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Bioresorbable Poly (L-Lactic Acid) Flow Diverter
Versus Cobalt-Chromium Flow Diverter: In Vitro
and In Vivo Analysis
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BACKGROUND: Permanent metallic flow diverter (FD) implantation for treatment of intracranial aneurysms requires antiplatelet
therapy for an unclear duration and restricts postprocedural endovascular access. Bioresorbable FDs are being developed
as a solution to these issues, but the biological reactions and phenomena induced by bioresorbable FDs have not been
compared with those of metallic FDs.

METHODS: We have developed a bioresorbable poly (L-lactic acid) FD (PLLA-FD) and compared it with an FD composed of
cobalt-chromium and platinum-tungsten (CoCr-FD). FD mechanical performance and in vitro degradation of the PLLA-FD
were evaluated. For in vivo testing in a rabbit aneurysm model, FDs were implanted at the aneurysm site and the abdominal
aorta in the PLLA-FD group (h=21) and CoCr-FD group (n=1 5). Aneurysm occlusion rate, branch patency, and thrombus
formation within the FD were evaluated at 3, 6, and 12 months. Local inflammation and neointima structure were also
evaluated.

RESULTS: Mean strut, porosity, and pore density for the PLLA-FD were 41.7 pym, 60%, and 20 pores per mm?, respectively.
The proportion of aneurysms exhibiting a neck remnant or complete occlusion did not significantly differ between the
groups; however, the complete occlusion rate was significantly higher in the PLLA-FD group (48% versus 13%; P=0.0399).
Branch occlusion and thrombus formation within the FD were not observed in either group. In the PLLA-FD group, CD68
immunoreactivity was significantly higher, but neointimal thickness decreased over time and did not significantly differ from
that of the CoCr-FD at 12 months. Collagen fibers significantly predominated over elastic fibers in the neointima in the
PLLA-FD group. The opposite was observed in the CoCr-FD group.

CONCLUSIONS: The PLLA-FD was as effective as the CoCr-FD in this study and is feasible for aneurysm treatment. No
morphological or pathological problems were observed with PLLA-FD over a 1-year period.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: absorbable implants ® animal experiments ® intracranial aneurysm ® polymers ® stent

intracranial aneurysms has been demonstrated in
numerous studies.'™ The complete aneurysm occlu-
sion rate at a 1-year follow-up was 81.9% with Pipeline
(Medtronic) and 95.3% with FRED (Microvention, Aliso
Viejo, CA), which is structurally different from Pipeline.*®

The effectiveness of flow diverter (FD) treatment of

Diversion of blood flow by FD enables thrombus for-
mation within the aneurysm sac. Moreover, endothelial
cells grow along the FD scaffold. These phenomena can
result in aneurysm occlusion and prevent a recurrence.®
In view of its efficacy and healing mechanism, the braided
stent design with its dense weave and small pores may
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Nonstandard Abbreviations and Acronyms

aSMA
CoCr-FD

alpha-smooth muscle actin

flow diverter composed of cobalt-
chromium and platinum-tungsten

FD flow diverter

Mw weight average molecular weight
ocCT optical coherence tomography
PLLA-FD flow diverter made of poly (L-lactic acid)

have already reached the expected level of success as a
device concept.

On the contrary, the placement of permanent metallic
FDs is associated with several issues. First, inadequate
duration of antiplatelet medication carries the risk of
ischemic stroke. Second, when an FD-treated aneurysm
recurs, the only endovascular retreatment option is to
place an overlapping FD without changing the strategy.
Third, FD coverage of any branch vessels near the aneu-
rysm makes the approach impossible. Fourth, FDs cause
artifacts on postoperative imaging. These problems could
be solved by devices that bioabsorb after aneurysm
healing.

Bioresorbable polymers have been used to construct
bioresorbable coronary scaffolds with Conformité Euro-
péene marking.”® Wang et al® first developed a semi-
bioresorbable polyglycolic acid FD. We first reported
the feasibility of completely bioresorbable poly (L-lactic
acid) FD (PLLA-FD) in a preclinical study.” Since then,
Jamshidi et al'" have reported preliminary safety data
regarding the implantation of a self-expandable PLLA-
FD in the rabbit aorta, and the flow diversion behavior of
a novel bioresorbable FD has been reported by Muram et
al.'? However, no study has yet compared bioresorbable
polymer and metallic FDs. Biological reactions associ-
ated with the degradation of bioresorbable materials
need to be compared with those of metallic materials.
Since our previous report,'® we have improved the PLLA-
FD prototype; now, it is structurally similar to commer-
cial metal FD and has self-expanding properties. In this
study, we report its physical properties, bioresorbability,
efficacy, and biological responses and compare it with a
metallic FD composed of cobalt-chromium and platinum-
tungsten (CoCr-FD) in a rabbit model.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

FD Design and Mechanical Testing

Bioresorbable medical-grade PLLA (BMG, Kyoto, Japan) with a
weight average molecular weight (Mw) of 220000 g/mol was
used as the PLLA-FD material. PLLA was processed into fine
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fibers by a melt-spinning method. The PLLA-FD was designed
as a braided structure with 48 PLLA fibers (inner diameter, 4
mm; length, 10-15 mm; Figure 1A). After annealing and cut-
ting, 3 radiopaque gold markers were attached 1 mm inside
each end. The CoCr-FD was braided with 36 cobalt-chromium
and 12 platinum-tungsten wires to have identical inner diam-
eter and length as PLLA-FD (Figure 1B). Mechanical perfor-
mance testing was conducted on PLLA and CoCr wires to
evaluate tensile strength, tensile modulus, and elongation rate
at break (n=6 per group). Assessments of porosity and pore
density (n=4 per group) were performed (see the Supplemental
Methods for details). Radial force testing was performed on
the PLLA-FD, CoCr-FD, and the initial prototype PLLA-FD we
have reported previously."

In Vitro Degradation Testing

To determine the status of the PLLA-FD during the period
required for aneurysm healing (real-time degradation test),
samples were assessed on months 3,6, 9, 12, 15, and 18. Gel
permeation chromatography assessing Mw and number aver-
age molecular weight and radial force testing were performed.
To predict when the PLLA-FD bioabsorbes (accelerated degra-
dation test), Gel permeation chromatography was performed on
days 3,6,9, 12, 15, and 18. Detailed information is described in
the Supplemental Methods.

In Vivo Animal Experiments

Aneurysm Construction

The animal study protocol was approved by the Institutional
Animal Care Committee of the Kyoto University Graduate
School of Medicine (Med Kyo 20253, 21592). Elastase-
induced aneurysms were created at the origin of the right com-
mon carotid artery in 36 female New Zealand white rabbits
(2.6-3 kg; KITAYAMA LABES, Ina, Japan) as described in a
previous study.'s At least 3 weeks were allowed for aneurysm
maturation.

FD Implantation

Oral aspirin (30 mg/day) and clopidogrel (30 mg/day) were ini-
tiated 1 week before FD implantation. In each rabbit, the same
type of FD in the preplanned order was implanted into the right
subclavian artery and the abdominal aorta (30 CoCr-FDs in
15 rabbits and 42 PLLA-FDs in 21 rabbits). Detailed informa-
tion on the procedure of FD implantation is described in the
Supplemental Methods. The FDs were deployed proximal to the
origin of the right vertebral artery to cover the aneurysm neck
and in the abdominal aorta to cover a lumbar artery ostium.
For the CoCr-FD, angioplasty was performed only when FD
malapposition was suspected. Angioplasty was not used with
the PLLA-FD. Aspirin and clopidogrel were continued postop-
eratively until animal sacrifice.

Specimen Retrieval and Sacrifice

At 3, 6, and 12 months, PLLA-FD rabbits (n=7) and CoCr-FD
rabbits (n=5) were anesthetized to perform DSA and opti-
cal coherence tomography (OCT; ILUMIEN OPTIS; Abbott
Vascular, Santa Clara, CA) at the FD implantation site via a
left femoral artery BF sheath. After evaluation, the rabbits
were euthanized. Detailed information on specimen retrieval is
described in the Supplemental Methods.
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Figure 1. Structure of the 2 types of flow diverters and mechanical properties of the constituent wires.

A, Photographs of the poly (L-lactic acid) flow diverter (PLLA-FD) constructed of 48 fine PLLA fibers (top) and scanning electron microscope
(SEM) image of the PLLA-FD showing 60% mean porosity and 20 mean pores per mm? (bottom). B, Photographs of the metallic flow diverter
constructed of 36 cobalt-chromium and 12 platinum-tungsten wires (CoCr-FD; top) and SEM image of the CoCr-FD showing 68% mean
porosity and 21 mean pores per mm? (bottom). Black bars represent 5 mm, and white bars represent 500 pm. C, Mean values of tensile
strength, tensile modulus, and elongation rate for cobalt-chromium and PLLA wires. Dot plots show the value for each wire (n=6 per group).

Histopathological and Immunohistochemistry Processing
For the aneurysm sample, a cross-section was cut at the aneu-
rysm neck. The abdominal aorta sample was divided into 3 por-
tions (proximal, branch including, and distal). The sections were
stained with hematoxylin and eosin, Elastica van Gieson, and
Masson trichrome. The primary antibodies were mouse aSMA
(alpha-smooth muscle actin) monoclonal antibody, and mouse
CD68 monoclonal antibody. Then, the samples were incubated
with secondary antibodies. Detailed information is described in
the Supplemental Methods.

Tissue Processing for Scanning Electron Microscopy
The details of processing for scanning electron microscopy are
shown in the Supplemental Methods.

Data Analysis

Angiographic and OCT Evaluation

Aneurysm size (width, height, and neck) was confirmed on
DSA imaging before FD implantation. The degree of aneurysm
occlusion (body filling, neck remnant, and complete occlusion)
was evaluated by DSA at the time of sacrifice. The patency of
the lumbar artery covered by the FD (patent or occluded) was
assessed by DSA and OCT. Thrombus formation inside the FD
and vessel wall apposition of the FD were evaluated by OCT. FD
malapposition was defined as >200 um between the FD and
vessel wall. The wall apposition rate was calculated using the fol-
lowing formula: [1—(FD malapposition length/FD total length in
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the vessel)]x 100%. OCT image analyses were performed using
the Offline Review Workstation (Abbott Vascular). Two endovas-
cular specialists independently evaluated all imaging studies in
a blinded fashion. In case of discrepancies in semiquantitative
or qualitative assessment, the worse rating was used. The mean
value was calculated for quantitative measurement.

Histopathological Analysis

Neointimal thickness was measured at 8 points located radi-
ally from the center of the vessel on Masson trichrome—stained
sections of the abdominal aorta. Neointimal thickness was
defined as the distance from the original internal elastic lam-
ina to the luminal border. The mean value was calculated for
each section. The composition of the neointima was examined
by evaluating elastic fibers with Elastica van Gieson staining
(deep purple), collagen fibers with Masson trichrome staining
(blue), and smooth muscle with a positive aSMA reaction by
immunostaining. The details of how the composition rate was
calculated are shown in the Supplemental Methods and fig-
ure legends. Within the neointima, CD68-positive cells were
counted to evaluate local inflammation. When sections were
of insufficient quality or stained, or had FD malapposition as
defined above, they were excluded. Each measurement was
performed in a blinded manner.

Statistical Analysis
Statistical analyses were performed using JMP Pro 16 (SAS
Institute, Inc, Cary, NC) or Prism 9 (GraphPad Software,
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San Diego, CA). Continuous data were compared using the
unpaired 2-tailed t test, Mann-Whitney U test, 1-way ANOVA,
or the Kruskal-Wallis test. Categorical data were compared
using Fisher exact test. A<0.05 was considered significant.

RESULTS

Evaluation of Physical Properties of Materials
and FDs

For the CoCr and PLLA wires (n=6 per group), mean diam-
eter was 30 pm (range, 30.0-30.0) and 41.7 pm (range,
41.0-42.0). Although tensile strength and tensile modulus
differed considerably, elongation at break was comparable
(Figure 1C). Mean porosity and mean pore density of the
PLLA-FD (n=4) was 60% (range, 56%—-63%) and 20
pores per mm? (range, 18-23), respectively. Corresponding
values of the CoCr-FD (n=4) were 68% (range, 66%—70%)
and 21 pores per mm? (range, 20~22). On radial force test-
ing, 37% deformation occurred at 0.3 N for PLLA-FD. The
strength of the new PLLA-FD was superior to that of the
initial PLLA-FD prototype'®; mean strength calculated on
the basis of the change rate was 227% (range, 166%-—
288%). Mean strength of PLLA-FD compared with CoCr-
FD was 99% (range, 78%-—118%; Figure 2A).

Degradation Test

Based on the Gel permeation chromatography analysis
of the PLLA-FD in the real-time degradation test, the

Comparison of Polymer and Metal Flow Diverters

control Mw was 213000 g/mol, which decreased to
62600 g/mol (29%) at 18 months. The control number
average molecular weight was 119000 g/mol, which
decreased to 13700 g/mol (12%) at 18 months. Mw/
number average molecular weight increased from 1.79
(control) to 4.56 at 18 months, reflecting the variation in
molecular weight distribution owing to polymer degrada-
tion (Figure 2B). The shape of the FD was intact at 18
months. In the accelerated degradation test, the control
Mw was 231000 g/mol, which decreased to 15700
g/mol (6.8%) at 18 days (Figure 2C). The FD sample
on 18 days lost its stent shape when lightly grasped
with forceps. In the radial force test, strength gradually
decreased during the degradation process to 44.3%
(mean; range, 30.9%-59.7%) of the control sample at
18 months (Figure 9A). The in vivo results are shown in
Figure S1.

Angiographic and OCT Outcomes

Angiographic and OCT outcomes are summarized in
Table S1, Figures 3A through 3F and 4A through 4C,
and Figure S2. Aneurysm size did not significantly differ
between the CoCr-FD and PLLA-FD groups with respect
to width, height, or neck. The proportion of aneurysms
exhibiting either a neck remnant or complete occlusion
did not significantly differ between the groups overall
(47% and 57%, respectively; P=0.7360) or at any time
point. However, the complete occlusion rate was signifi-
cantly higher in the PLLA-FD group (48% versus 13%;
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Figure 2. Qualitative variations in the poly (L-lactic acid) flow diverter (PLLA-FD) over time.

A, Results of radial force testing in the PLLA-FD, cobalt-chromium and platinum-tungsten flow diverter (CoCr-FD), initial PLLA-FD prototype, and
PLLA-FD after 1,3,6,9, 12, 15, and 18 mo of degradation. B, Results of gel permeation chromatography (GPC) in vitro real-time degradation
test for PLLA. At 18 mo, weight average molecular weight (Mw) decreased by 71% and number average molecular weight (Mn) decreased by
88%. C, Results of GPC in vitro accelerated degradation test for PLLA. Mw decreased by 93% and Mn by 98% at 18 d.
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Figure 3. Variations after poly (L-lactic acid) flow diverter (PLLA-FD) implantation at aneurysm site.

A through C, Results in 1 rabbit sacrificed 3 mo after PLLA-FD placement. A, Angiographic images of the aneurysm before and 3 mo after
placement. B, Photograph of a specimen taken after timming (left). The blue dotted line represents the cut line for the right photograph. The
right photograph was inside the vessel in which the PLLA-FD was implanted. The black dotted line delineates the area of the aneurysm ostium.
Neointima grew along the PLLA-FD scaffold and completely occluded the ostium. The red and black arrowheads in A and B indicate the distal
and proximal radiopaque markers, respectively. C, Scanning electron microscopy image of the occluded aneurysm ostium. Endothelial cells were
observed in the surface layer. D through F, Results in 1 rabbit sacrificed 3 mo after PLLA-FD placement. D, Angiographic images of the aneurysm
before and 3 mo after placement. E, Cross-sectional optical coherence tomography image capturing the ostium of the occluded aneurysm. F(i),
Histological image (Elastica van Gieson staining) of a cross-section of the occluded aneurysm and F(ii) enlarged image of the black square in
F(i). The aneurysmal occlusion was stabilized from the inside by a monolayer of endothelium, a layer of elastic fibers, and a layer of collagen fibers
with strut components. Inflammatory cells are observed around some of the strut components. The white arrowheads in E and F(i) indicate both

ends of the aneurysm neck.

P=0.0399). Occlusion of a covered lumbar artery and
thrombus formation within the FD was not identified in
either group. The median wall apposition rate did not dif-
fer between the 2 groups.

Histopathological Outcomes

The neointima was significantly thicker in the PLLA-FD
group than the CoCr-FD group at 3 months (P<0.0001)
and 6 months (/P<0.0001); however, neointimal thick-
ness decreased with time in the PLLA-FD group. At
12 months, mean thickness did not significantly differ
between the groups (59 versus 66 pm; P=0.0973; Fig-
ure 4D through 4E; Figure S3). CD68 immunoreactiv-
ity within the neointima was significantly higher in the

Stroke. 2023;54:1627-1635. DOI: 10.1161/STROKEAHA.122.042043

PLLA-FD group at 3 months (P=0.0041), 6 months
(P=0.0489), and 12 months (P=0.0383) than in the
CoCr-FD group. CD68 immunoreactivity did not sig-
nificantly differ between time points in the PLLA-FD
group (P=0.9866; Figure bA). CD68-positive cells were
observed only in the periphery of the struts. No granu-
lation formation was observed. Neointimal composition
is summarized in Figure 5B through bF. The PLLA-FD
group had significantly more collagen fibers (P=0.0030)
and significantly fewer elastic fibers (A<0.0001) and
smooth muscle cells (P=0.0033) than the CoCr-FD
group. In particular, the neointima in the PLLA-FD group
contained significantly more collagen fibers than elas-
tin fibers (mean collagen/elastin ratio, 1.565 [95% CI,
1.335—-1.794]). Nine of the 11 samples in the CoCr-FD
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Figure 4. Variations after flow diverter implantation at the abdominal aorta.

A and B, Results from 1 rabbit sacrificed 12 mo after poly (L-lactic acid) flow diverter (PLLA-FD) placement. A, Angiographic images before
sacrifice. The black arrowheads indicate the radiopaque markers. B, Four consecutive optical coherence tomography images showed patency of a
branch vessel 180 pm in diameter (white arrowhead). €, Scanning electron microscope images of the abdominal aorta containing the PLLA-FD
in 1 rabbit sacrificed 3 mo after implantation. Neointima covered the edge of the PLLA-FD and smoothly transitioned from the normal vessel

wall (left). The PLLA-FD scaffold was entirely covered with neointima at 3 mo (right). D, Histological images (Masson trichrome staining) of a
cross-section of the abdominal aorta and PLLA-FD. Specimen from a rabbit sacrificed at 3 mo (left) and 12 mo (right). E, Dot plots show mean
neointimal thickness per section (n=11, 18, 12,14, 11, and 12 sections; 4, 6, 4, 6, 4, and 6 rabbits, respectively. ***£<0.0001, unpaired 2-tailed ¢

test, 1-way ANOVA). Values represent means£SE.

group showed the opposite, although significance could
not be demonstrated (mean collagen/elastin ratio,
0.8664 [95% CI, 0.6693-1.063]). The difference in
this ratio between 2 groups was significant at 6 months
(P=0.0310) and 12 months (P=0.0176), although not at
3 months (P=0.0523).

DISCUSSION

The Absorb BVS (Abbott Vascular), the first bioresorb-
able polymer stent approved by the US Food and Drug
Administration for use in coronary arteries, had a criti-
cal problem with thrombus formation.”* However, with
the maturation of procedural strategies for bioresorbable
stents, such as thorough vessel wall apposition, other
bioresorbable coronary stents have solved the prob-
lem."81% We developed a bioresorbable FD made entirely
of PLLA and have previously reported a pilot study.’
However, the initial prototype consisted of 16 braided
pairs of 3 PLLA wires and required angioplasty. In addi-
tion, its structure and performance were severely inferior
to that of commercially available metal FDs. Furthermore,
because it degraded rapidly, it did not maintain structure

1632  June 2023

for the period necessary for aneurysm occlusion. There-
fore, we made several PLLA-FD modifications for this
study. These modifications have resulted in 3 improve-
ments. First, the structure of PLLA-FD approached the
porosity (65%—70%) and pore density (>18 pores per
mm?2) that are considered ideal for an FD."'® Second, the
radial force was twice that of the initial prototype PLLA-
FD (Figure 2A),'° allowing the PLLA-FD to self-expand.
A radial force of 0.3 N caused 37% deformation in our
study, which demonstrates adequate strength similar to
that of the FD of PLLA reported by Jamshidi et al'' (0.45
N to reach 50% deformation). Third, the polymer bioab-
sorption period was prolonged and structure was main-
tained for 12 months, which appears to be the minimum
required period based on previous clinical studies.'” The
PLLA-FD structure was maintained at 18 months (Mw,
62600 g/mol) in the real-time degradation test but not
at 15700 g/mol of Mw in the accelerated degradation
test. The correlation between polymer molecular weight
and physical properties is consistent with previous
reports.'®2° These results suggest that FD degradation
and absorption would occur around 24 months in real
time. As a result of these 3 improvements, the complete

Stroke. 2023;54:1627-1635. DOI: 10.1161/STROKEAHA.122.042043
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Figure 5. Differences between groups regarding local inflammation and vessel remodeling after flow diverter implantation.

A, Representative image of CD68 immunoreactivity in the neointima. Dot plots show CD68-positive cells per section (n=9, 18, 11, 14, 8,and 11
sections; 4, 6, 4, 6, 3, and 6 rabbits, respectively. *<0.01, *F< 0.05, Mann-Whitney U test and Kruskal-Wallis test). Values represent medians. B,
Imaging process for calculating the percentage of elastin fiber composition within the neointima: (B-1) image of specimen stained with Elastica van
Gieson; (B-2) image-adjusted hue and saturation under all the same conditions to clarify the color of elastin fibers from other colors after trimming
just the neointima using Photoshop; (B-3) image converted to binary data using the ImageJ software; (B-4) image of the entire neointima obtained
after optimizing the threshold of image B-2 under all the same conditions. €, Imaging process for calculating the percentage of collagen fiber
composition within the neointima: (C-1) image of specimen stained with Masson trichrome; (C-2) image-adjusted hue and saturation under all the
same conditions to clarify the color of collagen fibers from other colors after trimming just the neointima using Photoshop; (C-3) image converted to
inverted binary data using the Imaged software; (C-4) image of the entire neointima after optimizing the threshold of image C-2 under all the same
conditions. D, Imaging process for calculating the percentage of smooth muscle composition within the neointima: (D-1) image of aSMA (alpha-
smooth muscle actin)-positive cells; (D-2) inverted image of image D-1 after trimming just the neointima using Photoshop; (D-3) image converted
to binary data. The area of neointima was calculated as the mean of the black areas in B-4 and C-4. The elastin fiber, collagen fiber, and smooth
muscle composition rates were calculated as [(black area of B-3)/(area of neointima)]x100%, [(black area of C-3)/(area of neointima)]x 100%,
and [(black area of D-3)/(area of neointima)]x 100%, respectively. Dot plots of the elastin fiber, collagen fiber, and smooth muscle composition
rates and collagen fiber/elastin fiber ratio overall and (E) over time (F) in the cobalt-chromium and platinum-tungsten flow diverter (CoCr-FD) and
poly (L-lactic acid) flow diverter (PLLA-FD) groups (n=11 and 17 sections; 11 and 17 rabbits, respectively. ***P<0.0001, **<0.001, *A<0.01,
*P<0.05, unpaired 2-tailed ttest and 1-way ANOVA). Values represent means£SE. Bars, 100 pm.

aneurysm occlusion rate in this study (48%) was twice
the rate reported in our previous study (24%)'° and com-
parable to the 53% rate reported for the first-genera-
tion pipeline embolization device during development.?'
Although the radial force of the PLLA-FD and CoCr-FD
were comparable, the PLLA-FD was associated with a
significantly higher rate of complete occlusion. These
results suggest that PLLA is feasible as a material for
FD construction. However, the second-generation pipe-
line embolization device clinically applied was associated
with a 93% complete occlusion rate in an animal study.?
Therefore, further improvements in the PLLA-FD are
needed for clinical application.

In our previous study, the incidence of thrombus forma-
tion within the PLLA scaffold was 1.8% at 3 months and

Stroke. 2023;54:1627-1635. DOI: 10.1161/STROKEAHA.122.042043

none after 6 months.'®In this study, OCT showed no throm-
bus formation within the FD, possibly because of improved
vessel wall apposition and a braided structure, as shown
in a previous report on coronary stents?® As with biore-
sorbable coronary stents, thrombosis may not be a major
problem in sufficient wall apposition of PLLA-FD.'® Neo-
intimal proliferation may cause lumen area stenosis; how-
ever, in this study, neointimal thickness in the PLLA-FD
group decreased over time and was not significantly dif-
ferent from that of the CoCr-FD group at 12 months (Fig-
ure 4E). This result is consistent with our previous study in
which neointimal thickness peaked at 3 months.'® Otsuka
et al** reported that neointimal thickening was greater
with bioresorbable polymer stents than with bare cobalt-
chromium stents over 3.5 years in a porcine coronary
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artery. Sadasivan et al'® reported that lower porosity and
lower pore density are associated with neointimal thick-
ening. These results suggested that the initial difference
in neointimal thickness between the 2 groups might have
been due to the differences in material or pore structure
and due to differences in strut thickness. Unlike the pro-
cess in coronary stents, the lack of significant differences
in thickness after 12 months between the 2 groups may
be attributed to the thinner struts of FD. In fact, a new
generation of coronary stent with ultrathin struts is also
expected to decrease neointimal proliferation.?® However,
local inflammation as shown by CD68 was significantly
higher in the PLLA-FD group than the CoCr-FD group at
all observation points and did not decrease over time. Thus,
the course of neointimal thickness differences did not cor-
relate with the course of inflammation differences. Otsuka
et al** also reported that inflammation was significantly
higher for bioresorbable polymer coronary stents than for
cobalt-chromium coronary stents for >3 years. In the pres-
ent study, CD68-positive cells were observed only around
the strut, which may represent an ongoing inflammatory
response to the lactic acid produced by hydrolysis of the
PLLA. Therefore, such findings may persist for as long as
the resorption process continues. Collagen fibers predom-
inated over elastic fibers in the neointima in the PLLA-FD
group at all time points and vice versa in the CoCr-FD
group (Figure 5F). The differences in the composition
of the extracellular matrix might be due to differences in
inflammation because of a similar process. An increased
collagen/elastin ratio is not ideal for arterial vascular
remodeling because it decreased vascular extensibility,?®
but they might be more biocompatible than a permanent
implant remaining in the vessel. The reduction in neointi-
mal thickness while maintaining the composition needs to
be verified, and long-term and immunohistological evalu-
ations will be necessary in the future. Consequently, we
identified no obvious morphological or pathological prob-
lems with the PLLA-FD in this study.

Bioresorbable coronary scaffolds with polymer or
magnesium have been applied in clinical practice.?” Oli-
ver et al® reported that metals such as iron or magne-
sium would be ideal for the material of bioresorbable
FDs in terms of mechanical strength and biocompatibil-
ity. However, the number of reports regarding bioresorb-
able FD is limited.®'? The reason for this lack of reports
is that achieving the ideal FD structure is challenging
owing to its inferior strength or difficulty in adjusting the
absorption period. Bioresorbable FDs of any material
will continue to be developed as a solution to the prob-
lems associated with permanent metallic ones.

Limitations

This study has severallimitations. First, the aneurysm healing
rate in the CoCr-FD group was lower than that reported in
previous studies.'®?? A post-project survey showed that the
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radial force of the CoCr-FD increased >2.35x by changing
the annealing conditions. Vessel wall apposition is the most
important factor in aneurysm occlusion.?® Therefore, insuf-
ficient radial force due to inadequate annealing conditions
may have resulted in incomplete FD apposition and a lower
aneurysm healing rate of CoCr-FD. Second, in the present
study, visibility was limited to radiopaque markers at both
ends because we aimed to create FDs with uniformity of
structure using only pure PLLA. This may have resulted in
insufficient apposition of the PLLA-FD to the vessel wall.
In clinical applications, another solution is required, such as
replacing the wire with a visible wire as reported by Jam-
shidi et al."" Third, OCT imaging at FD implantation, which
confirmed FD apposition to the vessel wall, was missing.
This lack of imaging and insufficient radial force may have
led to a low cure rate in the CoCr-FD group. In addition,
the PLLA-FD group may have achieved a higher cure rate
with OCT imaging, which can compensate for the prob-
lem of radiopacity. Fourth, the potential problem of frag-
mentation in bioresorbable materials was not adequately
verified. Since all lumbar arteries were patent and the struts
of the FD floating on the ostium of the branching vessel
were covered with endothelial cells (Figure S4), it cannot
be concluded that fragmentation is an inevitable problem.
However, if the FD had been implanted in the aorta, includ-
ing the renal artery bifurcation, a detailed examination of
the kidney could have provided more information about the
potential fragmentation. Nevertheless, in this study, the FD
did not cover renal artery bifurcation. Fifth, the FD was not
placed distal to the origin of the right vertebral artery to
avoid a diameter mismatch between the vessel and the FD.
Therefore, the performance of the FD in a vessel <2 mm
was not assessed. Further studies are required to inves-
tigate the performance of the FD in a small vessel, par-
ticularly considering the early-stage neointimal thickening
observed with the PLLA-FD.

Conclusions

The PLLA-FD is feasible for the treatment of intracra-
nial aneurysms and was as effective as the CoCr-FD in
this study. No morphological and pathological adverse
events were observed with bioresorbable PLLA-FD over
a 1-year period. There continues to be a need to improve
healing rate by increasing radial force and achieving
radiographic visibility.
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