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Y. Pierre Gobin, Harry V. Vinters, Masaya Iwaki, and Toshiaki Abe

BACKGROUND AND PURPOSE: lon implantation is a surface-modification technology that
creates a borderless surface on protein-coated platinum; this change in physical and chemical
properties on the surface of Guglielmi detachable coils (GDCs) appears to enhance cell prolif-
eration and adhesion. Our purpose was to evaluate the effect of ion implantation on GDCs in
an experimental aneurysm model.

METHODS: GDCs were coated with either type | collagen, fibronectin, vitronectin, laminin,
or fibrinogen. Using Het or Net 1 x 101415 jons/cm?, ion implantation was performed on these
protein-coated GDCs (GDC-Is). A total of 56 experimental aneurysms were constructed mi-
crosurgically in the common carotid arteries of 28 swine. These experimental aneurysms were
embolized with standard GDCs (n = 23), collagen GDC-Is (n = 11), vitronectin GDC-Is (n =
6), laminin GDC-Is (n = 4), fibrinogen GDC-Is (n = 6), and fibronectin GDC-Is (n = 6). The
animals were sacrificed at day 14 after coil embolization. The physical properties of the new
coils (friction on delivery, deployment into aneurysms, trackability, etc) and the development
of tissue scarring and neoendothelium across the aneurysm’s orifice were evaluated macro-
scopically and microscopically.

RESULTS: No evidence of increased coil friction/stiffness was observed during delivery of
GDC-Is through microcatheters in this aneurysm model. A more intense scar formation and
neoendothelium at the neck of aneurysms were observed macroscopically when treated with
GDC-Is. Significant differences in the proportion of neck coverage between standard GDCs
(48.3% = 20.5%) and all GDC-I groups were observed (collagen GDC-1—89.4% = 14.9%, P
< .01, vitronectin GDC-1—71.5% = 7.0%, P < .05; laminin GDC-—76.5% = 11.0%, P <
.05; fibrinogen GDC-1—74.8% = 13.9%, P < .05; fibronectin GDC-I—87.5% = 15.0%, P <
.01). Light microscopy showed a well-organized fibrous tissue bridging the aneurysm’s neck
when using GDC-Is, whereas only a fibrin-like thin layer covered the standard GDC surfaces.

CONCLUSION: GDC-Is indicated a more intense inflammatory response in the aneurysm
body and dome and faster re-endothelial coverage of the neck of the aneurysm. Thisaccelerated
histologic response may decrease the chances of coil compaction and aneurysm recanalization.
Thistechnology may improve anatomic and clinical outcomesin patients harboring intracranial
aneurysms.

The clinical use of Guglielmi detachable coils
(GDCs) has been accepted as a valuable alternative
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to the surgical treatment of cerebral aneurysms (1—
5). Recent clinical experience reported in the lit-
erature indicates that complete occlusion can be
achieved in more than 80% of small-sized/small-
necked aneurysms.

A small neck remnant, however, is seen frequent-
ly in wide-necked, large, or giant aneurysms. The
natural history of such neck remnants is not well
documented. A limited number of long-term angi-
ographic studies has shown that one third of treated
aneurysms with small neck remnants developed
coil compaction and recanalization. Another third
of these aneurysms demonstrated further throm-
bosis of the neck remnant, and the remaining one
third remained anatomically unchanged (4).
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GDC cails are biologically inert. They produce
alimited cellular response in the aneurysm clot and
delayed development of neoendothelial coverage
across the neck of the aneurysm. Neoendothelium
is histologic evidence that the aneurysm has been
totally isolated from the circulation. The relatively
slow development of neoendothelial coverage
across the neck of the aneurysm alows coil com-
paction with concomitant aneurysm recanalization
and regrowth. Therefore, the development of a
more biologically active GDC can improve present
anatomic and clinical outcomes by accelerating
scar formation and neoendotheilal coverage across
the neck of the aneurysm.

Several modifications of the GDC surface have
been reported, including the use of extracellular
matrix (ECM) proteins, polymer coating, or the ad-
dition of cytokines such as growth factors (6-11).
These types of GDC modifications have been
shown to improve biological activity in vitro and
in limited in vivo evaluation in the animal labora-
tory. They have not been used yet in clinica
practice.

A limited number of investigators have studied
the surface interaction between blood cells and em-
bolic materials (8, 9, 12-15). Because GDC coils
are exposed to high blood flow shear stress at the
neck of an aneurysm, strong cell-coil surface ad-
hesion is necessary to achieve strong and acceler-
ated re-endothelialization across the aneurysm's
neck. This strong cellular adhesion would limit un-
toward thromboembolic complications from emboli
arising from the coil surface exposed to fibrin and
platelets.

lon implantation is a surface-modification tech-
nology that creates a borderless surface on protein-
coated platinum (13). This change in physical and
chemical properties on the surface of the GDC coils
appears to enhance cell proliferation and adhesion.
This technology can be used in association with
several protein coatings on the surface of GDCs.

We studied this methodology in the animal lab-
oratory, analyzing its impact on cellular prolifera-
tion and adhesion as mechanisms of wound healing
at the neck of aneurysms. We compared results
with standard and ion-implanted GDC coils placed
under similar biological conditions.

Methods

lon Implantation

lon implantation is a physico-chemical surface-modification
process resulting from the impingement of a high-energy ion
beam (16). When ion implantation is performed on a protein-
coated GDC surface, the coated protein is embedded and
mixed into the GDC surface (protein-coated GDC-1). The ma-
jor difference between conventiona coating and ion-implan-
tation technology is in the quality of the interfaces. Any stan-
dard coating process has an interface (or ‘“‘border’”) between
coating materials (such as proteins) and the base materials
(such as platinum). Regular GDC coating may be stripped
away by mechanical stress while depositing the coil through
long, small microcatheters. lon implantation creates avery thin
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Fic 1. Scanning electron-microscopic appearances of surface
of a standard coil (A) and a protein-coated ion-implanted coil (B)
(original magnification, X1500). Note crater-like appearance of
ion-beam bombardment on protein-coated coil surface.

film of protein adherent that is embedded into the coil surface,
producing neither significant changes in the diameter of the
coil nor increased coil rigidity (13).

Animal Preparation

All animal experiments were conducted in accordance with
policies set by the UCLA Chancellor's Animal Research Com-
mittee and National Institutes of Health guidelines. Twenty-
eight Red Duroc swine were used in this study. The animals
were 3 to 4 months old, weighed 30 to 40 kg, were of either
sex, and were maintained on a standard laboratory diet. After
an overnight fast, each swine was premedicated with intra-
muscular 20 mg/kg ketamine and 2 mg/kg xylazine. General
anesthesia was maintained with mechanical ventilation and in-
halation of 0.5% to 1.5% halothane after endotracheal
intubation.

Coil Preparation (Fig 1)

GDC coils of sizes8 mm X 40 cm (coil diameter X length),
8 mm X 20 cm, 6 mm X 20 cm, 5 mm X 15 cm and GDC-
18 (ie, 0.038-cm) thickness and size 4 mm X 10 cm and GDC-
10 (ie, 0.025-cm) thickness were coated with fibronectin (hu-
man plasma fibronectin, 0.5 mg/mL; Koken, Tokyo, Japan),
type | collagen (bovine dermis collagen, 0.3%; Koken, Tokyo,
Japan), vitronectin (bovine plasma vitronectin, 0.1 mg/mL;
Koken, Tokyo, Japan), laminin (mouse laminin, 1.0 mg/mL;
Koken, Tokyo, Japan), and fibrinogen (human fibrinogen, 20
mg/mL; Midorijuji, Osaka, Japan). These coils underwent Ne*
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Fic 2. Angiograms of experimental aneurysms created on right and left common carotid arteries (A and B) and occluded aneurysms
after standard GDC treatment (C, left) and protein coated GDC-I (D, right). Note tight packing of both aneurysms.

or He* (collagen) ion implantation at a dose of 1 X 1014 or
1 X 1015 ions/cm? at an energy of 150 keV.

Aneurysm Construction

Fifty-six experimental lateral-wall aneurysms were con-
structed microsurgically in both common carotid arteries of 28
swine. The details of aneurysm construction have been re-
ported previously (13). The aneurysm sacs (8-10 mm) and
necks (7 mm) were created of equal size in al vessels (Fig
2A-B).

Aneurysm Embolization

Endovascular treatments of aneurysms were performed im-
mediately after their construction. The goal of this study was
to compare the wound-healing process (quickness and intensity
of scar formation and neoendothelial coverage in the body and
neck of the aneurysm) between standard GDC coils and pro-
tein-coated GDC coils treated with the ion-implantation tech-
nigue (GDC-I). It was assumed that spontaneous aneurysm
growth/thrombosis would be similar in aneurysms treated with
standard GDCs or GDC-Is, as al aneurysms had similar mor-
phology and density of coil deployment.

A total of 56 experimental aneurysms were embolized with
either standard GDCs (n = 23), collagen GDC-Is (n = 11),
vitronectin GDC-Is (n = 6), laminin GDC-Is (n = 4), fibrin-
ogen GDC-Is (n = 6), and fibronectin GDC-Is (n = 6).

A 6F sheath was placed in the right femoral artery following
standard Seldinger puncture and catheterization. Selective
common carotid arteriograms were performed using a 6F Fast-
guide catheter (Target Therapeutics, Freemont, CA), and the
aneurysms were shown in multiple projections. An intravenous
bolus of 3000 U of heparin was injected to prevent throm-
boembolic complications. A Tracker-18 microcatheter and
Seeker-14 microguidewire combination (Target Therapeutics)
was advanced through the guiding catheter and the tip of the
microcatheter was positioned in the center of the sac of the
aneurysm.

All aneurysms were tightly and densely packed with coils.
(Fig 2C-D). This technique eliminated potential hemodynamic
differences at the neck of the aneurysm that could have &f-
fected the proliferation, migration, and adhesion of endothelial
cells in that area. The physical performances of the conven-
tiona protein-coated GDC-Is were evaluated during the en-

dovascular procedures (trackability, pushability, smoothness,
€etc).

A 14-day follow-up angiogram was performed in al cases
and the animal's then were euthanized using standard approved
procedures. This time sequence was based on results of a pre-
viously reported study (13).

Particular attention was paid to the extent and density of a
fibrous membrane covering the neck of the aneurysm. The de-
velopment of this membrane was considered as definitive his-
tologic proof of aneurysm isolation from the blood circulation.
After resection, the parent arteries were cut along the longi-
tudinal axis, and the necks of the aneurysms were analyzed
macroscopically. The largest dimension of the orifice (OF) and
the white fibrous membrane (FM) that covered the orifice was
the FM to OF proportion (and recorded as the FM/OF X
100%). The details of this measurement were described pre-
viously (13). Statistical analysis of the FM to OF proportion
was performed using one-way analysis of variance (ANOVA)
and the Tukey multiple comparison test. Results were consid-
ered significant at P < .05 and reported as the mean = SD.
The harvested aneurysms were fixed with 2% formaldehyde
and embedded in plastic resin or fixed with 2% glutaraldehyde.
Histologic sections (20 uwm to 30 um thickness) through the
midline of the aneurysmal orifice (between each stay suture)
were made using a diamond knife. Most of the histologic spec-
imens were stained with hematoxylin and eosin. Some speci-
mens were not usable for light microscopic evaluation because
of technical failure of cutting and staining. Only good speci-
mens were used for histopathologic evaluation. Four speci-
mens (one laminin GDC-I, one collagen GDC-I, two standard
GDCs) were immersed immediately into saline and then fixed
with 2.0% glutaraldehyde. These specimens then were dehy-
drated in graded ethanol, coated with gold, and observed at
200 to 2000 magnifications in a scanning electron microscope
(SEM) at an accelerating voltage of 15 kV.

Results

Angiographic Findings

Fourteen days after embolization, angiographic
follow-up in both standard GDC and GDC-I groups
demonstrated total occlusion of the aneurysms.
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Fic 3. Macroscopic appearances of an aneurysmal orifice 14
days after treatment, with standard GDC (A) and collagen GDC-
| (B). Surfaces of standard GDCs were covered with fibrin-like
materials. On the other hand, the orifice of collagen GDC-I treat-
ed aneurysm was covered completely with thick fibrous tissue.

None of the aneurysms showed angiographic evi-
dence of coil compaction or recanalization.

Macroscopic Findings

Macroscopic examinations of the aneurysms
showed significant differences between the stan-
dard GDC and the GDC-I groups. Embolized an-
eurysms with standard GDC coils demonstrated a
larger exposure of the GDC coils to arterial flow
(average neck coverage, 48.3% = 20.5%). The sur-
face of the standard GDCs was covered with a thin
fibrin-like material (Fig 3A).

A denser and thicker fibrous tissue response was
observed at the neck of aneurysms embolized with
GDC-I (Fig 3B). The predominantly fibrous scar-
ring was covered with neoendothelium arising from
the edges of the neck of the aneurysm. One-way
ANOVA (P < .001) and the Tukey multiple com-
parison test showed statistically significant differ-
ences in the proportion of neck coverage (FM /OF
proportion) between standard GDCs and all GDC-
I groups: collagen GDC-1—89.4% =+ 14.9%, P <
.01; vitronectin GDC-1—71.5% =+ 7.0%, P < .05;
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Fic 4. Neck coverage ratios for treated aneurysms at day 14.
Largest dimensions of the orifice (OF) of the aneurysm and the
fibrous membrane (FM) that covers the orifice were recorded and
calculated as FM/OF proportion (fiborous membrane/ length of or-
ifice X 100%). Standard GDC (n = 23), 48.3% = 20.5%; colla-
gen GDC-I (n = 11), 89.4% = 14.9%; vitronectin GDC-I (n = 6),
71.5% = 7.0%; laminin GDC-Il (n = 4), 76.5% = 11.0%; fibrin-
ogen GDC-l, 74.8% = 13.9% (n = 6); fibronectin GDC-I (n = 6),
87.5% * 15.0%.

laminin GDC-1—76.5% = 11.0%, P < .05; fibrin-
ogen GDC-1—74.8% =+ 13.9%, P < .05; fibronec-
tin GDC-1—87.5% = 15.0%, P < .01) (Fig 4).

There were no statistically significant differences
between each protein-coated GDC-I group; how-
ever, collagen-coated GDC-| specimens showed the
highest obliteration rate of the aneurysm’s neck,
with five of 11 specimens showing 100% neck
coverage.

Light and Scanning Electron Microscopic
Findings (Figs 5 and 6)

Light microscopic findings on the histologic
specimens are detailed in Table 1. Low-magnifi-
cation light microscopy showed well-organized fi-
brous tissue bridging the necks of the aneurysms
embolized with GDC-Is. A thin fibrin-platelet com-
plex and partial endothelialization were seen in
those aneurysms embolized with standard GDCs.

High-magnification light microscopy showed
mild and organized fibrous tissue reaction as well
as fibroblasts surrounding standard GDCs near the
necks of the aneurysms. Interestingly, microscopic
neovascularization was seen in the aneurysm’s
dome.

Collagen GDC-I demonstrated more collagen-
rich fibrous tissue and a mild inflammatory cell re-
sponse. The dominant cells were fibroblasts and
macrophages. A few foreign-body giant cells were
found also. Little neovascular formation in the
body and dome of the aneurysm was seen com-
pared with aneurysms treated with standard GDCs.

Vitronectin, fibronectin, and fibrinogen GDC-Is
showed well-organized fibrous tissue response and
fibroblasts. Neovascular formation was rare. Lam-
inin GDC-I, however, demonstrated well-organized
fibrous repair of the aneurysm neck and neovas-
cularization was seen frequently.

Low-magnification SEM showed coil exposure
at the neck of the aneurysm with standard GDCs.
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Fic 5. Light microscopic findings in region of aneurysm neck at day 14 after treatment, with standard GDCs (A, original magnification)
or vitronectin GDC-Is (B, X10). Note intense fibroblast response with vitronectin GDC-I. Only a thin fibrous layer was observed with
standard GDCs. Light microscopic findings in region of the aneurysm sac. Sac of aneurysm treated with collagen GDC-I was filled with
fibroblasts and monocytes. No neovascularization was seen with collagen GDC-Is (C, X10), whereas microscopic neovascularization

was seen in aneurysmal dome with standard GDCs (arrow, D, X10).

High-magnification views showed fibrin deposition
on the surface of standard GDCs. GDC-Is demon-
strated an almost complete or compl ete coverage of
the neck of the aneurysm with an intact endothelial
cell layer.

Discussion

Current Limitations of GDC Techonology

Despite the present popularity of the GDC tech-
nology for the treatment of intracranial aneurysms,
one can identify important anatomic limitations as-
sociated with this endovascular therapeutic
procedure.

GDC caoils appear less effective when treating
aneurysms with wide necks or ones that are large-
to-giant in size (4, 5, 18). The mechanism of an-
eurysm occlusion with the standard GDC system is
mechanical in nature. Increasing clinical experience
shows that a complete and permanent aneurysm oc-
clusion occurs only in tightly packed aneurysms.
The presence of a residua neck in the aneurysm
inflow zone precludes complete aneurysm occlu-
sion in many cases. When an aneurysm is embol-
ized incompletely with GDCs, there is a potentia
risk of aneurysm recanalization. Residual arteria
flow in the aneurysm prevents endothelial cell pro-
liferation across the neck of the aneurysm and an-

atomic isolation of the aneurysm from the blood
circulation. No histologic reports in humans have
shown organized fibrous tissue or neoendothelial
proliferation across the neck of the aneurysm with
GDC treatment (19-22).

Platinum is inert biologically and does not elicit
a significant biological response on its surface. Ta-
matani et al (15) demonstrated no endothelial cell
proliferation on the platinum coil surface in vitro.
Biologicaly active GDCs may improve the situa-
tion by anchoring the GDC coails in the aneurysm
and might accelerate intra-aneurysmal and neck in-
flammatory response with concomitant neoendo-
thelial coverage.

Modification of the GDC

Severa investigators have used ECM proteins,
growth factors, or polymers to modify coil throm-
bogenicity and inflammatory cellular response re-
lated to their intravascular implantation (6-9, 11,
15). Polyurethane coating increases coil thrombo-
genicity but also changes its physical characteris-
tics such as memory, shape, softness, trackability,
and smoothness (6). Dawson et a (7) reported a
collagen-coated platinum coil study with favorable
anatomic results. Nonetheless, this coating process
resulted in significant increase in coil thickness.
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Fic 6. Scanning electron microscopic appearance of orifice of embolized aneurysms.
A and B, Lower (X20) and higher (X250) magnification of orifice treated with standard GDCs. Surface of coils were exposed to the

arterial lumen and only fibrin/leukocyte complex was seen on surface.

C and D, Lower (X23) and higher (X100) magnification of orifice treated with laminin GDC-Is. Orifice was covered completely with

neoendothelial cell layer.

This type of coating also can be stripped away eas-
ily during coil delivery through a microcatheter and
become a potential source of embolic complication.
Szikora and colleagues (11) published a study re-
garding collagen-filled platinum coils. This type of
coil modification did not show anatomic improve-
ment angiographically. Only alocal effect was seen
surrounding the coils. This modification also in-
creased coil friction and stiffness. These results
also suggested that this kind of coating may be re-
moved from the platinum surface when it is ex-
posed to high-flow shear stress at the neck of the
aneurysm.

lon-Implantation Technology and Protein
Coatings

Recent advances in surface-modification tech-
nology allow the development of biologically com-
patible surfaces. These methods include carbon de-
position, plasma deposition, ultraviolet irradiation,
and ion implantation (17, 23-30). lon implantation
uses the highest energy delivery to produce surface

modifications (16, 17, 30). When ion implantation
is performed on a protein-coated surface, proteins
are embedded and mixed into the platinum surface
like a ‘‘tattoo.” The newly created surface does not
lose its surface characteristics by mechanical stress.
Analysis by Raman spectroscopy has shown that
ion implantation produces amorphous carbon and
disordered graphitic carbon, which is independent
of the ion species and polymers used (17, 30).

Our laboratory results confirmed that there were
no untoward mechanical changes in protein-coated
GDC-I. Histologic findings proved the advantage
of this modification process on the GDCs. A faster
and stronger neoendothelial proliferation was ob-
served at the neck of the GDC-I treated aneurysms.
This accelerated histologic **cure’” also appears to
accelerate a neoendothelialization across the neck
of the aneurysm. This early anatomic isolation of
the aneurysm may decrease coil compaction and
aneurysm recanalization.

In this study, we used different proteins and col-
lagen in combination with ion-implantation tech-
nology. These proteins play an important role in
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Histologic findings of treated aneurysms
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Coil n Neck of aneurysm Body of aneurysm Reaction to coil Neovascularization
Standard 23 Platelet-fibrin plug Fibroblasts, scattered lympho- FBGC 2+ 1-3+
cytes, loose granulation tissue
Collagen 11 Fibroblast Fibrosis, 2-3+ lymphocytes, FBGC 2+, lymphocytes 1+ Min
PMNs 1+
Vitronectin 6 Fibroblast, granulation tissue  Fibrobasts, lymphocytes, 1+ FBGC 1+ Min-1+
Laminin 4 Fibroblast, lymphocytes Fibroblast, lymphocytes Lymphocytes 1+ 1+-3+
Fibrogen 6 Platelet-fibrin plug, fibroblast ~ Fibroblasts, chronic Granulation tissue, FBGC 1+
inflammation 2+
Fibronectin 6 Fibroblast, granulation tissue  Fibroblasts FBGC 2+ 1+

Note—PMNSs, polymorphonuclear leukocytes, FBGC, foreign body giant cell; Min, minimal; 1+, focal; 2+, mild; 3+, prominent.

cell proliferation, attachment, and the process of
wound healing (31-46).

ECM proteins a'so may play a significant role in
the development or repair of cerebral aneurysms
(47-49). Some studies have examined the effect of
various proteins on growth of endothelial cells de-
rived from a rat aorta or canine carotid artery (15,
50). They found that proliferation of endothelial
cells was greater on type | collagen than on other
ECM proteins such as fibronectin, laminin, or gel-
atin. Our study did not show statistical significance
between the protein-coated GDC-1 groups. Aneu-
rysms treated with collagen GDC-I, however,
showed more intense neck coverage than did the
other aneurysms. Histologic findings also demon-
strated a more favorable inflammatory cellular
response.

A limited neovascular proliferation was depicted
in the dome of some aneurysms embolized with
standard GDC and laminin GDC-I. It is not known
whether this phenomenon occurs in human aneu-
rysms. Laminin is a basement-membrane protein
that accelerates endothelial proliferation and migra-
tion (32, 34, 46). The other ECM protein—coated
GDC-Is did not show such prominent neovascular-
ization. Although laminin GDC-I showed excellent
neoendothelialization, the thickness of the intimal
layer was relatively thin compared with the other
modified GDCs.

Animal Model

We used a surgically created lateral side-wall an-
eurysm in the swine carotid artery. This experi-
mental aneurysm model is highly reproducible in
its size, shape, and hemodynamics. The swine mod-
el that we used has a strong tendency for sponta-
neous wound healing but the lateral venous-pouch
model is sufficient to analyze different anatomic
and histologic changes observed in aneurysms
when embolized with standard GDCs versus GDC-
Is. Fourteen-day postembolization angiographic
and histologic evaluation is appropriate to analyze
differences in ““wound healing” at the neck of the
experimental aneurysms (13). It needs to be em-
phasized that the endothelial growth rate has been
related to its embryologic origin, artery size, sex,

age, and disease state (51). Further evaluation using
different models of flow dynamics in aneurysmsis
now under investigation.

Conclusion

Protein-coated GDC-Is share similar physical
characteristics with standard GDCs. Experimental
aneurysms treated with GDC-Is show a faster bi-
ological response in the aneurysm body and dome
and faster neoendothelial proliferation and migra-
tion at the neck of the aneurysm. This accelerated
biological response may decrease the chances of
coil compaction and recanalization in human ce-
rebral aneurysms treated by GDCs.
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