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Healing Response in Elastase-Induced Rabbit
Aneurysms after Embolization with a New

Platinum Coil System

Naomi H. Fujiwara and David F. Kallmes

BACKGROUND AND PURPOSE: Elastase-induced rabbit aneurysms offer promise in pre-
clinical testing, but their radiographic and histologic features after dense packing with plati-
num coils are unknown. We evaluated these features by using a new platinum coil system.

METHODS: Right common carotid arterial (CCA) aneurysms were created in 17 rabbits by
distal ligation and intraluminal elastase incubation. At least 3 weeks later, aneurysms were
packed with detachable platinum coils. Animals were sacrificed at 2 (group 1, n � 4), 4 (group
2, n � 5), 12 (group 3, n � 4), or 24 (group 4, n � 4) weeks. Aneurysmal occlusion and coil
compaction were angiographically assessed. Histologic features of tissue covering the coils and
the aneurysmal dome were assessed and semiquantitatively compared across groups.

RESULTS: No notable tracking, deployment, or detachment problems occurred. Volumetric
occlusion was 5–49% (mean, 26.8% � 11%). Angiographic occlusion was 100% in six cases, 95%
in four, and 90% in seven; occlusion scores remained unchanged in 13 cases, decreased in one,
and increased in two (one case excluded from angiographic follow-up). Histologic findings were
concordant within groups. Group 1 had coverage with thin fibrin layers and scattered leuko-
cytes; group 2, some spindle-cell coverage; group 3, spindle-cell coverage. In groups 1 and 2,
dome findings included only unorganized blood products. In group 3, blood products had been
replaced with a hypocellular, poorly staining matrix. Some group 4 subjects had variably aged
blood products, with tissue of limited organization.

CONCLUSION: The platinum coil system performed well in experimental aneurysmal em-
bolization. Densely packed rabbit aneurysms demonstrate reproducible histologic evolution:
early fibrin coverage, delayed spindle-cell coverage, delayed intraaneurysmal thrombus resorp-
tion, and occasional coil compaction.

Preclinical assessment of emerging aneurysm thera-
pies is greatly facilitated by reproducible experimen-
tal models. Numerous animal models have been pro-
posed as valid systems: for example, the rat, rabbit,
canine, swine, sheep, and primate models (1–13).
Both arterial and vein-pouch aneurysms have been
suggested. Recently, an elastase-induced aneurysm
model in rabbits has been proposed for testing coil
modifications (1, 7, 14). This technique involves the
ligation of the common carotid artery (CCA) and

elastase treatment of the vessel wall. The size and
shape of the resultant aneurysmal cavities simulate
those of human intracranial aneurysms, and the tor-
tuosity and diameter of the parent artery model those
of human intracranial vessels.

Although the elastase-induced rabbit model offers
promise as a preclinical testing device, data regarding
radiographic findings and histologic evolution after
dense packing with platinum coils is lacking. In the
current study, our purpose was to assess the angio-
graphic and histologic findings in an elastase-induced
aneurysm model after embolization by using a new,
detachable platinum coil system.

Methods

Subjects
Seventeen New Zealand white rabbits (3–4 kg) were used in

this study. The duration of coil implantation was 2 weeks in
four subjects, 4 weeks in five subjects, 12 weeks in four subjects,
and 24 weeks in four subjects. The 4-week group had one extra
subject, because we had embolized an aneurysm in one addi-
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tional rabbit to serve as an alternate in case of unanticipated
morbidity or mortality in the long-term groups. Because no
unexpected morbidity or mortality occurred, the extra subject
was sacrificed at 4 weeks to diminish per diem costs, and this
subject was included in the 4-week group.

Device Construction
The MicroPlex coil system (MicroVention, Inc, Aliso Viejo,

CA) comprises complex coils and filler platinum coils in 0.010-
inch and 0.018-inch sizes. The complex coils have a unique
multiaxis configuration and were deployed first in the aneu-
rysm to establish a cagelike framework. Filler coils have a
helical configuration after basket formation is achieved. Com-
plex and filler coils with a variety of diameters (2–8 mm) and
lengths (4–20 cm) were evaluated in this study.

The coils were detached from the pusher by using a fluid-
actuated detachment system. Manual pressure was applied to
the proximal end of the pusher tube by using a 1-mL syringe
filled with radiographic contrast medium (Omnipaque 300;
Nycomed, Princeton, NJ). The pressure was transmitted
through the lumen of the pusher tube to its distal tip. The
pressure actuated the detachment of the coil from the pusher,
resulting in instantaneous detachment.

Aneurysm Creation
Detailed procedures for aneurysm creation are described

elsewhere (15). Briefly, New Zealand white rabbits (3–4 kg)
were anesthetized with ketamine and xylazine (60 and 6 mg/kg,
respectively). By using sterile technique, the right CCA was
exposed and distally ligated. A 5F sheath (Cordis Endovascu-
lar, Miami Lakes, FL) was advanced in a retrograde fashion in
the CCA to a point approximately 3 cm cephalic to the CCA
origin. Through this indwelling sheath, a 3F Fogarty balloon
(Baxter Healthcare Corp, Irvine, CA) was advanced to the
origin of the right CCA at its junction with the subclavian
artery. The balloon was inflated with iodinated contrast mate-
rial (Omnipaque), just enough to arrest flow in the CCA.
Porcine elastase (5.23 U/mg P, 40.1 mg P/mL, approximately
200 U/mL; Worthington Biochemical Corp, Lakewood, NJ)
mixed with saline and iodinated contrast material (Om-
nipaque) was incubated in the dead space of the CCA above
the inflated balloon. After incubation of the elastase solution,
the balloon and sheath were removed, and the CCA was ligated
below the sheath entry site.

Coil Embolization
Aneurysms were allowed to mature for at least 3 weeks after

their creation. For the embolization procedure, anesthesia was
induced with an intramuscular injection of ketamine and xyla-
zine; this was followed by maintenance anesthesia with intra-
venously administered pentobarbital. By using sterile tech-
nique, the right common femoral artery (CFA) was surgically
exposed. The distal part of the artery was ligated by using 4–0
silk sutures, and a 22-gauge angiocatheter was advanced in
retrograde fashion into the artery. An 0.018-inch guidewire was
passed through the angiocatheter; this step was followed by the
placement of a 5F vascular sheath. Heparin (100 U/kg) was
administered intravenously. A 5F catheter (Envoy, Cordis Neu-
rovascular Systems, Miami Lakes, FL) was advanced into the
brachiocephalic artery. By using a coaxial technique, with a
continuous heparin and saline flush, a two-marker microcath-
eter (Rapid Transit; Cordis Neurovascular or Excel; Target
Therapeutics) was advanced into the aneurysmal cavity. The
size of the aneurysmal cavity was assessed by directly compar-
ing it with radiopaque sizing devices. In all cases, one or more
complex coils were initially placed, followed by subsequent
packing with filler coils. Coils were detached by using a fluid-
actuated mechanism. Aneurysms were packed as densely as
possible. After embolization, final control digital subtraction

angiography (DSA) was performed. An experienced observer
(D.F.K.) estimated the percentage of aneurysm occlusion by
using the following categories: 100% occluded, 95% occluded,
90% occluded, or less than 90% occluded. Percentage of volu-
metric occlusion was also calculated. The sheath and catheters
were removed, the femoral artery ligated, and the skin closed
with running sutures.

Follow-up Imaging and Tissue Harvesting
Animals were followed up and sacrificed at various intervals

after coil embolization: 2 weeks (group 1, n � 4), 4 weeks
(group 2, n � 5), 12 weeks (group 3, n � 4), and 24 weeks
(group 4, n � 4). Subjects sacrificed at 2 or 4 weeks underwent
intraarterial DSA at the time of sacrifice. Subjects followed up
for 12 weeks underwent intravenous DSA at 8 weeks and
intraarterial DSA at the time of sacrifice. Subjects followed up
for 24 weeks underwent intravenous DSA at 16 weeks and
intraarterial DSA at the time of sacrifice. All follow-up angio-
grams were compared with the angiograms obtained immedi-
ately after embolization to assess interval changes in coil con-
figuration and aneurysmal filling.

On the day of sacrifice, the left CFA was surgically accessed,
in a fashion similar to that used to access the right CFA, as
described earlier. A 4F catheter was placed in the aortic arch,
and DSA was performed. Immediately after angiography, sub-
jects were euthanized by use of lethal-injection pentobarbital.
Saline, followed by formalin, was rapidly injected through the
indwelling catheter. The mediastinum was dissected, and the
aortic arch and proximal great vessels, including the coil-em-
bolized segment of artery, were exposed and dissected free
from surrounding tissues. The tissue was immediately placed in
formalin. Tissue was embedded in methylmethacrylate, sec-
tioned, and stained with hematoxylin and eosin. An experi-
enced pathologist viewed the sections, paying particular atten-
tion to the cell type and the appearance of the extracellular
matrix within and around the coil mass.

Histologic Evaluation
Qualitative and semiquantitative evaluations were per-

formed in the aneurysmal neck, which was defined as the
interface between the parent artery and the aneurysmal cavity,
and in the aneurysmal dome. In the aneurysmal neck, the tissue
type, thickness, and cellularity were graded by using a three-
point scale. Grade 0 was a thin layer of fibrin with scattered
polymorphonuclear leukocytes; grade 1, a thick layer of fibrin
with scattered polymorphonuclear leukocytes; and grade 2, a
thin layer of spindle cells. The thickness of tissue covering the
coils at the aneurysmal neck was calculated on the basis of
the thinnest visible covering at any one point along the neck.
The shape of the tissue at the coil–parent artery interface was
described as convex, flat, or concave. The tissue within the
dome of the aneurysm was qualitatively described by using a
four-point scale. Grade 0 was only unorganized blood; grade 1,
mostly unorganized blood; grade 2, small amount of unorga-
nized blood; and grade 3, a hypocellular matrix without blood
products.

Results

Aneurysmal Size
Mean aneurysmal width was 4.7 mm � 1.3 (range,

3.2–7.7 mm). Mean aneurysmal height was 8.6 mm �
2.6 (range, 4.1–13 mm). Mean neck width was 4.4
mm � 1.3 (range, 3–8 mm). The mean dome-to-neck
ratio was 1.1 � 0.2 (range, 0.7–1.7). All aneurysms
were successfully embolized.

1138 FUJIWARA AJNR: 23, August 2002



Device Performance
In all cases, the first coil placed was a complex coil.

In 10 of 17 aneurysms, only one complex coil was
placed. In the remaining seven aneurysms, two to five
complex coils were placed. A total of 34 complex coils
and 60 filler coils were deployed. All 34 complex coils
deployed and achieved a cagelike framework in the
wide-necked aneurysms. All 60 filler coils were placed
inside the complex coil basket. Coils were readily
detached in 90 (96%) of 94 deployments. Detachment
failures were related to production errors in four
coils. Percentage of volumetric occlusion was 5–49%
(mean, 26.8% � 11%).

Angiographic Evaluation and Follow-up
Immediately after embolization, angiographic oc-

clusion scores were 100% in six (35%) of 17 cases,
95% in four (24%), and 90% in seven (41%). Angio-
graphic occlusion scores remained unchanged
throughout the follow-up period in 13 (81%) of 16
cases, decreased in one (6%), and increased in two
(12%). One case was excluded from angiographic
follow-up analysis, because histologic analysis later
showed that the coils had been inadvertently placed
into a dissection flap rather than the aneurysmal cav-
ity (see 24-week results in Histologic Evaluation). In
four (23%) cases, single loops of coil protruded into

the parent artery, without evidence of parent artery
compromise either immediately after embolization or
at follow-up. Angiograms are shown in Figures 1–5.

Histologic Evaluation
Among subjects sacrificed 2 weeks after coil im-

plantation, aneurysmal domes were filled with unor-
ganized thrombus in all four cases (mean dome his-
tologic score, 0). Fibrin and scattered inflammatory
cells were present at the neck in all four cases (mean
neck histologic score, 0.5; range 0–1) (Fig 1D).

Among subjects sacrificed 4 weeks after coil im-
plantation, aneurysmal domes were completely filled
with unorganized thrombus in one case, predomi-
nantly filled with unorganized thrombus in three
cases, and devoid of unorganized thrombus in one
case (mean dome histologic score, 1.2; range 0–3).
Two cases had fibrin and inflammatory cells across
the neck, whereas three cases had a thin layer of
spindle cells across the neck (mean neck histologic
score, 1.6; range 1–2) (Fig 2D).

Among subjects sacrificed 12 weeks after coil im-
plantation, unorganized thrombus was completely ab-
sent in the aneurysmal dome in three cases, and a
small amount of residual unorganized thrombus was
present in one case (mean dome histologic score, 2.8;
range, 2–3). A thin layer of spindle cells covered the

FIG 1. Subject 3, 2-week implantation.
A, DSA image obtained before emboli-

zation. Aneurysm measures 3.8 � 3 � 10
mm (width � neck � length).

B, DSA image obtained immediately af-
ter embolization shows 95% occlusion
and a tiny triangular neck remnant (arrow).

C, Angiogram obtained before animal
was sacrificed and 2 weeks after coil em-
bolization shows complete occlusion.

D, Photomicrograph reveals unorga-
nized blood filling the aneurysmal cavity.
The neck of the aneurysm is covered with
a thin, fibrin rim (hematoxylin-eosin stain,
original magnification �6.3).
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neck in all four cases (mean neck histologic score, 2.0)
(Fig 3D).

Among subjects sacrificed 24 weeks after coil im-
plantation, two of four cases had aneurysmal domes
that were completely devoid of unorganized throm-
bus. Both of these cases had spindle cells across the
aneurysmal necks. One of four cases showed marked
recanalization of the dome, with laminated blood
products of various ages. The neck of this aneurysm
was covered with only fibrin. In one of four cases, the
embolized portion of the artery was a dissection cavity
separate from the aneurysm itself, and this aneurysm
was excluded from analysis (Figs 4D and 5D).

In all cases at all time points, at least some of the
coils in immediate contact with the parent artery was
essentially bare, with no demonstrable tissue over-
growth.

The morphology of the tissue-blood interface at the
aneurysmal neck was flat in six (38%) of 16 cases,

concave in nine (56%), and convex in one (6%).
Discerning whether a concave parent artery–aneurys-
mal neck interface represented microcompaction or
simply the morphology of the coils as initially placed
during embolization was not possible.

Discussion
This study was a detailed analysis of the healing

response of elastase-induced aneurysms in rabbits af-
ter they were densely packed with a new platinum coil
system. The angiographic findings in our study dem-
onstrated a stable coil configuration in most of the
cases, with slight compaction seen in 6% of the an-
eurysms. This finding concurs with those of a clinical
series (16) that had similar rates of compaction
among aneurysms with a diameter less than 10 mm,
such as those used in our study. The histologic find-
ings were highly concordant within each study group,

FIG 2. Subject 7, 4-week implantation.
A, DSA obtained image before emboli-

zation. The aneurysm is 4.9 � 5.1 � 6.5
mm (width � neck size � length).

B, DSA image obtained immediately af-
ter embolization depicts 95% occlusion.

C, Angiogram obtained before eutha-
nasia and 4 weeks after coil implantation
shows no change.

D, Photomicrograph reveals mostly un-
organized blood filling the aneurysmal
cavity and a thin fibrin rim covering the
coils (arrows) (hematoxylin-eosin stain,
original magnification �6.3). The neck of
the aneurysm is covered with thin fibrin
rim (arrowheads).
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as long as 12 weeks after embolization. These findings
indicate that aneurysmal domes remain nearly com-
pletely filled with unorganized blood for longer than
4 weeks after embolization. At 12 weeks after embo-
lization, connective tissue replaced most of the blood
products in the dome, but the exact type of tissue
remains impossible to characterize with the embed-
ding and staining techniques used in our study. Fibrin
represents the predominant tissue overlying the an-
eurysmal neck at 2 weeks, and a thin layer of spindle
cells becomes the predominant tissue at later time
points. In all cases, however, at least some coils along
the aneurysmal neck remained completely devoid of
covering tissue; this finding suggests that the growth
of spindle cells across the aneurysmal neck is stimu-
lated and supported by the induced thrombus rather
than the coils themselves. The origin of the spindle
cells remains unknown; they may originate from the
adjacent arterial wall or the circulating blood ele-
ments. In total, these angiographic and histologic
findings add further evidence that the responses in
the rabbit elastase-induced aneurysmal model closely
mimics the response to coil embolization in humans.

Unlike the excellent concordance of histologic find-
ings at time points as long as 12 weeks, the findings at 24

weeks were less clear. Unfortunately, one of four sub-
jects was excluded for technical reasons. At 24 weeks,
two subjects showed excellent healing, but histologic
findings in one subject showed marked recanalization
that was not evident at angiography. This subject had a
neck width of nearly 5 mm, which was only slightly
greater than the mean neck width for the entire study.
However, this recanalized aneurysm had the widest
neck in the 24-week study group; this observation sug-
gests that longer follow-up might have shown coil com-
paction in some of the other study groups.

This study adds substantial information that is not
available in previous reports of coil histologic features
in the rabbit model of elastase-induced aneurysm (1,
7). First, the current study included angiographic cor-
relation, which was absent in prior work. Second, the
current study involved dense packing, as compared
with loose packing in prior reports. Notably, histo-
logic findings in the loosely packed and densely
packed elastase aneurysms are relatively similar, with
a predominance of unorganized thrombus at early
time points and loose connective tissue present at
later time points.

The findings presented herein concur with the an-
giographic and histologic findings of other investiga-

FIG 3. Subject 13, 12-week implanta-
tion.

A, DSA image obtained before emboli-
zation. The aneurysm is 3.6 � 3.9 � 4.1
mm (width � neck size � length).

B, DSA image obtained immediately af-
ter embolization depicts 100% occlusion.

C, DSA image obtained before eutha-
nasia and 12 weeks after coil implanta-
tion shows no change.

D, Photomicrograph shows that the an-
eurysmal cavity is filled with coils and
well-organized tissue, with no residual
thrombus (hematoxylin-eosin stain, origi-
nal magnification �12.5). Minimal tissue
thickness is present over the coils (ar-
rows).
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tors who used different types of experimental rabbit
aneurysms. Using surgically created vein-patch aneu-
rysms, Reul et al (10) and Spetzger et al (11) found
that small areas of continued flow into the aneurys-
mal neck were apparent at histologic analysis but
impossible to discern at angiography. As in our study,
the growth of tissue over platinum coils was minimal,
and complete occlusion was unusual, even with dense
packing. The elastase-induced aneurysms used in the
current study offer the advantage of ease of construc-
tion, with no need for microsurgical techniques; this
advantage may allow wider dissemination of this tech-
nique, as compared with the vein-patch method.

The new coil system used in this study performed
exceptionally well. Detachment difficulties occurred
early in the study period and were essentially eradi-
cated in later embolization sessions. The complex
coils enabled embolization in even wide-necked an-
eurysms, as shown by the mean dome-to-neck ratio of
1:1. The challenging nature of these aneurysms, which

have a low mean dome-to-neck ratio, is the likely
explanation for the four cases in which coil loops
protruded into the parent artery. Proper detachment
occurred in most deployments, although these coils
were made for research and development purposes,
which accounted for some of the variability in the
quality of the detachment mechanism.

This study has several limitations, which are pri-
marily related to the small number of samples in each
subgroup that precluded meaningful statistical com-
parisons. Furthermore, all studies of this type are
limited by the lack of well-accepted grading schemes
for both angiographic and histologic findings. Histo-
logic evaluation was further hampered by the methac-
rylate embedding procedures, which preserve the
morphology but make staining difficult. Finally, we
estimated percentage of occlusion on the basis of
angiographic findings, but these semiquantitative oc-
clusion rates are difficult to quantify in exact terms.
Various modifications of similar semiquantitative es-

FIG 4. Subject 16, 24-week implanta-
tion.

A, DSA image obtained before emboli-
zation. The aneurysm is 5.4 � 4.9 � 12.2
mm (width � neck size � length).

B, DSA image obtained immediately af-
ter embolization depicts 90% occlusion
with a single coil loop in the parent artery
(arrow).

C, DSA image obtained before eutha-
nasia and 6 months after coil implantation
shows no change.

D, Three distinct regions were present
at histologic analysis. The distal dome is
filled with organized tissue (short straight
arrows). The midportion of the dome
demonstrates unorganized thrombus
(long straight arrows). The neck region
(curved arrow) shows persistent flow and
probably coil compaction, which was dif-
ficult to identify at angiography (hematox-
ylin-eosin stain, original magnification
�8.3).
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timates are routinely used, as reported in the litera-
ture, but we acknowledge that the precise determina-
tion of occlusion rates remains difficult or impossible.

Conclusion
The new coil system evaluated in this study tracked,

deployed, and detached in a predictable manner.
Densely packed experimental aneurysms in rabbits
demonstrate a reproducible histologic evolution that
includes early fibrin coverage, delayed coverage by
spindle cells, delayed resorption of intraaneurysmal
thrombus, and occasional coil compaction.
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