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ABSTRACT

Background Bioresorbable flow diverters (BRFDs)
have the potential to solve several problems associated
with conventional permanent flow diverters. We have
constructed bare and poly-L-lactic acid (PLLA)-coated
magnesium BRFDs (MgBRFDs) using a high-strength
corrosion-resistant magnesium alloy. This study aimed to
compare bioresorption and biocompatibility between the
two types in a rabbit vascular model to determine which
is more clinically feasible in humans.

Methods Bare and PLLA-coated MgBRFDs were
fabricated by braiding 48 thin magnesium alloy wires.
Mechanical testing was conducted. Bare (n=13) and
PLLA-coated (n=13) MgBRFDs were implanted into
rabbit aortas and harvested 14, 30, and 90 days after
implantation. The physical structure of the resolution
process was examined using optical coherence
tomography (OCT), micro-computed tomography, and
scanning electron microscopy (SEM). The biological
response of the vascular tissue was examined using SEM
and histopathological analysis.

Results The porosity and pore density of the bare
MgBRFD were 64% and 16 pores/mm?, respectively;
corresponding values for the PLLA-coated MgBRFD
were 63% and 12 pores/mm?, respectively. The OCT
attenuation score was significantly higher for the PLLA-
coated MgBRFD at all time points (14 days, P=0.01; 30
days, P=0.02; 90 days, P=0.004). OCT, micro-computed
tomography, and SEM demonstrated better stent
structure preservation with the PLLA-coated MgBRFD.
Neointimal thickness did not significantly change over
time in either type of MgBRFD (bare, P=0.93; PLLA-
coated, P=0.34); however, the number of inflammatory
and proliferative cells peaked at 14 days and then
decreased.

Conclusions Both bare and PLLA-coated MgBRFDs
had excellent biocompatibility. The PLLA-coated MgBRFD
has greater clinical feasibility because of its delayed
bioresorption.

INTRODUCTION

The introduction of flow diverters (FDs) for the
treatment of unruptured intracranial aneurysms
(IAs) has markedly improved patient outcomes.'™
However, currently available FDs, constructed
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Bioresorbable flow diverters (BRFDs) can
potentially solve the problems associated
with conventional permanent flow diverters.
Although magnesium is an excellent
bioresorbable material, the development of a
magnesium BRFD (MgBRFD) has been limited
owing to magnesium’s relatively low strength
and rapid bioresorption.

WHAT THIS STUDY ADDS

= This study demonstrated the in vivo absorption
behavior and excellent biocompatibility of
bare and poly-L-lactic acid-coated MgBRFDs.
The coated type had delayed bioresorption
and therefore has greater clinical feasibility in
humans.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides novel and important
insights into the development of MgBRFDs.

using non-bioresorbable metals, pose long-term
challenges such as potential complications from
metal persistence. To address these issues, biore-
sorbable FDs (BRFDs) have been developed using
several different types of absorbent material.’™"!
Magnesium is one of the best types of absorbent
material for constructing FDs for several reasons.
First, magnesium stents are more rigid than
polymer ones and less susceptible to creep defor-
mation (a process in which the stent slowly deforms
owing to stress). Second, magnesium is antithrom-
botic as it degrades because of its electronegative
charge.'”” Third, magnesium stents have already
demonstrated excellent safety and biocompatibility
in many clinical studies."* '

Bioresorbable stent research has already been
pioneered in the treatment of coronary artery
disease. While bioresorbable polymer coronary
stents have disappeared from the market because
of in-stent thrombosis,” magnesium-based stents
have advanced to the third generation of devel-
opment. A recent study showed that a resorbable
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magnesium stent achieved comparable 1-year outcomes to those
of non-absorbable stents in patients with symptomatic coronary
disease.'* Thus, magnesium should be an appropriate material
for use in BRFDs.

Despite this positive result, the development of magnesium
BRFDs (MgBRFDs) has been hindered by material limitations.
Two key challenges are magnesium’s strength and its rapid
absorption rate. Magnesium is weaker than cobalt chromium
and nickel-titanium alloy; therefore, producing fine magnesium
wire and braiding it to construct FDs is difficult. Its rapid biore-
sorption period is concerning because a MgBRFD may resorb
before the aneurysm heals. In vitro resorption analysis of a
MgBRFD in a 2023 proof of concept study showed complete
resorption within 5 weeks,® highlighting the need for solutions
to extend its resorption time

We have developed a magnesium alloy (KUMADAI Magne-
sium) using a rapidly solidified powder metallurgy process that
features a distinctive long-period stacking-ordered structure.
This alloy has shown superior strength, enhanced processability,
and improved corrosion resistance compared with conventional
magnesium alloys.'®?° The unique properties of this alloy have
enabled production of thin wires and the successful development
of a MgBRFD. Because resorption time may be rapid according
to previous research,® we have also developed a method for
coating the magnesium wire with poly-L-lactic acid (PLLA) to
improve corrosion resistance and lengthen resorption time. This
study aimed to compare biocompatibility and bioresorption
between PLLA-coated and uncoated (bare) MgBRFDs in a rabbit
vascular model. Our ultimate goal was to determine which type
of MgBRFD is more clinically feasible in humans.

METHODS

MgBRFD design and mechanical testing

The elemental composition of the magnesium alloy is shown in
figure 1. The bare MgBRFD was created by weaving 48 magne-
sium alloy wires with a diameter of 46 um (figure 1A-D). The
thickness of the PLLA coating was 5 pm and the diameter of the
coated wire was 56 um. A high molecular weight PLLA (BMG,

Element composition of Mg alloy

Mg Zn Y Al
at.% balanced 0.9 2.05 0.15
Bare MgBRFD PLLA-coated MgBRFD

4 mm
e

Figure 1

4 mm
—

Kyoto, Japan) with a weighted average molecular weight of
220000 g/mol was used as the PLLA coating. The diameter of
both MgBRFDs was 4.0 mm. The stents were cut to the desired
length for each experiment described below. Three radiopaque
gold markers were attached to each end of the device.

Radial force testing and porosity and pore density assessment
were performed in the two MgBRFDs as described in a previous
study.!’ Radial force testing was also performed in an improved
model of cobalt-chromium (CoCr) FD and a bioresorbable
PLLA FD, which were developed in our previous research'' for
comparison.

In vivo animal experiments

The animal study protocol was approved by the Institutional
Animal Care Committee of the Kyoto University Graduate
School of Medicine (Med Kyo 21592, 23264). Twenty-six
female New Zealand white rabbits (2.6-3kg; Kitayama Labs,
Ina, Japan) were used for the experiments.

MgBRFD implantation and harvesting

A study flow chart is shown in online supplemental figure 1.
Animals were started on oral aspirin (30 mg/day) and clopi-
dogrel (30mg/day) 1week before FD implantation, as previ-
ously described.” """ A single MgBRFD was implanted in the
abdominal aorta of each rabbit via the right femoral artery (13
bare MgBRFDs in 13 rabbits and 13 PLLA-coated MgBRFDs
in 13 rabbits). Balloon angioplasty was routinely performed to
improve adherence to the vessel wall.

Rabbits were randomly sacrificed at 14, 30, and 90 days (n=4
at each time point). A 5 F sheath was inserted via the left femoral
artery and optical coherence tomography (OCT; ILUMIEN
OPTIS; Abbott Vascular, Santa Clara, California, USA) and angi-
ography were performed. The rabbits were then euthanized and
the vessels harvested. Further details are described in the online
supplemental methods.
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Structure and mechanical properties of magnesium-based bioresorbable flow diverters (MgBRFDs). Gross appearance and scanning

electron microscopy images of the bare MgBRFD (A and B, respectively) and poly-L-lactic acid (PLLA)-coated MgBRFD (C and D, respectively).
(E) Results of radial force testing of the PLLA flow diverter, PLLA-coated MgBRFD, bare MgBRFD, and cobalt-chromium flow diverter.
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14 days
passed

Bare MgBRFD 14 days
after FD implantation

Bare MgBRFD Immediately
after FD implantation

C Acute 14 days
Bare
MgBRFD
attenuation score: 15.5 £5.2
PLLA-
coated
MgBRFD

attenuation score: 90.3 £0.5

attenuation score: 36 +2.5

Attenuation OCT findings
score
2 Strut sharply delineated, complete attenuation behind strut
1 Strut diffusely delineated but no attenuation behind strut
0 No strut or attenuation behind the strut can be detected
30 days 90 days

attenuation score: 5.8 £0.9 attenuation score: 2.5 £ 1.0

attenuation score: 8 £2.7

attenuation score: 13.8 £2.3

Figure 2 Optical coherence tomography (OCT) attenuation score. The OCT attenuation score was measured using the OCT cross-sectional view in
the middle of the flow diverter. (A-1) Inmediately after implantation, the stent struts are sharply delineated and backward attenuation is complete.
(A-2) As degradation progresses, the stent struts and backward attenuation become obscured. (B) To quantify this change, the OCT attenuation score
was calculated by summing the scores for each strut. (C) Scores and representative cross-sectional OCT images over time. Data shown are means=SE.
At 14 and 30 days, the poly-L-lactic acid (PLLA)-coated magnesium-based bioresorbable flow diverter (MgBRFD) showed more stent struts and
attenuation than the bare MgBRFD; therefore, attenuation scores were significantly higher in the PLLA-coated MgBRFD (P=0.01 at 14 days; P=0.02 at
30 days). At 90 days, attenuation scores remained significantly higher in the PLLA-coated MgBRFD (P=0.04); however, the absolute values were lower

and stent struts were not visible in either the bare or PLLA-coated MgBRFDs.

Angiographic and OCT analysis

Angiography was performed before and after FD implantation
and at follow-up to evaluate occlusion of the jailed lumbar
artery. OCT was performed immediately after implantation and
at follow-up to evaluate stent resorption, jailed microvascular
patency, and in-stent stenosis. Because previous studies have
shown that the OCT attenuation score correlates with magne-
sium stent bioresorption,”' we calculated the original OCT
attenuation score for the MgBRFD to evaluate its bioresorp-
tion. Attenuation scores were defined as follows: 2, strut sharply
delineated, complete attenuation behind the strut; 1, strut
diffusely delineated but no attenuation behind the strut; 0, no
strut or attenuation behind the strut can be detected. The score
was calculated by summing the scores for each strut on a cross-
sectional view at the middle of the FD (figure 2A,B). Because the
portion of the FD implanted along a branching vessel segment
is the site most susceptible to degradation/resorption owing to
continuous perpendicular blood flow, degradation/resorption
was evaluated using OCT at that site (figure 3A). OCT was also
used to evaluate the patency of small branching vessels (those

smaller than 500 pum in diameter). Stent lumen stenosis was
calculated as described in a previous study.®

Micro-CT (pCT) analysis

uCT was performed on selected MgBRFDs 0, 14, 30, and 90
days after implantation using a SkyScan 1172 scanner (Bruker,
Kontich, Belgium) to evaluate preservation of the stent structure
after embedding the specimens in paraffin (see online supple-
mental figure 1). Details of the imaging parameters are described
in the online supplemental methods.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX) analysis

SEM and energy dispersive X-ray spectroscopy (EDX) were
performed on selected MgBRFDs 14, 30, and 90 days after
implantation (n=1or 2 per time point; online supplemental
figure 1). Biocompatibility was evaluated by SEM observation of
the neointimal coverage on the stent surface. Elemental analysis
of the representative stent struts was performed on the central
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Patency of jailed side branches

Vessel Bare E](;:tii-
diameter MgBRFD MgBRFD
> 500um 17/17 23/23
(100%) (100%)
<500um 6/6 10/10
(100%) (100%)

50% (2/4) 73% (8/11)

Figure 3  Resorption analysis of stent structures placed over side branches and patency of jailed side branches. Cross-sectional optical coherence
tomography (OCT) images 14 days after implantation of a bare magnesium-based bioresorbable flow diverter (MgBRFD) (A-1) and a poly-L-lactic acid
(PLLA)-coated MgBRFD (A-3) over a side branch. Corresponding scanning electron microscopy (SEM) images of the luminal surface of the vessel at
the side branch site are shown in A-2 and A-4, respectively. The images clearly depict destruction or preservation of the stent structure at the site over
the side branch. (B)Resorption analysis of stent structures at side branch sites using SEM and OCT images. SEM images at 14, 30, and 90 days after
implantation are shown. Percentages indicate the preservation rate of the stent structure at each time point as depicted on OCT images. The stent
structure at the side branch site was better preserved in the PLLA-coated MgBRFD at all time points. (C)Two consecutive OCT images show patency
of a branch vessel approximately 100 ym in diameter (white arrowhead). The table on the right shows the percentage of jailed side branch patency

according to vessel diameter.

cross-section of the stent using EDX to evaluate the degradation
state and degradation products. Mapping analysis was performed
on a representative stent strut. Eight representative stent struts
were randomly selected and point analysis was performed at the
center of each strut. SEM and EDX tissue processing and imaging
details are described in the online supplemental methods.

Histopathological processing and analysis

Histopathological analysis was performed on selected MgBRFDs
14, 30, and 90 days after implantation (n=2 or 3 per time point;
see online supplemental figure 1). Each harvested FD was
divided into three sections (proximal, middle, and distal), and
each cross-section was stained with hematoxylin and eosin, Elas-
tica van Gieson, and Masson trichrome.

Immunohistochemical staining for ionized calcium binding
adapter molecule 1 (Iba-1), Ki67, and alpha-smooth muscle
actin (0-SMA) was also performed in the same section. Details
of the processing and staining of histopathologic specimens

are described in the online supplemental methods. Neointimal
thickness measurements were performed as described in a
previous report.'! Cell counts of Iba-1-positive cells within the
neointima were performed to assess local inflammation. Because
Iba-1 could not stain giant cells infiltrating the stent struts, the
percentage of stent struts infiltrated by giant cells was measured
using hematoxylin and eosin staining as another assessment of
local inflammation. Ki67 cell counts were performed to assess
proliferative status within the neointima. o-SMA staining was
performed to assess neointimal maturity. All measurements were
performed in a blinded manner. Details of histopathological
tissue processing and analysis are described in the online supple-
mental methods.

Statistical analysis

Statistical analyses were performed using JMP Pro 17 (SAS
Institute, Cary, North Carolina, USA) or Prism 10 (GraphPad
Software, San Diego, California, USA). Continuous variables
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are expressed as means with SD and were compared using the
unpaired two-tailed t-test or one-way ANOVA with Tukey’s
post-hoc test. Categorical data were compared using the x>
test or Fisher exact test. P<0.05 was considered statistically
significant.

RESULTS

Physical and mechanical properties of MgBRFD

The porosity and pore density of the bare MgBRFD were 64%
and 16 pores/mm?, respectively; corresponding values for the
PLLA-coated MgBRFD were 63% and 12 pores/mm?, respec-
tively. Radial force testing results are shown in figure 1E.
The bare and PLLA-coated MgBRFDs were stronger than the
PLLA-FD but weaker than the CoCr-FD.

Angiographic and OCT outcomes
Angiography showed patency of the lumbar artery at all time
points in both types of MgBRFD (see online supplemental figure

Bareat 14 days - Bare at 90 days

100pum
—

=S

2). OCT attenuation score results are shown in figure 2C. At
all time points, OCT attenuation was significantly higher in the
PLLA-coated MgBRFD (14 days, P=0.01; 30 days, P=0.02; 90
days, P=0.004). However, the absolute values of the attenuation
score at 90 days were low for both types. Stent structure preser-
vation over the origin of side branches is described in figure 3B.
At all time points, stent structure was better preserved in the
PLLA-coated MgBRFD. The overall structural preservation rates
for the PLLA-coated and bare MgBRFDs were 73% and 5%,
respectively. All small side branches <500 pm in diameter were
patent in both types (figure 3C). Stent lumen stenosis on OCT
was mild: the maximum for each type of MgBRFD was <10%
(see online supplemental figure 3).

uCT outcomes
uCT results are shown in online supplemental figure 4. At 14
and 30 days, the bare MgBRFD exhibited more strut fractures.

PLLA-coated at 14 days PLLA-coated at 90 days

p=0.93 (bare), p=0.34 (PLLA-coated)

B | | e Mg-FD Bare
p=0.003 © Mg-FD PLLA-coated
2504 p=0.1 p=0.12 -
— 0.1 -
[ ] [ 7Y
200 e o
e [ )
K °

1504

100

504

Neointimal thickness (pm)

14 days

30 days 90 days

Figure 4

PLLA-coated
at 14 days

. PLLA-coated
Bare at 90 days o at 90 days .f,

500um 500um

(A) Scanning electron microscope images of the luminal surface of implanted bare and poly-L-lactic acid (PLLA)-coated magnesium-

based bioresorbable flow diverters (MgBRFDs). A smooth neointima covers the entire surface of both stents at 14 days; immature endothelial cells

are observed to line up in a cobblestone pattern. Endothelial cells are fully mature and characterized by well-defined elongated cells aligned in the
direction of flow. (B) Neointimal thickness over time. Dot plots show neointimal thickness per section. Data shown are means=SE. (C) Representative
images of alpha-smooth muscle actin (a-SMA) immunoreactivity within the neointima at 14 and 90 days. Several o-SMA-positive smooth muscle cells
infiltrated the neointima at 14 days and increased with time. (D) Cross-sectional histological images of an implanted bare MgBRFD at 14 and 30 days
(Masson'’s trichrome stain). The extracellular matrix within the neointima was abundant at 14 days. At 30 days it decreased and infiltration of cellular
components was observed. (E) Cross-sectional histological images of implanted bare and PLLA-coated MgBRFDs (hematoxylin-eosin stain).
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At 90 days, a large extent of stent structure loss was observed in
the bare MgBREFD but not in the PLLA-coated stent.

SEM and EDX outcomes
SEM images demonstrated excellent neointimal coverage of the
entire luminal surface of each MgBRFD at 14 days (figure 4A).
Excellent neointimal coverage was observed on the surface of
the PLLA-coated MgBRFD’s stent strut, even over the origin of
the side branch where neointimal coverage is most difficult to
achieve (figure 3B-2). The stent structure at the side branch sites
was better preserved with the PLLA-coated MgBRFD (figure 3B).
EDX elemental analysis results are shown in figure 5 and
online supplemental table 1. In the 14-day mapping analysis,
magnesium was observed in the center of the stent strut only
in the PLLA-coated MgBRFD. However, after 30 days it was
almost unidentifiable in both types of MgBRFD. Decomposition
to calcium proceeded similarly. The same trend was observed in
the point analysis. The decomposition product of the magne-
sium alloy was presumed to be calcium phosphate.

Histopathological outcomes

Fourteen days after implantation, o-SMA-positive differentiated
smooth muscle cells began to appear within the neointima in
both types of MgBRFD and endothelial cells covered almost
the entire surface of the neointima. Although the extracellular
matrix (blue in Masson trichrome staining) comprised most of
the neointima in both types at 14 days, the extracellular matrix
decreased over time and a cellular component consisting of
differentiated smooth muscle cells positive for a-SMA increased,
indicating further neointimal maturation (figure 4C,D). The

Bare MgBRFD
BSE image

control

14 days

30 days

90 days

degree of neointimal maturation did not differ between the two
types of MgBRFD.

The time course of neointimal thickness is shown in figure 4B,E
and online supplemental table 2. Thickness did not significantly
differ between the two groups at 14 and 30 days; however, the
neointima was significantly thicker in the PLLA-coated group
at 90 days (P=0.003). In both types, neointima thickness did
not significantly change over time (bare, P=0.93; PLLA-coated,
P=0.34).

Cell counts for Iba-1 and Ki67 and the percentage of stent
struts infiltrated by giant cells are shown in figure 6 and online
supplemental table 2. The number of Iba-1-positive cells was
significantly higher in the bare MgBRFD group at 90 days
(P=0.03) but not at other time points (14 days, P=0.64; 30
days, P=0.97). The number of Iba-1-positive cells significantly
decreased over time in both groups (bare, P=0.04; PLLA-coated,
P=0.005). The percentage of struts with giant cells significantly
decreased over time in the bare MgBRFD group (30 days vs 90
days, P=0.008; 14 days vs 90 days, P<0.001). A similar trend
was observed in the PLLA-coated MgBRFD group but the differ-
ences were not significant (P=0.12). Although the number of
Ki-67-positive cells did not significantly differ between the
groups at 14 and 30 days (14 days, P=0.06; 30 days, P=0.33), at
90 days the number was significantly higher in the PLLA-coated
group (P=0.005). The number of Ki67-positive cells decreased
significantly over time in the bare MgBRFD group (14 days vs
30 days, P=0.001; 30 days vs 90 days, P=0.002) and the PLLA-
coated group (14 days vs 30 days, P=0.008; 30 days vs 90 days,
P=0.02).

PLLA-coated MgBRFD
BSE image

Figure 5 Energy dispersive X-ray spectroscopy mapping analysis results of representative stent strut cross-sections. At 14 days in the poly-L-lactic
acid (PLLA)-coated magnesium-based bioresorbable flow diverter (MgBRFD), magnesium can be seen in most parts of the strut and there is a gradual
change from the surrounding area to degradation products. In contrast, in the bare MgBRFD the magnesium concentration in the strut is almost the
same as that in the background at 14 days and degradation products replace the entire strut. After 30 days, almost no magnesium is observed in
either the bare or PLLA-coated stent struts and degradation products replace the entire strut. BSE, back scattered electron.
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DISCUSSION

In this study of MgBRFDs in a rabbit vascular model, relatively
mature neointimal coverage was achieved early, confirming their
high biocompatibility. In addition, applying a PLLA coating
prolonged their degradation. Previous studies of MgBRFDs in
an animal aneurysm model used a coronary stent design, and
these were completely different from the FDA-approved perma-
nent FD design.??** In an in vitro study of a MgBRFD designed
by Oliver et al,® porosity was 81% and pore density was 4.3
pores/mm?”. These characteristics are far from ideal for achieving
a sufficient flow diversion effect. In contrast, the porosity and
pore density of our MgBRFD are equivalent to those of FDA-
approved permanent FDs. To the best of our knowledge, this
is the first study to confirm the in vivo reaction and resorption
behavior of a MgBRFD that has a structure similar to that of
conventional permanent FDs. Our findings should assist with
further research and development of BRFDs, which may be the
next breakthrough in endovascular treatment devices.

The initially reported BRFDs were constructed of PLLA, but
more recent designs have used iron and magnesium alloys.”™"!
Metal BRFDs have several advantages over those constructed
using a polymer. They are more rigid and have shown better
mechanical performance in patients undergoing percutaneous
coronary intervention.”* Furthermore, magnesium stents have
demonstrated excellent safety and biocompatibility in two clin-
ical studies.’® * They also acquire an electronegative charge
during degradation, which potentially confers antithrombotic
properties.'*> However, rapid resorption is a problem with
magnesium stents; the addition of a coating or adjustment of the
alloy composition is required to delay the speed of resorption.

Although the resorption period of our MgBRFD was
extended with a PLLA coating, it was still shorter than the 6-12
months required for a permanent FD to occlude an aneurysm.
The elemental analysis showed that resorption without the
coating was complete in 2 weeks. Even with the PLLA coating,
the magnesium almost completely disappeared in 1month.
However, once the neointima had covered the stent structure,
the covered degradation products appeared to remain as the
stent structure. Therefore, the loss of an element does not neces-
sarily indicate the loss of the stent structure. The ideal resorption
period for BRFDs is the duration for which the stent structure
remains intact until the aneurysm neck is covered with neoin-
tima. To evaluate the ideal resorption period of this MgBRFD,
experiments implanting the device in an aneurysm model are
required. A previous in vitro study of MgBRFD resorption
reported markedly different results from ours.® Furthermore,
in vitro and in vivo resorption times for magnesium stents can
greatly differ,” 2° possibly because replicating the complex in
vivo conditions and environment in an in vitro circuit is quite
difficult. Animal studies remain critical in mimicking magnesium
resorption behavior in humans.

The thickness of the neointima covering both the bare and
PLLA-coated MgBRFDs was greater than that reported in a
previous study of PLLA and CoCr FDs.!' However, it was
similar to the thickness (100-200um) reported in preclinical
studies of first- and second-generation FDs.”” *® Moreover,
stent lumen stenosis was only mild. Although we only examined
neointimal thickness out to 90 days, we expect it to decrease
beyond that time point because the number of proliferating
and inflammatory cells in the neointima had been continuously
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Figure 6 (A-1) Representative image of ionized calcium binding adapter molecule 1 (Iba-1) immunoreactivity in the neointima. (A-2) Cell counts

for Iba-1-positive cells. Dot plots show Iba-1-positive cells per section. (B-1) Representative image of stent struts infiltrated by giant cells. (B-2)
Percentage of struts with giant cells. Dot plots show the percentage of struts with giant cells per section. (C-1) Representative image of Ki67
immunoreactivity in the neointima. (C-2) Cell counts for Ki67-positive cells. Dot plots show Ki67-positive cells per section. Data in the graphs are

means+SE.
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decreasing in both the bare and PLLA-coated MgBRFD groups.
Neointimal coverage of both MgBRFD types was rapid, with
almost complete coverage of the stent surface at both the vessel
wall and over the side branches at 2 weeks. Achieving coverage
over the side branches is challenging because this site is not
attached to the vessel wall and receives continuous blood flow in
a perpendicular direction. Such remarkable neointimal coverage
at side branch sites has not been observed with previous perma-
nent FDs.”’! In fact, the side branch neointimal coverage
of a PLLA-coated MgBRFD was clearly superior to that of a
CoCr-FD, which was implanted in our previous research'' (see
online supplemental figure 5). If a MgBRFD can rapidly achieve
adequate neointimal coverage, aneurysm occlusion should occur
early and at a high rate. Therefore, a resorption period shorter
than the estimated 6-12 months may be acceptable. Rapid
neointimal coverage would also allow early discontinuation of
antiplatelet therapy. The fact that excellent neointimal coverage
is achieved even over side branches where the risk of thrombus
formation is high is an additional strength of the MgBRFD.
Further studies of PLLA-coated MgBRFDs in aneurysm animal
models are needed, including ones comparing them with perma-
nent FDs. Bare and PLLA-coated MgBRFDs rapidly achieved
thick neointimal coverage without occluding branch vessels,
including those <500 um in diameter, confirming their safety.
Many inflammatory cells were present early in the neoin-
tima covering both bare and PLLA-coated MgBRFDs. A bare
metal coronary stent study reported that the percentage of
struts with giant cells was at most 209, which is considerably
lower than the percentages found in our study for both types of
MgBRFD. Therefore, the inflammatory response generated by
the MgBRFD may be higher than that generated by permanent
FDs. Previous porcine studies have reported that the inflamma-
tory response is greater with resorbable magnesium coronary
stents than permanent ones, which was attributed to the induc-
tion and activation of macrophages by magnesium degradation
products.”® ** The degradation/resorption rate of both types of
MgBRED is fast owing to its thin strut design, which presumably
results in early induction of a greater number of inflammatory
cells as degradation products accumulate. Macrophages play a
pivotal role in neointimal formation,* ** and an early robust
inflammatory response may explain why the MgBRFD induces
excellent neointimal coverage. Early completion of magnesium
resorption should reduce the neointimal inflammatory response
over time; however, long-term data are needed to confirm this.

Limitations

This study has several limitations. First, we did not use a rabbit
aneurysm model nor a permanent FD as a control. However, our
device is a prototype, and our primary focus was to evaluate its
feasibility. Second, the sample size was small. Third, the device
needs improvement in several aspects. Despite the PLLA coating,
resorption time was faster than expected and 30% of stent struc-
tures over side branches were not preserved. Improving the alloy
composition as well as the method of coating may be required to
prolong the resorption period further and prevent fragmentation
due to stent degradation. Additionally, the device’s radiopacity
is inadequate, and thus we are considering combining it with a
radiopaque material, as has been performed with other BRFDs.
Furthermore, balloon angioplasty was routinely performed after
device implantation because the apposition of the device to the
vessel could not be confirmed under fluoroscopy. The introduc-
tion of radiopaque wires into the device is also anticipated to
address this issue. Fourth, we did not evaluate whether embo-
lization occurs with degradation-related device fragmentation.

However, no large branch or peripheral vessel occlusions were
observed. Finally, our observations were limited to 90 days after
implantation. Long-term data are essential to confirm changes
in neointimal thickness and inflammatory response and the final
fate of the device’s degradation products.

CONCLUSION

Both bare and PLLA-coated MgBRFDs had excellent biocom-
patibility in a rabbit vascular model. The PLLA-coated MgBRFD
has greater clinical feasibility because the coating delayed biore-
sorption. Future validation studies are warranted.
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