrovascular disorders that can be identified as 
balloon-like dilations from a segment of brain artery [1, 2]. Untreated IAs can be dangerous, 
since subarachnoid haemorrhage could be induced due to aneurysm rupture. As an endovascular 



therapy, flow-diverting (FD) stent implantation is intended to reduce the blood velocity within 
the aneurysm sac, thereby promoting thrombotic occlusion of the aneurysm [2–4]. 
 
A favourable FD treatment outcome depends heavily upon sufficient flow diversion produced 
by the implanted device, whilst flow diversion is closely associated with the stent size and 
deployment procedure determined prior to a treatment [5]. Recently, stent deployment with a 
“push and pull” manoeuvre was introduced as an effective approach for a single stent to achieve 
lower porosity within the aneurysm ostium [6–8]. Along with other factors that may change the 
stent structure post-deployment (e.g. stent diameter), it remains a challenge to predict the stent 
wire configuration, so as to predict the treatment outcomes. 
 
In this study, we propose to investigate the procedure of stent deployment when a compaction 
technique is applied, and to quantify the stent wire porosity post-deployment across various 
treatment scenarios. To realise this objective, we employed a numerical method for virtual stent 
deployment simulation. Furthermore, we defined a variable to characterise the level of stent 
compaction, to enable quantitative assessments to be made. Adopting these approaches, we 
examined a total of 18 deployment procedures for two patient-specific aneurysms, considering 
different combinations of stent diameter and compaction ratio. 

Methods 

Patient Aneurysm Geometries and Model FD Stent 

We accessed the patient aneurysm geometries after institutional ethics approval was granted. 
Two patient aneurysms were studied — one successfully treated case in which complete 
aneurysm occlusion was confirmed 6 months after treatment, and the other an unsuccessfully 
treated case in which an aneurysm lobule was identified by digital subtraction angiography 
(DSA) scans. Both patients were treated with the commercially available Silk+ stent (Balt 
Extrusion, Montmorency, France). 
 
The Silk+ stents comprise a total of 48 braided Nitinol-alloy filaments, with each filament 
having an average diameter of 35 µm [9]. We employed a fast geometric deployment approach 
— the spring–mass analogue [10–13] — in the simulation of FD stent deployment. In this 
spring–mass analogue, a series of assumptions were adopted: 

1) the FD wire filaments were represented by a group of centreline trajectories without an 
explicit thickness; 

2) the intersections of FD wire filaments were assumed to be mass points (nodes), which 
were connected with each other by fictitious springs based upon the topology of the FD 
stent being modelled; 

3) the stiffness of each spring was related to the length and thickness of the FD wire 
filament being represented. 

With these simplifications applied, the internal force of a Silk+ stent could be calculated 
following the 3D Hooke’s law: 
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in which 𝛿" and 𝛿% refer to the displacements of nodes 𝑖 and 𝑗; 𝑘"% denotes the stiffness of the 
fictitious spring connecting node 𝑖 and its neighbour 𝑗; and 𝑛" is the number of nodes directly 
connected to node 𝑖. 



Virtual Stent Deployment 

The Silk+ stent was assumed to be initially crimped in alignment with the centreline of the 
parent artery, and then expanded to its unloaded condition. The expansion process was driven 
by the internal restoring forces from the mass points, and was constrained by vascular 
geometries — the arterial wall, etc. To constrain the nodal movements within the boundaries of 
the parent artery, a wall-touch detection algorithm was invoked after each step of nodal 
movement. The benchmark of simulation convergence was set as the displacement of each mass 
point being less than 1 µm after a step of nodal movement. 

Measurement of the Compaction Ratio 

The stent compaction ratio was measured in accordance with the maximum compaction 
length	∆𝐿456 of a FD stent, a parameter defined as the maximum longitudinal distance that an 
additional length of FD stent could possibly be compacted into the aneurysm neck segment. 
The parameter ∆𝐿456 was calculated as 

∆𝐿456 = 	
𝑝+
𝑝489

− 1	 ∙ 𝐿9;<=	,																																																					(2) 

where 𝐿9;<= denotes the longitudinal length of the aneurysm neck segment, p1 is the helical 
filament pitch of a FD stent in the neutrally expanded condition, prior to compaction, and pmin 
is the filament pitch in the fully compacted condition, i.e. in a condition where no space exists 
between any two neighbouring wires and the metal coverage ratio (MCR) therefore equals 
100%. By letting MCR = 100%, pmin could be calculated from 

MCR	 % =
𝑛𝑑 𝑝F + 𝜋F𝐷F
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where n is the number of FD wire filaments; d is wire thickness; and D denotes the nominal 
diameter of a FD stent. The stent compaction ratio could therefore be computed as 

CPT	 =
∆𝐿

∆𝐿456
																																																																						 (4) 

We investigated FD stent deployment under three conditions: non-compacted (CPT = 0%), low-
compacted (CPT = 20%), and high-compacted (CPT = 70%) conditions. 

Results 

Virtual Stent Deployment Procedures 

Figures 1 and 2 demonstrate the representative deployment procedures for the successful and 
the unsuccessful case. As can be observed from the stent deployment procedures, FD stents 
expand progressively from the initial fully crimped condition to the final fully expanded 
condition, controlled by the boundaries of the aneurysm’s parent artery. 

FD Stent Structures and Wire Configurations 

Figures 3 and 4 depict the FD stent structures and wire configurations after treatments with FD 
stents of three diameters deployed at three compaction ratios. Both figures show that: (i) the 
length of a FD stent becomes shorter when the stent is subjected to compaction during 
deployment; and (ii) the mesh density within the aneurysm ostium becomes higher when a 
higher compaction is applied during FD stent deployment. 
 
Figure 5 presents the values of stent porosity within the aneurysm ostium measured from 
treatments using the default deployment technique (CPT = 0%), and following the deployments 
with a low compaction (CPT = 20%) and a high compaction (CPT = 70%). Regardless of 
compaction levels, the porosities obtained in the unsuccessfully treated case were higher than 



those obtained in the successful one. However the differences attributable to the device’s 
diameter were modest, with a standard deviation (SD) less than 2%. Compared to the default 
stent deployment, deployment with a low compaction reduced the average porosity from 72.5% 
to 64.2 % for the successful case, and from 76.3% to 69.3% for the unsuccessful case. In 
addition, stent deployment with a high compaction further reduced the porosities by 20% (on 
average), compared to the low compaction conditions in both cases. 
 
 

 
Figure 1. A representative virtual stent deployment procedure for the successfully 

treated aneurysm. (FD stent size: 4.5 mm, under non-compacted condition; subfigures i 
to viii: the deployment procedure from stent fully crimped to stent fully expanded.) 

 

 

 
Figure 2. A representative virtual stent deployment procedure for the unsuccessfully 

treated aneurysm. (FD stent size: 4.5 mm, under non-compacted condition; subfigures i 
to viii: the deployment procedure from stent fully crimped to stent fully expanded.) 

 



 
Figure 3. The stent wire configurations of treatments with FD stents of three diameters: 
4.0, 4.5, and 5.0 mm, at three compaction levels: ‘default’ deployment (CPT = 0%), ‘low 

compaction’ deployment (CPT = 20%), and ‘high compaction’ deployment (CPT = 
70%) in the successfully treated case. 

 
 

 
Figure 4. The stent wire configurations of treatments with FD stents of three diameters: 
4.0, 4.5, and 5.0 mm, at three compaction levels: ‘default’ deployment (CPT = 0%), ‘low 

compaction’ deployment (CPT = 20%), and ‘high compaction’ deployment (CPT = 
70%) in the unsuccessfully treated case. 



 
 

 
Figure 5. The porosities of the FD stent within the aneurysm ostium measured from 

treatments with FD stents of three diameters: 4.0, 4.5, and 5.0 mm, at three compaction 
levels: ‘default’ deployment (CPT = 0%), ‘low compaction’ deployment (CPT = 20%), 
and ‘high compaction’ deployment (CPT = 70%) in the two cases (successfully treated 

case at left, unsuccessfully treated case at right). 

Discussion 

Wire Configurations and Porosities after Deployment with Compaction 

We confirmed that stent compaction could decrease the wire porosity across the aneurysm 
ostium, regardless of the stent size or the recipient aneurysm geometry. The difference between 
porosities achieved from a low compaction and a high compaction was measured to be 20%. 
Although the determination of FD stent diameter shows limited effects on stent wire porosity, 
substantial effects of stent diameter on post-stenting stent shape can be observed. 

Different Wire Configurations Obtained in the Successful and the Unsuccessful Case 

Observing the post-treatment wire configurations, we found that the stent wires dilate further 
into the aneurysm ostium in the unsuccessfully treated case. This phenomenon may most likely 
be due to the morphological characteristics: the unsuccessfully treated case manifests a highly-
curved parent artery, compared to the successful one (see Figure 6). Furthermore, the aneurysm 
in the unsuccessful case was located at the ‘apex’ of the parent artery curve; treatment with 
compaction applied may therefore push the FD wires deeper into the aneurysm sac, causing a 
larger discrepancy between the expected porosity and the obtained one. 
 
In addition, we found a gap between the vascular boundary and the FD stent wires in all 
treatment scenarios for the unsuccessful aneurysm, whereas no obvious gap was seen in the 
successful case. This might be an important clue in exploring the reasons why that treatment 
was ultimately unsuccessful in vivo: when blood is flowing through the parent artery, its main 
stream has a chance to enter the aneurysm sac through the ‘gap’ (whether or not such gap-
induced strong aneurysm inflow eventuates). This point merits further computational fluid 
dynamics simulations and follow-up DSA scans to gain more specific evidence on such 
anomalous local haemodynamic behaviour.  
 
If the treating clinicians had have had access to predictive modelling results illustrating the wire 
configurations and the shape of a virtually deployed FD stent, it is possible that they may have 
opted to adjust their proposed treatment plan.   



Conclusions 

Following the definition of compaction ratio developed in this study, we have virtually 
deployed FD stents of three diameters, with each diameter modelled at three compaction levels, 
into two patient-specific IAs. Our results indicate that: (i) the porosity differences attributable 
to device diameter were limited (SD < 2%); and (ii) stent deployment with compaction applied 
could markedly reduce the wire porosity within the aneurysm ostium (reduction by around 10–
30%, depending on the degree of compaction). We observed that the stent wires prolapsed 
further into the aneurysm sac in the unsuccessful case, most likely due to its geometric 
characteristics: the unsuccessful case has a highly-curved parent artery. 
 
Treatment rehearsal with a virtual stent deployment simulation would help predict the wire 
configurations following treatment with a specific device diameter using a given deployment 
strategy prior to the real treatment, which may be useful in assisting the treating clinicians in 
determining an optimal treatment plan. 
 

 
Figure 6. Magnified view of FD wire dilation into the aneurysm lumen. Subfigures A 

and B show the FD wires after deployment in respectively the successful and the 
unsuccessful cases; subfigures C and D depict the centrelines extracted from the 

respective aneurysm geometry for comparison. 
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