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Occlusion of Experimentally Created Fusiform
Aneurysms with Porous Metallic Stents

Glen Geremia, Todd Brack, Luke Brennecke, Michael Haklin, and Richard Falter

BACKGROUND AND PURPOSE: Carotid fusiform aneurysms are most commonly treated
with occlusion of the parent vessel. The purpose of our study was to assess the effectiveness of
self-expanding, cobalt-alloy stents in the ablation of experimental fusiform aneurysms with
preservation of the parent vessel in a carotid artery model.

METHODS: Porous metallic stents were placed endovascularly along the lengths of experi-
mentally created fusiform aneurysms in the carotid arteries of dogs;, aneurysms were also
created in the animals opposite carotid arteries to serve as controls.

RESULTS: Before stent placement, angiography of the carotid arteries showed lar ge fusiform
aneurysms along the lengths of the common carotid arteries and complex patterns of flow.
Immediately after stent placement there was disruption of the usual flow patterns within the
lumens of the fusiform aneurysms. The lumen between the wall of the aneurysm and stented
carotid showed stasis of contrast material and blood. Near-complete ablation of all aneurysms
was observed 8 weeks after stent placement. The stented carotid arteries remained widely
patent; control aneurysms and carotid arteries were patent and unchanged. Histopathologic
analysis revealed fibrotic reactive scar tissue filling the space between the stent wires and outer
wall of the fusiform aneurysm.

CONCLUSION: Changing blood flow dynamics within an aneurysm can promote thrombus
formation. The stent promotes stasis and thrombus within the residual lumen between the stent
wall and the outer wall of the aneurysm because its woven wire mesh interferes with usual
blood flow patterns, which then promotes formation of thrombus and fibrosis within the resid-

ual aneurysmal lumen.

Fusiform aneurysms, unlike saccular aneurysms,
are not amenable to endovascular therapies if as-
sociated preservation of the native vessel is desired.
Current treatment of fusiform aneurysms consists
of occlusion of the parent vessel or surgical resec-
tion of the aneurysm with graft replacement; this
is associated with a high rate of morbidity and mor-
tality (1, 2). Aneurysms near the skull base (eg,
petrous or cavernous internal carotid artery aneu-
rysms) are surgically inaccessible; therefore, the
only option is vascular occlusion. Porous metallic
stents are used to reopen vessels narrowed by ath-
erosclerotic plaques (3, 4). Prior experiments with
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these stents in the treatment of experimental sac-
cular aneurysms have had favorable results (4). The
structured architecture of the stents' wire struts al-
ters flow patterns within the aneurysmal pouch,
which promotes organized thrombus formation and
eventual ablation of these aneurysms. The purpose
of our study was to determine the effectiveness of
intravascular stents in the treatment of experimen-
taly created fusiform aneurysms in canine carotid
arteries. The tubular wire mesh of the porous stent
reestablishes the original caliber of the native ves-
sel while functionally excluding the aneurysmal
compartment from the vessel lumen.

Methods

Experimental fusiform aneurysms were created in five mon-
grel dogs, each weighing about 30 kg. The hospital’s institu-
tional animal care and use committee approved our protocol.

The aneurysms measured 1.0 to 1.5 cm in length. The stents
(Wallstents, Schneider, Minneapolis, MN) were porous, metal-
lic, and 5 mm in diameter. They were placed in the carotid
artery across the lengths of the fusiform aneurysms. The op-
posite carotid artery acted as a control. Aspirin was adminis-
tered orally at a dosage of 10 mg/kg twice a day. Sonographic
examination of the carotid arteries, including the aneurysms,
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Fic 1. Diagram of a fusiform carotid artery aneurysm from a
jugular vein segment.

was performed twice weekly. Angiography was performed be-
fore stent placement, immediately after deployment of the
stents, and 8 weeks after stent placement.

Creation of Fusiform Aneurysms (Fig 1)

Animals were anesthetized with sodium pentobarbital (30 mg/
kg 1V), endotracheally intubated, surgically prepped, and placed
in the supine position. A 7-cm longitudinal, mid-cervical inci-
sion was made, but off midline to facilitate exposure of the left
external jugular vein and left common carotid artery. The jugular
vein was sufficiently mobile to allow a 4-cm segment to be
excised. The free segment of vein was flushed with heparinized
saline and placed in a saline bowl. A length of the left common
carotid artery was mobilized to permit total occlusion with vas-
cular clamps; it was then transected and a segment excised for
the interposition of the free vein graft. The ends of the venous
segment were tapered to permit anastomosis with the smaller
caiber artery. A 2-cm-long vein graft was interposed into the
carotid artery. The diameter ratio of vein to artery was 2:1.
Vascular anastomosis was completed with 6-0 Surgilene (U.S.
Surgical, Norwalk, CT). The wound was closed in layers with
4-0 Maxon (U.S. Surgical), terminating in a running subcuti-
cular closure of the skin.

Histologic Process and Photography

The process by which the stented fusiform aneurysmal spec-
imens were prepared for micropathologic examination has
been described previously (5). After the specimens were pro-
cessed and embedded, the paraffin blocks were cut into sec-
tions approximately 5-um thick. Three slides were created
from each section and the slides from each section were stained
one each with hematoxylin-eosin, Masson’s trichrome stain,
and Verhoeff's elastin stain, respectively.

Sent Procedure

After the fusiform aneurysms were created, the dogs were
alowed to heal for 1 week before arteriography was per-
formed. Angiography was performed via the femoral artery
approach. A cut-down procedure on the femoral artery was
initially performed followed by insertion of a 7F introducer
catheter. The common carotid arteries were selectively cathe-
terized with conventional 5F cerebral catheters. A single in-
vestigator in this study with 15 years of angiographic experi-
ence interpreted all angiograms. At the end of this diagnostic
study, the 5F catheter was exchanged for a 7F stent delivery
system using an exchange guidewire. A single porous metallic
stent (Wallstent) was deposited intravascularly into the carotid
artery so that it covered the length of the fusiform aneurysm.
Arteriography was performed immediately following and 8
weeks after stent deployment. The specimen was resected 8
weeks after stent placement.

The metallic wire of the stent is made of Elgiloy (Elgiloy
Ltd Partnership, Elgin, IL), a nonmagnetic, corrosion-resistant,
cobalt-chromium-iron-molybdenum alloy with a biocompati-
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bility that makes it suitable for surgical instruments and im-
plants. The Elgiloy wire was braided to construct the stent and
then treated with heat to enhance the tensile and fatigue
strength of the wire braid. The diameter of the wire is 0.035
inches, and the stent measures 42 mm in length by 5 mm in
diameter unconstrained. The best results were achieved by ov-
ersizing the stent by approximately 1 mm more than the di-
ameter of the native vessel (3). Since the native carotid artery
of the dog has a diameter of approximately 4 mm, a stent with
a 5-mm diameter was chosen. The stent was mounted on a
delivery system consisting of coaxial catheters. The exterior
tube served to constrain the stent until it was retracted during
delivery (rolling membrane). The interior tube with a coaxial
system contained a central lumen that can accommodate a
0.038-inch guidewire.

Results

Angiographic Findings (Fig 2)

Immediately after stent deployment, flow be-
tween the stent and the aneurysmal wall was dis-
turbed to a degree that stagnation was observed. In
all cases there was near-complete obliteration of the
aneurysmal pouch 8 weeks after stent placement.
Small pockets of residual lumen were identified in
all aneurysms 8 weeks after stent deployment. The
control aneurysms remained widely patent and un-
changed throughout the 8-week period. The carotid
arteries remained widely patent. No focal stenosis
was seen. The stented arteries, in particular, were
widely patent without evidence of stenosis.

Gross Observation (Fig 3)

The diameter of the control aneurysms was con-
siderably larger than that of the stented aneurysms
(Fig 3). The walls of the stented aneurysms were
contracted along the outer wall of the stent wires,
and the stent wires were embedded in a firm trans-
lucent neointima. The stented aneurysms appeared
solid except for small channels connecting to the
carotid artery lumen.

Histopathologic Findings (Fig 4)

In al the stented samples, the aneurysms were
filled with mature fibrous connective tissue (orga-
nized thrombus) except for occasional small
(400-um wide) irregular channels that connected to
the vessel lumen (Fig 4C and D). While no im-
munohistochemical preparations (eg, factor VII1 or
lectins) were made, the small channels and severa
small spaces within the fibrous tissue (Fig 4F) were
lined by cells morphologically indistinguishable
from the endothelial cells that lined the luminal sur-
face of the nonstented sections and the cells that
covered the fibrous tissue within which the stent
was embedded. These lining cells were continuous
with the lining cells (endothelium) of the lumen.
The small spaces within the fibrous tissue were ex-
panded neocapillaries (Fig 4F). Because of the way
thrombi heal, these neocapillaries are present with-
in the fibrous tissue. They often expand widely as
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Fic 2. Angiographic findings of a fusiform carotid artery aneurysm.
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A, Eight weeks after stent placement there is near-complete ablation of the aneurysmal lumen (arrows).

B, The Wallstent within the carotid artery.

C, The control fusiform aneurysm (arrows) and the carotid artery remain widely patent throughout the 8-week period of observation.

the fibrous tissue matures and contracts. Fibrous
tissue (like any other tissue) needs nutrients to ex-
ist. Within the fibrous connective tissue (deep to
the organized mural thrombus or neointima sur-
rounding the stent wires), there was mild inflam-
matory cell infiltration consisting primarily of
macrophages, many of which contained hemosid-
erin. The inflammatory cell infiltrate (macrophages,
many of which were hemosiderin-laden) was typi-
cal of a maturing (organizing) blood clot. First the
fibrin holds the blood cells together, then inflam-
matory cells come in to phagocytize the residual
blood cells and detritus while fibroblasts migrate in
to proliferate and secrete collagen. The macro-
phages have hemosiderin in them because they
have phagocytized the degenerate blood cells from
the original thrombus.

Discussion
Our previous experience with porous metallic
stents in the treatment of experimentaly created
saccular aneurysms was favorable (5). This previ-
ous experiment demonstrated stasis of blood within
the aneurysmal lumens after deployment of the
stent. Blood stasis led to thrombus formation and

eventually organization. The saccular aneurysmal
lumen was completely obliterated from the intra-
vascular circulation. In the current study, these an-
eurysms were fusiform, but the typical patterns of
stasis with subsequent thrombus formation and or-
ganization were again observed. A common ele-
ment between the two experiments was this stasis
of blood and eventual ablation of the residual aneu-
rysmal lumen. The usual mechanical flow charac-
teristics within the saccular aneurysm changed im-
mediately after stent deposition. Usual inflow and
outflow effects were not seen after stent placement;
instead, gradual puddling of blood and contrast me-
dium was observed immediately after stent deploy-
ment. This trapping of blood within the aneurysm
led to fibrotic growth and organization and eventual
ablation of the aneurysmal pouch (Fig 5). Further-
more, the stent did not cause occlusion of the ca
rotid artery. A thin layer of neointima surrounded
the stent wires and incorporated the wires into the
wall of the aneurysm. In our model, stents altered
blood flow within the aneurysmal lumen by pro-
viding a mechanical hindrance to the usua flow
patterns while maintaining patency of the native lu-
men. Histopathologic study revealed mature fibrous
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Fic 3. Gross pathologic examination.

A, Gross end-block specimen of control aneurysm shows the walls remain widely dilated.

B, The outer walls of the stented aneurysm have contracted along the length of the stent, producing a narrower profile of the carotid
artery as compared with the profile of the control aneurysm.

C, Control aneurysm, cross section. Section 3 shows the markedly dilated lumen of the fusiform aneurysm.

D, Stented aneurysm. Section 4 is through the center of the fusiform aneurysm. Note the contraction of the outer walls of the aneurysm
along the stent, again producing a narrower profile of the carotid artery and aneurysm as compared with the control aneurysm. The
lumen between the stent and outer wall of the aneurysm is filled with white, organized thrombus.

E, Longitudinal section. All stents were embedded in a glistening, translucent neointima. The stented aneurysms appear solid except
for small channels, which connect the lumens of the carotid arteries with those of the aneurysms (arrows).

Fic 4. Histopathologic findings.

A, Mason’s trichrome stain on stented aneurysm shows the aneurysmal lumen is nearly completely filled in with organized fibrous
connective tissue (curved arrows). The stent wires are surrounded by neointima (straight arrows).

B, Mason'’s trichrome stain on control aneurysm in cross section shows markedly distended thin wall of the aneurysm.

C and D, Trichrome stain on stented aneurysm in longitudinal section shows a small, patent endothelial-lined channel at one margin,
connecting the carotid lumen with the aneurysmal lumen (arrow). These small channels were seen in all aneurysmal specimens. The
remainder of the aneurysmal lumens were filled in by fibrous connective tissue (organized thrombus). Within the neointima surrounding
the stent wires there was mild inflammatory cell infiltration (macrophages). Many macrophages contained blood pigment (resolving
thrombus).

E, Magnified cross-sectional view of aneurysmal lumen with Mason’s trichrome stain. Fibrin and collagen stain blue. Dark blue rep-
resents more mature fibrin and collagen. Mature fibrous elements and collagen (dark blue) were noted near the periphery of the
aneurysmal wall (thin arrows); less mature fibrous elements (light blue) lie near the central lumen of the aneurysm (thick arrows),
suggesting that thrombus organization begins along the outer wall and progresses in a centripetal fashion toward the central lumen of
the aneurysm.

F, Verhoeff-van Gieson elastic stain shows heavily vascularized organized thrombus (arrows).
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Fic 5. Diagram of flow patterns immediately after stent deploy-
ment (A) and 8 weeks later (B). Complex streams of flow are
seen within the residual aneurysmal lumen between the outer
aneurysmal wall and the stent wires (A). Eight weeks after stent
deployment, the aneurysmal lumen is occupied with organized
fibrous connective tissue (B).

connective tissue and collagen, indicating a well-
organized thrombus filling each aneurysmal lumen.

Wakhloo and coworkers (6, 7) devised an ex-
periment to study the flow patterns within an an-
eurysm. They used laser-based imaging technology
to reveal complex flow patterns within aneurysm
models after stent placement across the aneurysmal
neck. They demonstrated stagnant flow and re-
duced flow vortices within the aneurysmal lumen
caused by the increased high-flow resistance
through the stent wire mesh. This stagnant flow
promotes thrombus formation within the aneurysm,
as seen in our experiment. Hurst et al (8) reported
on the clinical application of stents for treatment of
carotid aneurysms. Two cervical internal carotid ar-
tery aneurysms were treated with endovascular
stents, which were placed across the diseased por-
tion of the aneurysm. After stent placement, angi-
ography revealed immediate reduction in aneurys-
mal filling. Follow-up angiography at least 6
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months later showed occlusion of the aneurysms
with preservation of the parent vessels.

In instances in which stents alone are insufficient
to alter flow patterns necessary for thrombus for-
mation, stents may serve as a buttress for coils.
There are severa anecdotal reports of successful
treatment of fusiform aneurysms with this com-
bined approach (9—11). Higashida et a (9) placed
an intravascular stent within the basilar artery
across the base of a fusiform aneurysm with a
broad-based neck. Electrically detachable coils
were deposited within the dome of the aneurysm.
The stent mesh confined the coils to the aneurysmal
lumen while preserving flow through the native
basilar artery. Mericle et a (11) successfully treat-
ed a dissecting pseudoaneurysm of the horizontal
segment of the petrous internal carotid artery with
a flexible stent and electrically detachable coils.
They reported that the stent acted as an **endolu-
minal scaffold” to prevent coil herniation into the
parent artery.

There have been several anecdotal reports of en-
dovascular covered stents for the treatment of ar-
terial aneurysms (12—18). The combination of in-
travascular stents and prosthetic graft material
forms a seal that is relatively impervious to blood.
This device is used to treat lesions, such as fusi-
form aneurysms or fistulas, by excluding them
from the circulation. Such stented graft devices can
also be used to treat arterial aneurysms and trau-
matic vascular injuries, such as fistulas. A stent
graft is a prosthetic graft fixed to the arterial wall
with an attachment device, such as an intravascular
stent. Criado et a (13) treated more than 50 pa-
tients over a 3-year period with a success rate of
greater than 95% using a modified Palmaz stent
with a Dacron-knitted graft. These authors describe
grafts made of polytetrafluoroethylene that has
been sewn onto Palmaz balloon-expandable stents.
Examination of pathologic specimens has shown
that prosthetic graft incorporation is achieved with-
in the wall of the native artery by establishing a
stable flow surface within the lumen of the graft;
however, there has been no long-term follow-up
with this experience. Nicholson et a (14) reported
treating an iatrogenic pseudoaneurysm of the left
carotid artery by the insertion of a self-expanding
Nitinol stent covered by polyester fabric (Craggs-
tent, Mintec, Bahamas). These stents have been
used to treat pseudoaneurysms and aneurysms of
the internal iliac arteries. In that study, the pseu-
doaneurysm was caused by mediastinoscopy. A CT
scan revealed a 5-cm pseudoaneurysm, and selec-
tive left carotid angiography confirmed the pres-
ence of a large pseudoaneurysm arising 3 cm from
the left common carotid artery origin. Following
surgical exposure, the left carotid artery was punc-
tured and a 9F sheath was passed down at the or-
igin of the left common carotid artery. An 8 X
6-mm Craggstent was placed across the origin of
the pseudoaneurysm and released. An 8-mm X
4-cm angioplasty balloon was inflated to ensure full
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expansion of the stent. The Craggstent is covered,
so intimal hyperplasia within the stent should not
be a problem. But because of the possibility of in-
timal growth at the ends of the stent, these authors
recommended that the patient be monitored regu-
larly by duplex sonography. Any alteration in ve-
locity or waveform would be an indication for an-
giography and possibly angioplasty. The authors
concluded that the polyester-covered Nitinol stent
may play a major therapeutic role in the treatment
of pseudoaneurysms.

Ruebben et al (15) treated a skull base aneurysm
with a covered stent. Angiography revealed an an-
eurysm of the cervical part of the left internal ca-
rotid artery before it enters the skull. It had a max-
imum diameter of 2 cm, and was partly occupied
by thrombus. The aneurysm was excluded with a
self-expandable stent of Nitinol (Cragg Endo Pro
System |, Mintec) covered with polyester and coat-
ed with low-molecular-weight heparin. This device
was chosen because of the relatively small diameter
of the 5-mm internal carotid artery. The Cragg
Endo Pro System | allows an introduction kit of 7F,
Reubben et al (15) did this procedure with genera
anesthesia and exposure of the internal carotid ar-
tery. Once the stent was deployed, they dilated the
expandable stent with an angioplasty balloon to ob-
tain full expansion. Angiography after stent place-
ment showed the aneurysm’s appearance. A
3-month follow-up study showed exclusion of the
aneurysm and patency of the artery. These authors
concluded that endoluminal stent grafting is a vi-
able method to repair vessels. Use of this new, min-
imally invasive technique with a high internal ca-
rotid artery aneurysm avoided a long operation
involving removal of the mandible. It is still un-
certain whether placement of an uncovered stent
can prevent rupture of internal carotid artery an-
eurysms, because thrombosis alone might not pre-
vent rupture of an aneurysm, as aortic aneurysms
have shown.

Unlike covered stent grafts, porous stents do not
cause acute excluson of an aneurysma lumen
from the native vessel lumen. In our experiment,
blood flowed through the stent’s wire mesh into the
aneurysmal lumen immediately after stent place-
ment. Flow patterns within the aneurysm, however,
were adtered to meet conditions favorable for
thrombus formation and organization. Consequent-
ly, the aneurysmal lumens were eventually exclud-
ed from the native circulation. ldedly, covered
stents would be used to exclude fusiform aneu-
rysms acutely; however, recent anecdotal reports
have revealed intimal hyperplasia at the proximal
and distal ends of the covered stents, which could
result in stenosis or potential occlusion of the na-
tive vessel. This intimal hyperplasia has not been
seen at the ends of porous stents. Porous stents may
offer eventual exclusion of fusiform aneurysms
without the stenotic effects of covered stents.

Intravascular stents have been widely used clin-
ically to maintain patency in vessels stenosed by
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atherosclerotic disease (19). In the laboratory, ex-
periments have revealed that intravascular stents
may have promise in treating certain vascular le-
sions (20, 21). The stent wires were covered by a
fine neointima except those sites in which the wire
crossed a communicating channel. Stent wires not
covered by neointima may act as a potential nidus
for platelet aggregation, as was seen in our exper-
iment. For this reason, the use of stents to treat
fusiform aneurysms in humans needs further
investigation.

Commercialy available stents have not been en-
gineered for intracranial applications. The mgjority
of available stents are too rigid to negotiate the in-
herent tortuous vascularity of the intracranial cir-
culation. For this reason, there are few cases of
successful stent deployment within these vessels.
More malleable and lower profile stents will be
necessary before their application in the treatment
of intracranial vascular disease could become
routine.

Another theoretical pitfall in the use of stents
would be the potential to occlude vessels extending
off the stented native vessel caused by neointimal
proliferation. This could have grave consequences
in small vessels, such asthe basilar artery (eg, brain
stem stroke). An experiment in canine models doc-
umented neointimal proliferation extending into the
origins of branching vessels in response to a stent
(22). No vessel, however, was occluded or radio-
graphically stenosed, but the caliber of these arter-
ies, however, was significantly larger than the small
perforators originating from the basilar artery. Fur-
ther experimental and clinical experience with
stents in the small vessels with perforating branch-
es will be necessary before the true risk to patients
considered for this therapy can be ascertained.

Conclusion

The purpose of this study was to demonstrate the
effectiveness of endovascular stents in the treat-
ment of experimental fusiform aneurysms. The
wire mesh of the porous stent interfered with the
usual blood flow patterns within the aneurysmal lu-
men, which resulted in fibrosis and contraction of
the aneurysm’s outer wall. Patients with carotid fu-
siform aneurysms initially present with neurologic
deficits caused by nerve compression from the ex-
panded diameter of the carotid artery lumen. Con-
traction of the outer walls of the aneurysm around
a stent, as seen in our experiment, may reverse
these symptoms. Furthermore, this experiment
demonstrated that porous stents effectively exclude
the aneurysm from the normal circulation while
preserving the lumen of the native carotid artery.
Thus, stenting could eliminate the morbidity and
mortality associated with carotid occlusion, the
only available endovascular or surgical therapy for
carotid fusiform aneurysms.
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