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INTRODUCTION

In recent years, remarkable progress in mechanical thrombectomy for acute cerebral vessel 
occlusion has led to improved outcomes in ischemic stroke treatment. However, hemorrhagic 
complications during thrombectomy can adversely affect patient prognosis.[6,7,11,12] Asymptomatic 
intracranial hemorrhage, even when detected solely by a computed tomography (CT) scan 
immediately after a procedure without any accompanying neurological symptoms, is still 
considered a predictor of poor outcomes.[5,8,25,26] Achieving recanalization while minimizing 
hemorrhagic complications is essential. Although subarachnoid hemorrhage (SAH) is 
occasionally observed on head CT after thrombectomy,[2,21,28] the exact mechanisms remain 

ABSTRACT
Background: Mechanical thrombectomy has improved the outcome of patients with acute ischemic stroke, but 
complications such as subarachnoid hemorrhage (SAH) can worsen the prognosis. is study investigates the 
frictional forces exerted by stent retrievers (SRs) on vessel walls, hypothesizing that these forces contribute to 
vascular stress and a risk of hemorrhage. We aimed to understand how vessel diameter, curvature, and stent 
deployment position influence these forces.

Methods: Using a silicone vascular model simulating the middle cerebral artery, we created virtual vessels with 
diameters of 2.0 mm and 2.5 mm, each with branching angles of 60° and 120°. A Trevo NXT (4 × 28 mm) SR 
was deployed and retracted through these models, measuring the maximum static frictional force at the moment 
the SR began to move. e stent deployment position relative to the curvature (straight, distal 1/4, center, and 
proximal 1/4) was also varied to assess its impact on frictional forces. Each condition was tested 15 times, and the 
results were statistically analyzed.

Results: e highest frictional force was observed in the 2.0  mm/120° model, followed by the 2.0  mm/60°, 
2.5 mm/120°, and 2.5 mm/60° models. Narrower and more sharply curved vessels exhibited significantly higher 
frictional forces. Friction also increased with more distal stent deployment, particularly in the narrower vessels.

Conclusion: Smaller vessel diameters, greater curvature, and more distal stent deployment positions increase 
frictional forces during thrombectomy, potentially leading to SAH. ese findings highlight the importance of 
selecting appropriately sized SRs and considering stent deployment positions to minimize vascular stress.

Keywords: Frictional forces, Mechanical thrombectomy, Stent retrievers, Vascular curvature, Vessel diameter

www.surgicalneurologyint.com

Surgical Neurology International
Editor-in-Chief: Nancy E. Epstein, MD, Professor of Clinical Neurosurgery, School of Medicine, 
State U. of NY at Stony Brook.

SNI: Neurovascular Editor 
 Kazuhiro Hongo, MD
 Shinshu University, Matsumoto, Japan Open Access 

https://orcid.org/0000-0003-1820-1786


Tsuto, et al.: Impact of vessel geometry on stent retriever frictional forces

Surgical Neurology International • 2024 • 15(384) | 2

unclear. When traction is applied to the delivery wire, 
significant vessel deviation can occur, particularly before the 
stent retriever (SR) begins to move. It has been suggested 
that this vessel deviation may cause tears in small branches, 
leading to bleeding.[20,29] ere is also a possibility that pulling 
the SR could damage the vessel wall, potentially causing 
dissection or perforation.[19] erefore, approaches that 
reduce vessel stress as much as possible are required. In this 
study, we hypothesized that the maximum static frictional 
force exerted on the vessel wall when the SR begins to move 
represents the force responsible for vessel deviation and the 
resulting stress on the vessel wall in clinical practice. We 
measured how this force varies based on two factors: “vessel 
diameter” and “branching angle” using a vascular model.

MATERIALS AND METHODS

A cylindrical cavity was created in a plate-shaped silicone 
material to simulate virtual blood vessels, specifically modeling 
the middle cerebral artery’s (MCA) M1 and M2 segments 
based on several clinical studies.[15,18] Two types of virtual blood 
vessels were fabricated with inner diameters of 2.0  mm and 
2.5 mm, respectively. Each vessel model incorporated central 
angles of 60° and 120°, resulting in four different comparable 
conditions [Figure  1]. ese vascular models were placed in 

containers filled with surfactant at 37°C, with their lumens 
also filled with surfactant. A guiding catheter was inserted into 
the lumen, and a microcatheter was passed through the bend 
[Figure 2a]. A trevo NXT (4 × 28  mm, Stryker, Kalamazoo, 
Michigan, USA) was then deployed through the microcatheter, 
ensuring the bend aligned with the proximal 1/4 of the stent 
[Figure 2b]. e deployment process was monitored visually 
using a fixed-position miniature camera, and the position 
of the stent’s distal end was marked on a monitor to ensure 
consistent deployment for each procedure [Figure 2c].

A traction device was attached to the delivery wire of the 
deployed SR, and linear traction was applied at a speed of 
1  cm per second [Figures  2d and e]. e pulling load was 
recorded at a rate of 100 data points per second using a digital 
indicator. e maximum static friction force encountered 
when the SR began to move was assumed to represent the 
burden on the vessel in clinical practice and was calculated 
under four conditions. ree Trevo SRs were used for each 
condition, and each Trevo underwent this traction procedure 
5 times. A total of 15 SR tractions were performed for each 
condition, and the mean values were compared across the 
four conditions. Furthermore, using the traction force of the 
Trevo retriever in a straight 2.0  mm lumen as a reference, 
the changes in traction force were analyzed based on the 
deployment position of the SR relative to the bend (proximal 
1/4, central, distal 1/4) under the condition expected to 
produce the highest static friction force (2.0 mm/120°).

Statistical analysis

Statistical differences were analyzed using Bartlett’s test to 
assess the homogeneity of variances across groups. If the 
variances were equal, a one-way analysis of variance (ANOVA) 
was conducted; if they were unequal, the Kruskal–Wallis 
test was used. Multiple comparisons were performed using 
Tukey’s post hoc test following ANOVA and the Steel–Dwass 
method following the Kruskal–Wallis test. A  P < 0.05 was 
considered statistically significant. All statistical analyses were 
conducted using Statcel, an Excel add-in (4th edition).

RESULTS

In all procedures, peak load on the traction device was 
observed at the moment the SR began to move. Figure  3 
illustrates the results of the retrieval experiment using the 
traction device [Figure 3].

e maximum static friction force exerted when the SR began 
to move was highest in the vessel with a 2.0 mm diameter and 
a 120° curvature (mean ± standard deviation: 60.7 ± 9.0 g), 
followed by the 2.0 mm/60° (44.4 ± 9.1 g), the 2.5 mm/120° 
(40.4 ± 6.0 g), and the 2.5 mm/60° (36.8 ± 6.6 g) conditions, 
in that order. Significant differences were observed among 
these four groups (one-way ANOVA; P < 0.01). Pairwise 

Figure  1: A  virtual vascular model, created by forming a 
cylindrical cavity in a plate-shaped silicon material, features 
inner diameters of 2.0 and 2.5 mm with bends of 60° and 120°, 
respectively.
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Figure 2: An experimental model for measuring stent retrieval frictional force. (a) Overview of the model. (b) e stent retriever is deployed 
within the vascular model filled with 37°C surfactant. (c) To ensure consistent stent deployment positions, the vascular model was captured 
on camera, and the position of the stent’s distal end was marked on an enlarged monitor. (d) e delivery wire of the stent was passed through 
the guiding catheter. (e) e proximal end of the delivery wire was fixed to a gripper attached to a digital indicator. e yellow arrows indicate 
the action of traction applied by the traction device.

Figure 3: Comparison of friction force during stent pulling among 
four conditions. In a one-way analysis of variance with Tukey’s 
post hoc test, **P < 0.01, *P < 0.05. Figure  4: Comparison of maximum static friction force among 

different stent deployment positions relative to the curvature. e 
box plots illustrate the frictional forces measured when the stent is 
deployed in various positions: straight, distal 1/4 (D1/4), center, and 
proximal 1/4 (P1/4) relative to the curvature. In the Kruskal–Wallis 
test with the Steel–Dwass method, **P < 0.01.

comparisons revealed that in vessels with a smaller diameter 
(2.0  mm), a greater curvature resulted in a significantly 
higher friction force. Conversely, in vessels with a larger 
diameter (2.5  mm), increasing the curvature did not lead 
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to significant differences in friction force (Tukey–Kramer 
method). Furthermore, the maximum static friction force 
in the straight section of the 2.0  mm lumen model was 
34.2 ± 3.0 g. Significant differences were observed among the 
four conditions where the stent deployment position varied 
relative to the curved section, with a tendency for stronger 
traction forces as the deployment position moved more 
distally (Kruskal–Wallis test) [Figure 4].

However, in comparisons among the groups, no significant 
differences in traction forces were found between the group 
where the stent was deployed in the straight section and the 
group where the distal 1/4 of the stent was positioned in the 
curved area (36.4 ± 2.6 g). Similarly, no significant differences 
were found between the group where the central portion of 
the stent was aligned with the curved section (59.4 ± 4.9 g) 
and the group where the proximal 1/4 was positioned in the 
same area (Steel–Dwass method).

DISCUSSION

When thrombectomy using SRs is performed for occlusions 
in the distal MCA, the recanalization rate is generally 
high. However, SAH is reported to occur more frequently 
compared to occlusions in the proximal MCA or internal 
carotid artery (ICA).[9,14,23] As a result, large-scale randomized 
controlled trials have not been conducted, and the 
effectiveness of this procedure has not been proven at this 
time. Consequently, the detailed mechanism underlying 
SAH following thrombectomy remains unclear. One possible 
cause is the stretching of arterioles and accompanying 
venules in the subarachnoid space due to the displacement 
of blood vessels during SR withdrawal.[17] e basis for this is 
the localization of SAHs in the ipsilateral Sylvian fissure near 
the path of the occluded MCA [29] and the exacerbation of this 
phenomenon due to the length of the SR positioned along the 
M2 branch.[19] e stretching of blood vessels results from the 
friction between the SR and the vessel wall, with the greatest 
stress occurring at the moment the SR begins to move.

In our experiment, we hypothesized that the maximum static 
friction force applied to the traction device at the moment 
the SR starts to move corresponds to the force that causes 
vascular displacement.

is study is the first to investigate how vascular diameter and 
curvature affect frictional forces between an SR and the vessel 
using a vascular model. Machi et al., similarly demonstrated 
that greater friction occurs when withdrawing an SR within 
a narrower tube[16], but they did not investigate the effects of 
varying degrees of angulation. Our primary finding shows that 
in thrombectomy with the same SR, the stress on narrower 
blood vessels is significantly greater. In addition, while sharp 
angles do not increase vessel stress if the vascular diameter 
is large, stress increases with greater angulation when the 

diameter is small. ese findings suggest that such factors 
could influence the incidence of complications in clinical 
practice. Along with removing thrombi and restoring vessel 
patency, one of the aims of mechanical thrombectomy is also 
to reduce postoperative bleeding complications. e in vitro 
results suggest that selecting an SR appropriate for the vascular 
diameter may help reduce the incidence of SAH. Furthermore, 
special caution is required when using an SR in narrow and 
highly angulated vessels. In fact, Kim et al. retrospectively 
reviewed cases of mechanical thrombectomy for M2 occlusion 
and found that sulcal SAH was observed more frequently in 
cases involving distal vessel occlusion or greater angulation of 
bifurcations,[10] corroborating our findings in clinical practice. 
In general, in cases of acute vessel occlusion, the vessel diameter 
and course beyond the occluded site could be unknown. 
erefore, it is advisable to select the optimal SR that 
minimizes the burden on the vessel based on the angiography 
from the microcatheter passed beyond the occluded site or the 
degree of bending of the microcatheter itself.

Another concern when using an SR in cerebral blood vessels 
is the potential for vascular damage during the retrieval 
process. Shibata et al. reported a case of vessel perforation 
during thrombectomy with a 6-mm SR in a single pass for 
tandem occlusion of the ICA and distal M1,[24] highlighting 
that vessel perforation can occur even with a single pass if the 
appropriate SR size for the vessel diameter is not selected. Teng 
et al. reported using an in vitro live cell artificial vessel system, 
where smaller vessel diameters resulted in greater endothelial 
cell injury,[27] suggesting the importance of selecting devices 
that properly match the vessel dimensions. In addition to these 
findings, our study demonstrated that when the size of the SR 
is not suited to the vessel diameter, greater curvature results in 
significantly higher static friction forces. Naturally, M2 vessels 
are narrower and more curved compared to M1 vessels, which 
likely contributes to the higher incidence of vessel injury and 

Figure 5: Illustration showing the differences in stent deployment 
positions relative to the curved section of a blood vessel. (a) Stent 
deployed in the straight section, (b-d) Stent deployed with different 
sections (distal 1/4, center, proximal 1/4) aligned with the curve. 
e red circles indicate the location of the thrombus.
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postoperative SAH reported in multiple studies involving 
M2 vessels.[1,14,22] Hence, these findings suggest that in cases 
of distal vessel occlusion with high curvature, it is crucial to 
select an SR that appropriately matches the size of the vessel to 
minimize the risk of vascular damage.

In the SR procedure, it is important to minimize the burden on 
the vessel, as well as to maximize the probability of successful 
reperfusion. Achieving both goals may require careful 
consideration of the stent’s deployment position relative to 
the vessel’s curvature. To enhance thrombus capture by the 
stent struts, the stent should be deployed more distally relative 
to the thrombus. However, Funatsu et al. reported that when 
the SR was positioned more distally, it often encountered 
vascular wall components within the thrombus,[3] indicating 
a higher risk of vessel injury during thrombus retrieval. Our 
study corroborates this finding, demonstrating that stronger 
friction forces occur when the stent is deployed more distally 
relative to the curved section of the vessel. Figure  5 shows 
the differences in stent deployment positions relative to the 
curved section [Figure  5]. Interestingly, deploying the distal 
1/4 of the stent over the curved section [Figure 5a] did not 
significantly increase the burden on the vessel during retrieval 
compared to deployment in the straight section [Figure 
5b]. is suggests that when the thrombus is located just 
proximal to the curved section, deploying the stent more 
distally, slightly over the curved section, can improve retrieval 
efficiency without significantly increasing vessel stress. 
Similarly, no additional vessel burden was observed when 
deploying the proximal quarter [Figure 5c] or the central 
portion [Figure 5d] of the stent over the curved section. is 
suggests that when the thrombus is just distal to the curved 
section, deploying the stent more distally might enhance 
retrieval efficiency. In contrast to this experiment, of course, it 
is often difficult to have enough information to determine the 
location and length of the thrombus preoperatively in cases 
of acute vessel occlusion. Nevertheless, if these factors can 
be identified using the susceptibility vessel sign on magnetic 
resonance imaging T2* sequence or through simultaneous 
contrast media injection from both the microcatheter and 
guiding catheter,[19] the techniques mentioned above could 
potentially improve retrieval efficacy.

To better understand how SRs function in the human cerebral 
artery, a model that closely resembles the actual vascular 
environment is required. Kwak et al. developed a cerebral 
artery model using 3D printing based on real human cerebral 
angiograms.[13] To replicate the elasticity of real vessels, they 
used multilayer coatings of silicone elastomer-hydrogel 
with an inner hydrogel coating to simulate the lubrication 
provided by the endothelium. A  pulsatile blood pump was 
employed to simulate blood flow. ey reported variations in 
frictional forces among different SRs under these conditions. 
However, they did not explore the differences in frictional 

forces due to the angle of vascular curvature or the vascular 
diameter. We focused on these two factors to investigate their 
influence on vessel stress. Our findings indicated that when 
using the same SR, vascular diameter contributed more to 
the increase in frictional force than vascular angle.

Our study has certain limitations. First, it is an in vitro study 
using a rigid silicone model, which means that the vessels did 
not deform as they would in real-life conditions. In actual 
thrombectomy procedures within human cerebral arteries, 
vessels are expected to deform during SR retrieval, and our 
study could not assess the extent to which this deformation 
contributes to vessel stress. e accordion-like shortening along 
the longitudinal axis, often observed in real cerebral vessels, is 
difficult to replicate. Second, as previously mentioned, various 
factors such as vessel elasticity, endothelial characteristics, 
blood flow, number of bends, and properties and length of the 
thrombus play a role in the clinical environment.[4,16] Accurately 
determining how these factors relate to real-world scenarios 
based solely on the results of this experiment is difficult. To 
address these issues, further experiments using models more 
similar to human cerebral arteries are needed.

CONCLUSION

Our study findings show that frictional forces exerted by SRs 
on vessel walls are significantly influenced by vessel diameter, 
curvature, and stent deployment position. Smaller diameters, 
greater curvature, and more distal stent deployment result 
in higher frictional forces during thrombectomy, potentially 
increasing to the risk of hemorrhagic complications such as 
SAH. ese findings highlight the necessity of selecting SRs 
appropriately sized for the vessel and carefully considering 
deployment position to minimize vascular stress. Future 
studies with models that better replicate human cerebral 
arteries are essential to further validate these results and 
optimize thrombectomy techniques.
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