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Abstract

Purpose It has been hypothesized that microstents which

are used to prevent coil protrusion in the treatment of

cerebral aneurysms may have flow diverting and therefore

occlusive effects. In a rabbit elastase aneurysm model, we

investigated the aneurysm occlusion rate and vessel reac-

tion of a braided Accero stent prototype with porosity in

the lower range of other available (non-flow-diverter)

microstents.

Methods Ten aneurysms were induced the right subclavian

artery in New Zealand white rabbits and treated with the

Accero stent prototype. In each subject, a second stent was

implanted in the abdominal aorta to cover the origins of

branch arteries. Angiographic follow-up and explantation

of the devices and aneurysms for histological analysis were

performed after 3 months (n = 5) and 6 months (n = 5).

Results Grades I (\ 50%) and II ([ 50%) occlusion rates

were observed in 9 (90%) and 1 (10%) of ten aneurysms

treated with the stent device. The mean reduction in
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contrast filling at 6 months was 42.1% (p = .02). Neoin-

tima thickness was significantly higher in the subclavian

artery than in the abdominal aorta after 3 (p = .03),

whereas not after 6 months (p = .1). No cases of inade-

quate wall apposition, branch artery occlusion or stent

thrombosis were observed.

Conclusion The present study showed flow remodelling

properties of the device prototype with progredient aneur-

ysm occlusion. A larger in vivo study with induced

aneurysm should be done to confirm these results.

Keywords Stent � Flow diverter � Aneurysm � Rabbit
aneurysm model

Introduction

Since the introduction of stent-assisted coiling, it was

hypothesized that stents, besides preventing coil protrusion,

could prevent perfusion of the aneurysm to some extent

leading to the concept of endovascular flow diversion.

Early studies could validate this concept in in vitro models

[1–3]. Very recently this hypothesis was supported by

several clinical observations when sole stenting was per-

formed for treatment of intracranial aneurysms with brai-

ded stents [4, 5] and even large cell laser-cut stents [6].

Otherwise, because of high porosity of the first-generation

laser-cut intracranial stents, in vivo evidence of aneurysm

occlusion was not targeted and clinical application as a

flow diverting device was limited [7].

Rapid technical progress led to the development of

dedicated flow diverters (FDs) with a braided structure and

considerably lower porosity than common stents, which

have become available for endoluminal vessel reconstruc-

tion without the use of coils and were extensively evaluated

in in vivo aneurysm models [8, 9]. However, besides the

manufacturing differences in the devices, high material

density is a potential determinant for thromboembolic

complications and side branch occlusion [10–13].

Braiding technology at the same time allowed for

manufacturing of stents for coil-assisting procedure with a

lower porosity than traditional laser-cut stents, even if

considerably higher than in FDs. The purpose of this

in vivo study was to evaluate the stand-alone occlusive

effect of a fine-meshed braided stent with porosity in the

lower range of currently available (non-flow-diverter)

microstents in an elastase aneurysm model. Besides the

aneurysm occlusion rates, the degree and extent of neoin-

tima formation, the patency rate of parent vessel and

covered branch arteries were investigated.

Materials and Methods

The investigated self-expanded stent (SX stent, Acandis,

Pforzheim, Germany) is a prototype of the Accero�

intracranial stent which obtained CE marking for the

European Union in 2015 and aimed at coil-assisting tech-

nique. The prototype differs from the final Accero stent by

different positions of the stent markers and slight different

wire loop designs at both distal and proximal ends.

The braided stent consists of a braided structure with a

single 50-lm-thick nitinol wire including a radiopaque

platinum core and radiopaque platinum sleeves distributed

in the middle and at both ends of the stent. With ten cells

on the circumference, corresponding to 20 wires crossing

the stent cross section, and an unconstrained diameter of

4.5 mm, the stent presents a variable porosity and pore

density depending on the expansion diameter. If pore

density is defined as the reciprocal of the ideal surface of

the diamond limited by four wires and comprising the half

of the wire width, the pore density amounts to 1.03/0.80/

0.84 and 1.13 pores/mm2 at an unconstrained expanded

configuration and in vessels with 4, 3 and 2 mm diameter,

respectively. For the same configurations, porosity calcu-

lated as ratio between the free surface of the diamond and

the surface comprising the half width of the wires corre-

sponds to 84.3%/87.7%/87.1% and 82.7%. At both stent

ends, close loops are flared with the aim of an improved

vessel apposition. Delivery is performed within a micro-

catheter of 0.016500 inner diameter. Foreshortening in a

vessel with diameter of 2 mm, 3 mm and 4 mm is 7%,

18% and 36%, respectively.

Animal Experiment

All the experiments were approved by the local animal

protection committee (no. 44/13) and conducted in accor-

dance with the animal experiment guidelines. One wide-

necked aneurysm with a mean dome-to neck-ratio of

0.92 ± 0.23 was created in each of ten New Zealand white

rabbits according the method reported by Altes et al. [14].

Implantation of the SX stent was performed at least

21 days after aneurysm induction [15]. Three days prior to

stent placement all animals were treated with aspirin

(10 mg/kg orally) and clopidogrel (10 mg/kg orally) daily

until the final experiment. The efficacy of dual platelet

aggregation inhibition was not tested. Under general

anaesthesia, the right femoral artery was surgically exposed

and a 4-Fr sheath was inserted. The 2Fr microcatheter

Neuroslider 21(Acandis, Pforzheim, Germany) with inner

lumen 0.016500 was placed into the aortic arch. Throughout

the procedure, 300 U heparin was intravenously adminis-

tered. For evaluation of the induced aneurysm, digital
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subtraction angiography (DSA) was performed. With a

standard microguidewire, the Neuroslider 21 microcatheter

was manoeuvered beyond the aneurysm neck into the right

subclavian artery. Then, the SX stent was unsheathed under

road-map guidance. This achieved through slow with-

drawal of the delivery microcatheter while, at the same

time, holding or gently pushing the delivery wire to

achieve complete expansion and wall apposition of the SX

stent for 2–3 min. The distal end of the stent was posi-

tioned distally to the right vertebral artery, and the proxi-

mal part of the stent was deployed within the

brachiocephalic trunk. For adequate positioning, the mid-

dle radiopaque sleeve of the stent was held on the level of

the aneurysm neck during the deployment. After removal

of the transport wire, an angiogram of the brachiocephalic

trunk was performed. The microcatheter was then retracted

and placed in the abdominal aorta for DSA. An additional

SX stent was placed in the aorta across the origin of lumbar

arteries (Fig. 1C, D). Subsequent DSA was performed to

ensure patency of the covered vessels. Endovascular

materials were removed, and the femoral artery was

ligated.

Subjects were followed for 3 months (n = 5) and

6 months (n = 5). Under general anaesthesia, the left car-

otid artery was surgically exposed and a 4-Fr sheath was

introduced in a retrograde manner with the purpose of

better contrast (compared to intravenous injection), and

since both femoral arteries were previously sacrificed fol-

lowing the procedure for aneurysm formation and stent

implantation, respectively. DSA series were performed as

follow-up angiogram, and the animals were sacrificed with

a lethal injection of pentobarbital. After harvesting the

subclavian artery with the aneurysm and parts of the

abdominal aorta, the specimens were fixed in 10% solution

of buffered formalin.

Data Analyses

Angiographic Evaluation

Three observers analysed angiograms using a five-point

grading scheme to evaluate the occlusion of saccular

aneurysms in consensus according to Kamran et al. [16]

blinded to histology results. Grade 0: no reduction in

aneurysmal flow; grade I: less than 50% and grade II: more

than 50% flow reduction; grade III: almost complete

occlusion; and grade IV: complete occlusion. In addition,

the areas of the contrast-filled aneurysms were calculated

as follows. The margins of the contrast-filled aneurysms

Fig. 1 DSA immediately after

stent implantation in the

subclavian artery (A) and after

3 months follow-up (B) of the
same animal shows inadequate

occlusion of the aneurysm

cavity resulting in grade I

occlusion (arrow). DSA of the

abdominal artery pre-stent

implantation (C) and

unsubtracted angiogram

6 months follow-up. Proximal

and distal stent markers are

highlighted with arrowheads

(D). Redrawn margins of the

contrast-filled aneurysm sac

(E) on posterior–anterior

projection on 2D angiogram for

calculation of the aneurysm area

(exemplarily case, animal no. 9)
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were redrawn on posterior–anterior projection on 2D pre-

interventional and follow-up angiograms (3 or 6 months)

using the pencil tool of OsiriX 6.5.2 (Fig. 1E). Then, the

areas of the aneurysms were converted from pixel2 to mm2

using a reference object (1 Cent coin), and the reduction in

the areas is given as percentage.

Moreover, evaluation of parent vessel thrombosis,

stenosis and side branch patency was performed.

Micro-CT

Micro-CT was performed for assessment of stent integrity

and wire fractures. All devices were scanned by high-res-

olution CT (SkyScan 1172, Belgium). The X-ray tube

operated at 75 kV, 10 W and 134 lA, with an aluminium

filter and a focal spot size of 5 lm using a pixel size of

13 lm. Volume data were reconstructed with NRecon,

volumetric software (1.6.2.0.) and postprocessed with

OsiriX 6.5.2.

Histopathological Processing and Analyses

For each subclavian artery and abdominal aorta, transversal

cuts were taken at three different regions (proximal, middle

and central) for a total of 60 slices (n = 30 for each follow-

up time, respectively). After microscopy (VHX-500F;

Keyence; Neu-Isenburg, Germany) and digitization, an

experienced pathologist (BD) performed histopathological

evaluation, including stent apposition, neointima thickness,

inflammation and potential foreign body reaction sur-

rounding the stent struts and the presence of thrombotic

material.

Morphometric measurements were performed as fol-

lows. Thickness of the neointima = distance between the

outer surface of each strut and the luminal border. Neolu-

men = distance from luminal border to the opposite lumi-

nal border. Former vessel lumen = distance from the

outside of a strut to the opposite outside of the strut across

the vessel diameter. Diameter stenosis = (Neolu-

men 7 Former lumen) 9 100. For each parameter, max-

imum and minimum values were measured and average

was calculated.

Statistical Analyses

Statistical analysis was performed using SPSS 20.0. Con-

tinuous variables are expressed as means and standard

deviations (SD). Differences between the groups were

compared with Student’s t-test (or Welch’s t-test when

variance was inhomogeneous). The statistical significance

of changes from baseline within each group was tested with

paired t-test. Statistical significance was accepted at two-

sided p B .05.

Results

Angiography

Aneurysm characteristics and dimensions of harbouring

arteries are given in Table 1.

In all cases, the delivery and deployment of the devices

were successful. No case of stent migration or inadequate

wall apposition was observed.

The mean diameter of the stented aorta was

3.8 mm mm ± 0.49 mm in the 3 months’ group and

3.5 mm ± 0.33 mm in the 6 months group.

The mean area of the aneurysms in the 3 months group

was 17.31 ± 7.48 mm2 before treatment and

13.45 ± 6.33 mm2 after treatment (reduction 22.5%, non-

significant, p = .06). The mean area of the aneurysms in

the 6 months group was 25.4 ± 23.87 mm2 before treat-

ment and 15.37 ± 12.85 mm2 after treatment (reduction

42.1%, significant p = .02) (Fig. 2A, B). Overall occlusion

rates of grades I and II were noted in 9 (90%) and 1 (10%)

of ten aneurysms, respectively. In the 3 months group,

grade I occlusion rate was noted in all five cases (Fig. 1A,

B). In the 6 months group, grade I occlusion rate was noted

in four cases (80%) and grade II occlusion in one case

(20%).

All branch arteries (e.g. vertebral, renal or lumbar

arteries) covered by the SX stent remained patent at follow-

up. Mean diameter of vertebral, renal and lumbar artery

origin was 1.3 ± 0.1, 2.3 ± 0.3 mm and 1.2 ± 0.2 mm,

respectively. Angiographically, no stenosis in parent ves-

sels or stent thrombosis was assessed.

Micro-CT

All stents were intact in both subclavian and aorta. No wire

fractures or distortion was assessed. A light bulging of the

stents in the central part was observed in all aorta speci-

mens, while in the subclavian artery, a tapering with con-

tinuous diameter reduction extended from the proximal to

the distal part, according to the vessel geometry. A repre-

sentative picture of both specimens in the same animal is

shown in Fig. 3A, B.

Histology

Histologically, in all analysed tissue sections stent material

was observed at the interface between the media and the

neointima leading to complete wall apposition in all cases

(Fig. 3C, D).

The neointima thickness of the stent harbouring vessels

was significantly higher in the subclavian artery than in the

abdominal aorta at follow-up 3 months (119.3 ± 59.0 lm
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vs 53.0 ± 7.0 lm, Fig. 2C). This difference was not sig-

nificant after 6 months (92.0 ± 40.2 lm vs 49.2 ± 10.3,

Fig. 2E). Stenosis grade was significantly higher in the

subclavian artery compared with abdominal aorta at fol-

low-up 3 months (p = .03); after 6 months there was no

significant difference between aorta and subclavian artery

(p = .6) (Fig. 2D, F).

In the regions of the aneurysm neck, incomplete

neointima formation with scattered neointima islands was

observed over the stent wires. Inflammation and foreign

body reaction were seen in 1 of 30 slices, both at 6 months

follow-up (3.3%). Calcification islands were observed in 4

and 11 slices at 3 and 6 months (13.3% and 36.7%),

(Fig. 4).

Discussion

In this study, we report the in vivo evaluation of a fine-

meshed braided stent as a sole device in the treatment of

wide-neck aneurysms without coiling. In comparison with

common FDs like Pipeline embolization device (PED,

Medtronic, Irvine, California, USA), Silk flow diverter

(SFD, Balt Extrusion, Montmorency, France) or Derivo

(Acandis, Pforzheim, Germany), the investigated SX stent

is characterized by a higher porosity.

Since use of FDs can be associated with thromboem-

bolic events and might cause delayed brain parenchymal

lesions [17, 18], recent clinical studies underline the

potential role of high-porosity implant, i.e. for small

diameter vessels and vessels with high perforator density.

In the study of Matsuda et al. [19], low-neck metal cov-

erage correlated to less perforator coverage in a compar-

ison between a stent and a flow diverter in a cadaver.

Möhlenbruch et al. [20] presented the results of the

implantation of a 0.02100 compatible FD with porosity of

70% in a multicentre clinical study, showing an aneurysm

occlusion rate amounting to 100% at 12 months despite a

12% rate of thrombus related events.

Besides FD treatment, the use of multiple stents in

telescoping technique is another option for aneurysm

treatment. Xu et al. [21] showed the feasibility of this

procedure in a retrospective clinical study. Aneurysm

occlusion rate was achieved in 80% in the case series. But

this technique holds the risk of thromboembolic events and

in-stent stenosis due to the increased material and over-

laying struts.

The main idea of our investigation was to assess the flow

remodelling performance and vessel reaction of the Accero

stent prototype with less material coverage and deliver-

ability within a 0.016500 microcatheter in an experimental

in vivo model. Due to the decrease in the metal-to-artery

ratio compared to FDs, the SX stent could potentially

reduce thromboembolic complications.

Some in vitro and numerical investigations were previ-

ously performed to assess intra-aneurysmal fluid dynamical

effect of implants with different porosities, including

intracranial stents and flow diverters [22, 23]. Although a

certain flow modification was proven also for high-porosity

stents, biological factors triggering intra-aneurysmal clot

formation and vessel reconstruction are obviously neglec-

ted in these models.

In both follow-up 3 and 6 months, we observed an

incomplete aneurysm occlusion with a reduction in

aneurysm filling in both groups, being significant after

6 months follow-up compared to baseline. The progressive

occlusion can be explained by the increase in induced

scattered neointima islands covering the device struts

across the aneurysm neck (Fig. 4). These results support

the findings of several clinical studies using low-profile

braided stents as a stent monotherapy in aneurysm treat-

ment. In Cagnazzo et al. [5], a 70% complete aneurysm

Table 1 Aneurysm and harbouring artery characteristics

Time, months No. Parent vessel size, p/d (mm) Neck size (mm) Transverse diameter (mm) Height (mm) D/N ratio

3 1 2.6/2.1 3.32 2.77 6.34 0.8

2 2.8/2.2 3.35 2.49 6.16 0.7

3 2.8/2.3 4.71 3.07 10.81 0.7

4 2.5/2.6 3.04 1.98 5.93 0.7

5 3.1/2.3 2.34 2.77 4.80 1.2

6 6 3.1/2.3 4.68 3.42 8.65 0.7

7 2.9/2.3 3.12 2.87 5.96 0.9

8 2.9/2.1 2.01 2.73 6.74 1.4

9 3.2/2.4 4.25 4.50 8.18 1.1

10 3.5/2.5 4.96 3.79 10.09 0.8

p/d proximal/distal, D/N dome/neck
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treated with a braided stent was reported. In Kim et al. [24],

implantation of laser-cut stents led to a complete occlusion

of 37.5% of aneurysms treated.

Previous investigations with state-of-the-art FDs in

similar rabbit models with comparable aneurysm dimen-

sions achieved high aneurysm occlusion rates. Kallmes

et al. [25] observed complete occlusion in 40% and 80% of

aneurysms at 3 and 6 months follow-up using implants

with 70% porosity. Sadasivan et al. [26] compared three

devices with porosity between 65 and 70%, achieving

higher occlusion rate for implants with higher pore density.

In Ley et al [27], two devices with porosity 65% and 80%

showed a significantly higher rate of complete occlusion at

a lower porosity.

Also Wang et al. [28] showed a positive correlation

between aneurysm occlusion rate and metal coverage

measured by micro-CT.

The investigated device presents porosity in the lower

range of currently available intracranial stents. According

to the calculation presented before, a mean subclavian

artery diameter of 2 mm to 3 mm leads to porosity between

around 82.8% and 87.1% in our study. For comparison,

Cho et al. [29] investigated the porosity of different

intracranial stents at 0.5 mm oversizing, amounting to

86–88.5% for braided, 90% for an open-cell laser cut and

95% for a close-cell laser-cut stent.

The higher porosity compared to FDs is presumably

responsible for a weaker or rather slower intra-aneurysmal

flow reduction and thus occlusion rate. A previous in vitro

study showed a relationship between flow diverter porosity

and intra-aneurysmal thrombus formation, hypothesizing

(1) a material-triggered thrombus initiation and (2) a

thrombus growing dependent on intra-aneurysmal stagna-

tion points [30]. However, in our study the area of residual

aneurysm filling was progressively decreasing and signifi-

cantly lower at 6 months follow-up compared to baseline,

indicating the potential for a slow aneurysm occlusion.

Longer follow-up results would be needed to evaluate the

further progression of the occlusion.

The histological evaluation revealed a slight foreign

body reaction without significant inflammation. The focal

calcification observed in some slides was also reported in

previous studies [31, 32].

The higher neointima thickness and diameter stenosis in

the subclavian artery compared to the stented aorta is in

agreement with previous studies [8, 33] and is presumably

caused by the increased metal coverage and different

mechanical behaviour due to the device oversizing in small

vessel diameter. Furthermore, the devices in the subclavian

arteries are exposed to a higher shear stress due to the

movement of the legs of the animals.

In Kallmes et al., implantation of flow diverter in the

subclavian artery resulted in a neointima and stenosis grade

ranging between 100 and 200 ± 100 lm and between 17

and 23% at 6 months follow-up. In Sadavisan et al.,

neointima thickness was between 129 and 175 lm
depending on the implanted flow diverter. In Ley et al.,

neointima thickness was between 125 and 138 lm in dif-

ferent subclavian regions, with the stenosis grade

amounting to 7.3% to 8.3% at 6 months follow-up. Con-

sidering the similarity of the animal models, the lower

neointima thickness and stenosis rate in the investigated

Fig. 2 A and B Area of the aneurysms measured on posterior–

anterior projection of DSA, baseline (initial aneurysm area before

stent implantation) and after 3 months (A) and 6 months (B) follow-
up. Results of neointima thickness of the stented aorta and subclavian

artery (defined as aneurysm) after 3 months (C) and 6 months (E).
D and F show their corresponding stenosis after each time point
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stent can be presumably ascribed to the lower metal density

and thus lower vessel stress.

Our preclinical study had some limitations. We did not

include a control group of untreated aneurysms or a group

of aneurysms treated with commercial available FDs, since

experience with this animal model at our department has

proven patency of untreated aneurysms and adequate

occlusion rates after 6 months with flow diverting implants

[27, 32]. The study population was small. The induced

aneurysms in a rabbit model differ from spontaneously

grown intracranial aneurysms in humans regarding mor-

phological properties such as size and neck diameter as

pointed out by Kallmes [25]. Further, the induced aneur-

ysms are more similar to a side-wall aneurysm. Flow

diversion properties of the tested stent may differ in the

treatment of bifurcation aneurysms due to hemodynamic

variations.

Conclusion

The Accero stent is biocompatible. The implantation of the

Accero stent alone, without coil occlusion, does not allow a

reliable occlusion of the target aneurysms. Using the same

Fig. 3 CT scans of the Accero stent prototype explanted from the abdominal aorta (A) and subclavian artery (B) from the same animal after

3 months. Photomicrograph (H&E) of neointima (arrows) being thinner in the abdominal aorta (C) than in the subclavian artery (D)

Fig. 4 Photomicrograph (H&E) of subclavian artery. Neointima islands (hash) at the aneurysm neck at 3 months follow-up (A). Beginning

calcification (starlet) (B) and foreign body giant cell (arrow) (C) after 6 months follow-up
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model (elastase aneurysms in rabbits), a comparison of

coiling alone versus Accero-assisted coiling would allow a

better understanding of the potential benefit of said stent,

beyond the mechanical coil retention.
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