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Abstract

Introduction To access the effect of actual metal coverage rate
(MCR) on neointimal growth at covered side branch ostium
and stented artery after implantation of a flow diversion
device.

Methods Flow diverters (FDs) were implanted into abdom-
inal aortas of 20 New Zealand rabbits. Four weeks and three
months after FD implantation, the patency of side branches
covered by the devices was assessed by angiography. The
animals were sacrificed after angiography at 3 months post-
surgery. The local actual MCR was measured under micro-
scope and calculated. The extent of neointimal coverage at
the ostia of branches and the neointima within the stent were
examined by histology and scanning electron microscopy.
Results No side branch occlusion was noted, either immedi-
ately after implantation or at follow-ups. At 3 months after
implantation, the intimal coverage of branch ostia caused by a
30-40% MCR was not significantly different from that caused
by an MCR<30% (p=0.792), but it was significantly lower
than that caused by an MCR>40% (p=0.021). Neointimal
thickness in the stented abdominal aorta was positively
correlated to MCR (#=0.523, p=0.001). The neointima
was composed predominantly of smooth muscle cells and
collagen fibers.
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Conclusion The actual MCR exhibited remarkable differ-
ences once FD was implanted in vivo. Significantly more
intimal coverage at the side branch ostia could be induced
when MCR was >40%. The neointimal thickness within the
stent was positively correlated to device MCR.
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Introduction

Flow diversion devices are designed to alter flow dynamics
and, even without coils, induce cerebral aneurysm occlu-
sion. Recently, several investigators have reported success-
ful treatment results using flow diverters (FDs), either in
experiments or in clinical application [1-28]. One concern
of using this device to treat intracranial aneurysms is wheth-
er it may lead to stenosis or occlusion of side branches or
perforators once covered with dense metal mesh. Infarction
caused by side branch or perforator occlusion has been
reported [13, 20, 26, 28]; however, only few studies have
paid due attention to this issue [10, 11, 22], and no calcu-
lations were made with regard to the actual metal coverage
rate (MCR). During implantation procedure, FD can be
either compressed or stretched, affecting its MCR signifi-
cantly. In this study, we implanted FDs into rabbit abdom-
inal aortas, covering side branches. The patency of side
branch covered by FD was evaluated by angiography at
4 weeks and 3 months after implantation. Actual MCR,
extent of neointimal formation covering the ostia of side
branches were examined by histology and scanning electron
microscopy (SEM). Their correlations as well as the neo-
intimal thickness within the stented parent artery were also
assessed.
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Materials and methods
Animal experiment procedures

A total of 20 New Zealand white rabbits of both sexes (body
weight 3—4 kg) were used in this experiment. Animals were
given aspirin (10 mg/kg) and clopidogrel (10 mg/kg) orally
every day from 3 days before to 28 days after the procedure,
as described in the literature [10, 11]. Anesthesia was in-
duced with an intramuscular injection of xylazine (12 mg/kg)
and maintained with an intravenous injection of 1% pentobar-
bital sodium solution (10 mg/kg). The right femoral artery was
isolated under sterile condition, and a 5-Fr (French) vascular
sheath was inserted. Heparin (200 U/kg) was given by intra-
venous bolus injection, then a 5-Fr guiding catheter was
placed into the abdominal aorta and digital subtraction angi-
ography (DSA) was performed. The flow diversion device
(Tubridge, Microport Medical, Shanghai, China) comprises
32 nickel-titanium alloy strands and two parallel platinum
radio-opaque struts with a nominal MCR of 30-35%. The
principle of choosing FD size was that the nominal diameter
of stent was larger than the diameter of abdominal aorta, but
no more than 1 mm. The device was advanced through a
compatible microcatheter and placed in the abdominal aorta,
covering at least one ostium of lumbar artery and, in some
cases, also covering the renal artery ostium. DSA was per-
formed again, before removal of the sheath and ligation of the
femoral artery. Intravenous DSA (IVDSA) was performed
4 weeks after the procedure, and DSA was performed via left
transfemoral access at 3 months. Based on the angiographic
results, device morphology was examined and the patency of
branches covered by the device was analyzed.

All experimental procedures were performed in accordance
with the regulations set by the Animal Protection and Usage
Committee of our university.

Histological and pathological analysis

After the final angiography, the animals were sacrificed with
an overdose of sodium pentobarbital, and the left ventricle
was injected with 100 ml of 4% paraformaldehyde. The
abdominal aorta with the device was explanted and
trimmed. A 22 gauge intravenous catheter was advanced
to the aorta, and both end of the aorta and branches were
ligated. The tissue was perfused with 10% neutral buffered
formalin for about 4 h at 100 cm of water column pressure,
and then fixed in formalin for over 24 h. The tissue was
washed with ethanol (50% V/V) and longitudinally cut into
two halves, avoiding the ostia of the branches. After ethanol
was fully evaporated, the branch ostia were examined under
the stereo microscope and SEM under 40 Pa low vacuum
conditions.
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After SEM examination, tissue including branch ostium
sites was cut into pieces about 3 mm in width and 10 mm in
length, and the device mesh wires were carefully picked out
under a stereo microscope. The specimen was embedded in
paraffin and cut into 5-um sections for hematoxylin and
eosin (HE), Ponceau/Victoria blue (P/VB), and immunobhis-
tochemical staining with alpha smooth muscle actin
(xSMA) and cluster of differentiation 68 (CD68).

Data measurement and statistical analysis

Flow diversion device usage has been reported in the liter-
ature [1, 10, 21, 22], and the MCR can change as a result of
either compression or stretching [3]. The MCR (<) of the
device can be calculated according to the following formula:

2
/1 1
¢ = 1—<l—nd m+m> x 100%

where n represents half of the wire number, d stands for wire
diameter of the device, 4 and D represent the distances
between 16 consecutive wires along the long axis of the
device and diameter of the device, respectively. All mea-
sured units are in millimeters. For the device used in our
experiments, n equals 16 and d equals 0.05 mm. The de-
tailed formula derivation will not be provided here.

Based on the SEM examination, the intimal coverage
score was defined by the neointimal coverage ratio at the
branch ostium: 1 point, the branch ostium coverage of neo-
intima is less than or equal to 25%; 2 points, the branch
ostium coverage of neointima is greater than 25% but less
than or equal to 50%; 3 points, the branch ostium coverage
of neointima is greater than 50% but less than or equal to
75%; 4 points, the branch ostium coverage of neointima is
greater than 75%. The distances between 16 consecutive
wires along the long axis of the device at the branch ostium
and the diameter of the device under the stereo microscope
were measured and used to calculate the MCR by the
formula previously described (Fig. 1a).

On the P/VB-stained sections, except the branch ostia,
the measurement between the neointima lumen edge and the
internal elastic layer of the blood vessel within the device
wires is considered to be the thickness of neointima. The 4
value is double the measurement of the distance between
eight consecutive wires, which is used together with the
device diameter D value measured under the stereo micro-
scope to calculate the MCR using the formula (Fig. 1b).

The MCR and the intimal coverage scores between the
renal artery and lumbar artery were compared using the
nonparametric Mann—Whitney test. The relationship be-
tween the MCR of the device at the branch ostium and the
neointimal coverage scoring was assessed by Spearman
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Fig. 1 Measuring correlated indices to calculate the MCR. a Measur-
ing the diameter and the distance between 16 consecutive wires along
the long axis of the device at a branch ostium under stereo microscope.
b Measuring thickness of neointima and the distance between eight
consecutive wires on P/VB-stained sections. It was noted that the
device wires were compressed or stretched after deployment

correlation analysis. The relationship between abdominal
aorta neointimal thickness and device MCR was analyzed
by Pearson correlation and linear regression. Average data
were presented as mean+standard deviation. All statistical
evaluations were made with the SPSS software (version
13.0, SPSS).

Results

Except one animal whose lumbar artery ostium was not
covered by the device due to technical reasons, a total of
19 lumbar artery and 10 renal artery ostia were covered by
the device. No occlusion or delayed contrast filling of the
device-covered branches was noted on angiographies imme-
diately after FD implantation or at the follow-ups. There
were no cases of significant stenosis within the device or
displacement or kinking of the device at any follow-up time.
Data relevant to the animals were summarized in Table 1.
No thrombosis was observed in the devices on gross or
histological evaluation. SEM showed that there were more
neointimal healings covering almost every strut and mesh at
the edge of the branch artery ostia, but at the center, only
sporadic fibrin deposits could be found on a minority of
struts. There was also more neointimal covering at the
proximal part of the ostia. The average MCR of the device

Table 1 Data relevant to the experimental animals

Animal Diameter of Nominal Diameter of stent at

artery prestent diameter/ branch orifice (mm)

(mm) length of

stent (mm)
1 32 4/15 3.8(LA)
2 3.8 4/15 4.1(LA)
3 34 3.5/15 N/A
4 4 4/20 4.1(RRA), 3.4(LA)
5 3.5 3.5/15 3.5(LA)
6 34 4/15 4.1(LA)
7 4 4/10 3.8(RRA), 3.7(LA)
8 4 4.5/15 4.2 (RRA), 4.7(LA),
4.6 (LRA)

9 3 3/15 3.1(LRA), 3(LA)
10 3.8 4/15 4.1(LRA), 3.9(LA)
11 3.1 4/15 4(LA)
12 3.8 4/15 3.9(LA)
13 32 4/15 3.8(LA)
14 2.6 3/15 3.1(LA)
15 3.5 4/15 3.5(LA)
16 3.7 4/15 3.2(LRA), 3.2(LA)
17 3.1 4/15 3.8(LRA), 3.6(LA)
18 3.1 3.5/15 3.5(LA)
19 3 4/15 4(LRA), 3.9(LA)
20 39 4/15 3.8(LRA), 3.9(LA)

LA Lumbar artery, RRA right renal artery, LRA left renal artery, N/4 not
applicable

at the ostia of the lumbar and renal arteries was 36.7+11.6%
and 35.8+£10.1%, respectively. There were no significant
differences between these two kinds of branch arteries in
terms of device coverage (p=0.902) and neointimal
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Fig. 2 The intimal coverage scores of different MCR groups at branch

ostia. MCR>40% induces significantly more intimal coverage than the
other two groups (p<0.05)
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Fig. 3 The correlation of an FD MCR and longitudinal section neo-
intimal thickness. The higher the device MCR, the thicker the neo-
intima is (»=0.523, p=0.001)

coverage scores (p=0.118). The overall MCR at the branch
ostium covered by the device fell in the range of 23.5—
49.6%, with an average of 36.4+10.8%. There was a posi-
tive correlation between intimal coverage score at the
branch ostium and MCR (7,=0.507, p=0.005). The MCRs

at the renal artery and lumbar artery branch ostia could be
divided into three groups: MCR<30% (Group A), from
30% to 40% (Group B), and >40% (Group C). There was
no significant difference of neointimal coverage scores of side
branch artery ostia between groups A and B (p=0.792). But
the neointimal coverage scores of group A and Group B
were significantly lower than that of group C (p=0.021,
Mann—Whitney test; Fig. 2).

We measured and analyzed the intimal thickness and the
corresponding MCR of a total of 159 sets of sections from
all of the device-treated animals. The neointimal thickness
within the device struts was between 31 and 242 pum, with
an average of 95442 um. The MCR was between 24.8%
and 66.7%, with a mean coverage rate of 46.9+11.7%.
There was also a positive correlation between neointimal
thickness and device coverage (#=0.523, p=0.001, Fig. 3).

The representative pathological sections of branch ostia
as well as their surrounding tissues were shown in Fig. 4.
Vascular elastic fiber P/VB staining showed that the elastic
layer was only located in the media; neointima did not
exhibit an elastic layer (Fig. 1b). Neointima on the device
struts was mainly composed of one to five layers of spindle

Fig. 4 The imaging and pathology of rabbit abdominal aorta branch
ostia covered by FD. a The angiography after abdominal aorta device
implantation, immediately after (leff), 4 weeks after (middle), and
3 months after shows that lumbar arteries covered by the device are
still patent (arrows indicate the proximal and distal end of implanted
FD). b SEM shows neointimal growth along the direction of blood
flow (white arrow) at the lumbar artery ostium which is covered partly
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by device wires. ¢ After removal of metal wires, the tissue is cut along
the white arrow in b and stained with HE to show the lumbar artery
ostium and the neointima (HE, x50). d Enlarged view of ¢ to show that
the neointima surrounding device wires (S) is mainly composed of
smooth muscle cells, collagen fibers, and multinuclear macrophages
(arrow; HE, x400)
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cells. Immunohistochemical staining and HE staining
showed that the neointima, including that located at the
branch ostium, was mainly composed of o-actin-positive
vascular smooth muscle cells and collagen. Polynuclear
macrophages could be seen occasionally around the struts

(Fig. 5).

Discussion

With the publication of ISAT study [29, 30] and the ad-
vancement of technology and materials in the past two
decades, interventional embolization is being used more
frequently for intracranial aneurysm. Although balloon or
stent-assisted coil embolization has made interventional
treatment applicable to more aneurysms, fusiform and large
or giant aneurysms still remain challenging. The application
of FDs has provided a new treatment modality for these
special types of intracranial aneurysms. Experimental work
[2, 10, 11, 15-18, 22-25, 27, 31] and clinical application [5,
6, 13, 14, 20, 21, 26, 28] have been reported in recent years.
High MCR and low porosity of the FDs are the major
mechanisms to change the hemodynamic of aneurysm. In
some clinical reports [5, 6, 13, 20, 21, 26], multiple FDs

Fig. 5 Immunohistochemical staining of rabbit abdominal aorta after
removal of device. a «aSMA-positive cells (brown) are located in the
neointima and vascular media (IHC, x200). b CD68-positive macro-
phages (brown) are located in the neointima and around the device
mesh (IHC, x200)

were implanted and overlapped to gain more MCR for stasis
and thrombosis of aneurysms. However, the patency of side
branches is a serious concern for the application of FDs,
especially of multilayer overlapping. In the limited early
clinical experiences, acute and late occlusion of side
branches related to high metal coverage has been reported
[13, 20, 21, 26]. Among the 19 aneurysm cases treated with
pipeline FDs by Szikora et al. [26], the 6 months angio-
graphic follow-up showed delayed occlusion of ophthalmic
artery in two cases. Both branches that had delayed occlu-
sion were covered by either two or four overlapping devices.
Kulcsar et al. [13] used silk FDs to treat 12 cases of basilar
artery aneurysm; among them, three had delayed ischemic
attacks during a mean follow-up of 16 weeks. The acute
infarction of tissue supplied by covered perforators may
have been caused by thrombosis or excessive coverage of
the branch ostia by device struts, whereas the delayed in-
farction may have been a result of excessive coverage and
narrowing of the branch ostium by neointima overgrowth. In
order to prevent the ischemic events of the perforator ves-
sels, Szikora et al. [26] suggested avoiding overlapping
device coverage of perforator vessels. Some researchers [1,
7-9] have designed asymmetrical FDs, the main purpose of
which is to get enough coverage at the aneurysm neck while
avoiding side effects of the diverting device on the side
branches or perforators.

The MCR of the FD used for the treatment of aneurysm
in current animal experiments was 30-35% [2, 10, 11, 13,
16, 22, 23]. In these experiments, no covered side branch
occlusion was found in the follow-up angiography, but none
of the experiments took into account the changes of the
actual MCR in vivo. The MCR will change with curvature
and diameter of the device relative to the diameter of the
vessel in which it is placed [3]. It may also be influenced by
different deployment manipulations such as pushing or pull-
ing which may lead to compression or stretching of the
devices. In this experiment, although the rabbit abdominal
aorta was relatively straight and consistent in diameter, the
actual MCR after FD implantation was still quite variable
(23.5-49.6%, average 36.4+10.8%). Although the side
branches covered by the FD were all patent at 3 months
angiographic follow-up in our experiment, both pathology
and SEM examination showed that the intimal coverage at
the branch ostia changed with actual MCR. When the MCR
was >40%, over 50% of intimal coverage was seen at the
branch ostia, which was significantly higher than the other
two groups with MCR less than 40%. Szikora et al. [26] also
found that branches covered by single-layer FDs did not
have acute or delayed side branch occlusion, while two
cases of delayed side branch occlusion happened when
covered with multilayer of FDs. Due to the design of the
pipeline device, the MCR can be over 40% after two-layer
coverage. From clinical reports and our results, multilayer
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FD coverage of side branches or perforators may lead to
ischemic events.

Our experiment showed that neointima at the branch ostia
grew along the device struts and in the direction of blood
flow. More neointima existed at the edge and proximal part
of the ostium, whereas only fibrin deposits were found on
the struts in the central part. Whether the neointima may
continue to grow along the device struts with time is another
question of concern.

Our experiment showed that neointimal thickness was
positively related to the MCR. Therefore, whether excessive
MCR will lead to stenosis inside the device is a matter of
concern. The stents selected in this study had a diameter
similar to that of the rabbit abdominal aorta, and this seg-
ment of rabbit abdominal aorta is relatively straight and
consistent in diameter. Neointimal growth could be quite
different when it was placed in the tortuous and inconsis-
tently sized human intracranial vessels. Lylyk et al. [21]
found that there was 8% (3/38) of mild to moderate in-stent
stenosis (ISS) and 5% (2/38) of severe ISS at 3-month
angiographic follow-up. In the 24 cases followed up by angi-
ography by Lubicz et al. [20], significant parent artery ste-
nosis at 6 months occurred in eight (33%), most of which (5
of 8) occurred when the distal end of the device was placed
within an artery that had a significantly smaller diameter
than that of the device. This may have been due to the high
MCR and excessive intimal hyperplasia when FD was
placed in a smaller artery. However, the model in this
experiment was difficult to mimic the degree of bending
and the different diameters of distal and proximal blood
vessels found in the human brain. In the in vitro experiments
of Aurboonyawat et al. [3], MCR increased significantly
when FDs were placed in relatively small tubes. Therefore,
it is worth further study of the actual MCR in small and
bending blood vessels and the induced corresponding intimal
hyperplasia after the implantation of FDs.

From our experimental results and other reports [10, 11,
22], tissue reactions to FDs are similar to the reported non-
atherosclerotic arterial tissue reaction induced by coronary
stents [32]. In the non-atherosclerotic blood vessels, neo-
intima is mainly composed of smooth muscle cells, some
monocytes and macrophages around the stent. In atheroscle-
rotic blood vessels, the hyperplastic intima is mainly com-
posed of large amounts of macrophages, smooth muscle cells,
and new capillaries. Therefore, when we use a FD to treat an
atherosclerotic aneurysm, the possibility of hyperplasia and
perforator occlusion should be noted.

Our experiments do have some drawbacks. First, although
literature has reported that the period of thrombosis, inflam-
mation, and hyperplasia passes after | month following device
implantation and the shaping period starts 3 months after the
implantation [33]; this monitoring period might be too short
for FDs. Second, the abdominal aorta used for implantation
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in this study cannot mimic the intracranial blood vessel
bending and the diameter difference in the distal and prox-
imal blood vessels. Third, pore density is another important
factor which is not discussed in this study. Animal experi-
ments with different pore densities and MCRs for longer
follow-up periods are needed for future studies.
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