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Background: Rabbit elastase-induced aneurysms have widely been used to test various
endovascular materials over the past two decades. However, wide-necked aneurysms
cannot be stably constructed.

Objective: The purpose of the study was to increase the neck width of the
elastase-induced aneurysm model in rabbits via an improved surgical technique with
two temporary clips.

Materials and Methods: Fifty-four elastase-induced aneurysms in rabbits were
successfully created. Group 1 was (n = 34) composed of cases in which two temporary
aneurysm clips were placed closely medially and laterally to the origin of the right common
carotid artery (RCCA), respectively. Group 2 (n = 20) included cases in which a single
temporary aneurysm clip was placed crossed the origin of RCCA. Digital subtraction
angiography (DSA) was performed before and immediately after elastase incubation and
3 weeks later. The diameter of the origin of RCCA before and immediately after elastase
incubation and aneurysm sizes of the two groups were measured and compared.
Moreover, the correlation analysis was performed between the diameter of the origin
of RCCA immediately after elastase incubation and aneurysm neck width.

Results: The mean aneurysm neck and dome width of group 1 were both significantly
larger than that of group 2 (p-value < 0.001 and p-value = 0.005, respectively).
Moreover, the proportion of wide-necked aneurysms (neck width >4 mm) in group 1 was
significantly larger than that in group 2 (p-value = 0.004) and the mean dome to neck
ratio (D/N) of group 1 was smaller than that of group 2 (p-value = 0.008). Furthermore,
there was a positive correlation between the diameter of the origin of RCCA immediately
after elastase incubation and aneurysm neck width.

Conclusion: The improved surgical technique with two temporary clips, focusing on
the direct contact of elastase with the origin of RCCA, could increase the neck width of
elastase-induced aneurysm models in rabbits.
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INTRODUCTION

The preclinical experiment studies play an important role in
helping practitioners and device developers improve techniques
and tools for endovascular treatment (EVT) of intracranial
aneurysms. Elastase-induced aneurysm of the right common
carotid artery (RCCA) in rabbits has been widely used to test
the safety and efficacy of new endovascular devices prior to
use in humans (1-6). The previous preclinical studies have
indicated that the elastase-induced aneurysm model has similar
hemodynamic, morphological, and histologic characteristics
to human unruptured aneurysms, and demonstrated similar
healing responses and biologic characteristics to treat with coils,
stents, and flow diverters as human aneurysms (7-10). The
aneurysm model is created through a combination of surgical
and endovascular techniques, which have been first described by
Kallmes and Altes et al. from Mayo clinic (1, 11). Since then,
many investigators have been practicing reliable modifications
by altering the volume and configuration, including the neck
width, of the aneurysm model to test new endovascular devices
(10, 12-18). To our knowledge, the origin of RCCA (the neck
of the aneurysm model) digested sufficiently by elastase is a
critical factor to improve the neck width of the elastase-induced
aneurysm model.

According to preliminary experiment practice (10, 14), we
found that when a single temporary arcuated aneurysm clip
was used across the origin of RCCA to create an aneurysm
model, the neck width was not as large as we expect. Thus,
we tended to modify the procedure by placing two temporary
aneurysm clips closely medially and laterally to the origin of
RCCA, respectively to achieve complete digestion of the elastin
at the origin of RCCA (Figure 1) and compare the aneurysm
parameters between the improved technique and the traditional
single temporary aneurysm clip technique to check whether the
improved technique could increase aneurysm neck width.

MATERIALS AND METHODS

Aneurysm Creation

All experimental procedures were performed in accordance
with the National Institutes of Health guidelines for humane
handling of animals and were approved by the animal research
committee of Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital. All rabbits (body weight, 2.50~3.00 kg) were
maintained on a standard laboratory diet. In the study, the
details of improved surgical technique are as follows (group
1) (Figures 1A, 2). After sufficient anesthesia was induced
with a single administration of intramuscular injection of 1%
sodium pentobarbital in 1 mg/kg, hairs around the incision were
shaved, which was located at the right of the midline from the
thyroid cartilage to the manubrium sterni. The animals breathed
spontaneously during the surgery. The detailed procedures had
been described in the previous literature (10, 14). Following a
6-8 cm incision was made, muscles were separated and removed
layer by layer. The trunk and the origin of RCCA at its junction
with the subclavian and the brachiocephalic arteries were exposed
and isolated (Figure 2A). After the RCCA was ligated distally, a

20-gauge intravenous catheter was advanced retrograde into the
RCCA, and a 3-0 silk ligature was used to ligate the proximal
to the cannulation site. Digital subtraction angiography (DSA,
AXIOM Artis dBA; Siemens Medical Solutions, Germany) via
the catheter showed the arteries, including the right subclavian
artery, the brachiocephalic trunk, and the RCCA (Figure 2B).
The diameter of the origin of RCCA on the DSA images
before elastase incubation was measured in reference to the
external sizing device. Then, two temporary aneurysm clips
were successively placed closely medially and laterally to the
origin of RCCA, respectively (Figures 1A, 2C), and DSA via
the catheter confirmed the complete occlusion of the right
brachiocephalic artery and the right subclavian artery. More
importantly, the origin of RCCA and the junction of the RCCA
with the subclavian and brachiocephalic trunk could be filled
with a contrast medium under fluoroscopy for at least 2 min to
confirm that the elastase could directly contact with the origin
of RCCA without leakage. Subsequently, remaining blood within
the isolated RCCA segment was aspirated, and 80 units of porcine
pancreatic elastase (Worthington Biochemical Corp., Lakewood,
NJ) mixed with equivalent amounts of nonionic contrast-
material were infused into the lumen of the isolated RCCA
segment and allowed to incubate for 20 min (Figure 2D). After
incubation, the elastase solution and two temporary aneurysm
clips were removed, successively. We also measured the diameter
of the origin of RCCA on the DSA images immediately after
elastase incubation. Then a 3-0 silk ligature was tied about 15 mm
distally from the origin of RCCA (18). At last, the RCCA was
transected just distal to the last ligation, and the wound was
closed in multiple layers with 3-0 Vicryl. After the operation,
all rabbits were fed with adequate water and food in cages. The
rabbits in group 2 underwent the same procedure as those in
group 1, except that two temporary aneurysm clips were replaced
by a single temporary aneurysm clip which was placed across the
origin of RCCA (10, 14).

Follow-Up Angiography

DSA was performed to confirm the aneurysm models 3 weeks
after creation. The animals were anesthetized as described above.
Using a sterile technique, surgical exposure of the right common
femoral artery was performed, and a 5F vascular sheath was
placed. Heparin (100 U/kg) was administered intravenously. A
5 F catheter (Envoy; Cordis Endovascular) was advanced into the
aortic arch to perform DSA. The neck width, dome height, and
dome width of the aneurysm models were measured. A wide-
necked aneurysm was characterized as neck width >4 mm (19).

Statistical Analysis

Two observers (YG and BG with 10 and 20 neurointerventional
experience, respectively) who were not clear about the grouping
detail measured all data independently. Interobserver variability
was measured by using intraclass correlation (ICC). ICC of
<0.4 indicates poor reproducibility, ICC between 0.4 and 0.75
indicates fair to good reproducibility, and >0.75 indicates
excellent reproducibility. Continuous data are presented as
mean £ SD. Student’s t-test was used for normally distributed
data, and the Mann-Whitney U test was used for data that
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Adventitia

Endothelial cells

FIGURE 1 | The improved surgical technique, two temporary aneurysm clips technique, for aneurysm model in rabbits. (A) Schematic picture depicting an improved
technique for increasing neck width of the aneurysm at the right common carotid artery (RCCA); (B) lllustration depicting wide-necked aneurysm at the RCCA after
3-week follow-up; and (C) Schematic illustration displaying sufficient elastin digestion at the aneurysm neck and dome. RCCA, right common carotid artery; LCCA, left
common carotid artery; RSA, right subclavian artery; LSA, light subclavian artery; RVA, right vertebral artery; LVA, left vertebral artery; BCT, brachiocephalic trunk.

were not normally distributed. Categorical data were expressed
as frequencies and group percentages and tested by Chi-
squared and Fisher’s exact tests. p-values<0.05 were considered
statistically significant. A regression analysis was performed for
the relationship between the diameter of the origin of RCCA
immediately after elastase incubation and the aneurysm neck
width. Statistical analysis was performed using SPSS 26.0 (SPSS
Inc, Chicago, IL, USA).

Histology

The animals were sacrificed to obtain the specimens, including
the right brachiocephalic trunk, RCCA aneurysm and part of the
ascending aorta, the descending aorta, the right subclavian artery,
and the left CCA. The specimen was flushed with saline and
fixed in 10% formaldehyde for more than 24 h. Specimens were
embedded in parafhin, sectioned, and stained with hematoxylin-
eosin (H&E) and Verhoeff’s Van Gieson stain.

RESULTS

The elastase-induced aneurysm models in group 1 and group
2 were successfully created in 34 of 37 and 20 of 22 rabbits,
respectively. Three and two rabbits in group 1 and group 2 died,
respectively due to iatrogenic pneumothorax and bleeding during
the experiment procedure.

Three weeks later, DSA and histological analysis were
performed in all rabbits without mortality. The diameter of the
origin of RCCA before and immediately after elastase incubation,
aneurysm sizes, and the proportion of wide-necked aneurysm
are presented in Tables 1, 2. Representative images are shown in
Figures 3, 4.

Interobserver Reproducibility
The interobserver reproducibility of all measurements was
excellent. The diameter of the origin of RCCA before and

immediately after elastase incubation ICC was 0.987 and 0.988,
respectively; aneurysm dome height ICC, 0.981; aneurysm dome
width ICC, 0.984; aneurysm neck width ICC, 0.990.

The Diameter of the Origin of RCCA Before

Elastase Incubation

The mean diameters of the origin of RCCA before elastase
incubation for group 1 and 2 were 2.06 £ 0.18 (range, 1.79 to
2.38 mm), and 2.05 % 0.17 (range, 1.84 to 2.29 mm), respectively
(p-value = 0.88).

The Diameter of the Origin of RCCA

Immediately After Elastase Incubation

The mean diameters of the origin of RCCA immediately after
elastase incubation for group 1 and 2 were 2.87 £ 0.49 (range,
2.02 to 3.90 mm), and 2.47 £+ 0.58 (range 1.97 to 3.45mm),
respectively (p-value = 0.078).

Aneurysm Dome Height

The mean dome heights for group 1 and 2 were 6.38 + 1.82
(range, 3.23 to 12.13mm), and 5.52 + 1.39 (range, 2.90 to
8.19 mm), respectively (p-value = 0.07).

Aneurysm Dome Width

The mean dome widths for group 1 and 2 were 4.25 & 1.12 (range,
2.62 to 7.36mm) and 3.44 £ 0.59 (range, 2.63 to 4.72mm),
respectively (p-value = 0.005).

Aneurysm Neck Width

The mean neck widths for group 1 and 2 were 4.09 =+ 0.80 (range,
2.78 to 6.36 mm) and 2.85 £ 0.69 (range, 1.97 to 4.55mm),
respectively (p-value < 0.001). Fourteen (41.2%) of 34 aneurysms
in group 1 could be attributed to wide-necked and there were
only 1 wide-necked aneurysm (5.0%) in group 2 (n = 20) (p-value
=0.004).
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FIGURE 2 | The process of the improved surgical technique with two temporary clips. (A) The origin of the right common carotid artery (RCCA) at its junction with the
subclavian and brachiocephalic arteries was exposed; (B) Angiography shows the subclavian artery, the brachiocephalic artery, and the RCCA via a 20-gauge
intravenous catheter; (C) Two temporary aneurysm clips were placed closely medially and laterally, respectively to the origin of RCCA which was inserted by a
20-gauge intravenous catheter; and (D) Under fluoroscopy, the origin of RCCA was confirmed that it can be filled with elastase mixed with a contrast agent without
leakage.
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TABLE 1 | The diameter of the origin of the right common carotid artery (RCCA)
before and immediately after elastase incubation and aneurysm sizes in groups 1
and 2.

Variables Group 1 Group 2 P-value
The diameter of the origin of RCCA 2.06+0.18 2.05+0.17 0.88
before elastase incubation, mm

(mean + SD)

The diameter of the origin of RCCA 287 +£049 247 +£0.58 0.078
immediately after elastase incubation,

mm (mean + SD)

Dome height, mm (mean + SD) 6.38 +£1.82 552+ 1.39 0.07
Dome width, mm (mean + SD) 425+1.12 3.44+£0.59 0.005
Neck width, mm (mean + SD) 4.09+0.80 2.85+0.69 <0.001
Dome to neck ratio (mean 4 SD) 1.59+045 1.99 +£0.55 0.008
TABLE 2 | Frequency of aneurysm neck width >4 mm in groups 1 and 2.

Neck width Group 1 Group 2 P -value
>4 mm, n (%) 14 (41.2%) 1(5.0%) 0.004
<4mm, n (%) 20 (58.8%) 19 (95.0%)

Dome to Neck Ratio
The mean dome to neck ratio (D/N) for group 1 and 2 were 1.59
=+ 0.45 (range, 1.06 to 3.02) and 1.99 £ 0.55 (range, 1.06 to 3.08),
respectively (p-value = 0.007).

Histology

Hematoxylin-eosin staining of specimens harvested from rabbits
in groups 1 and 2 demonstrated the aneurysm were both
successfully created in two groups (Figures 4A,D). Verhoeff’s
Van Gieson stain (stains for elastin) of specimens showed that
the aneurysm dome wall lacked elastin in both groups 1 and
2 (Figures 4B,E), however, compared with group 2, elastin at
the aneurysm neck in group 1 was digested more sufficiently
(Figures 4C,F).

Correlation Analysis

The diameter of the origin of RCCA immediately after elastase
incubation had positive correlation with aneurysm neck width (>
= 0.709, p-value < 0.001) (Figure 5).

DISCUSSION

The New Zealand rabbit elastase-induced aneurysm of the RCCA
is one of the most common experiment models in testing the
safety and efficacy of new endovascular devices in the field
of interventional neuroradiology and biomaterial engineering
(1-6). However, the configurations of the aneurysm, especially
neck width, still remain randomized and uncontrollable. In
the study, the aneurysm clip technology was modified, and
compared with the improved technology, two temporary
aneurysm clips, with the traditional single clip technique to
prove whether the improved technique can reproducibly increase
aneurysm neck width. When two temporary aneurysm clips

were placed closely medially and laterally to the origin of
RCCA, respectively, the elastin at the origin of RCCA could
be completely digested and the aneurysm neck size could be
relatively wide.

Because the weight of rabbits was strictly controlled, the mean
diameters of the origin of RCCA before elastase incubation
for two groups were almost the same, which could avoid
the original RCCA diameter effect on the aneurysm neck
width. Besides, though not statistically significant, after elastase
digestion, the diameter of the origin of RCCA of group 1
was larger than that of group 2 (p-value = 0.078). The mean
aneurysm dome height and width of group 1 were larger than
those of group 2, moreover, the difference in dome width had
statistical significance (p-value = 0.005) and that of dome height
nearly reached statistical significance (p-value = 0.07). This
phenomenon seemed to be similar to the aneurysm in humans.
The aneurysm neck width had a positive correlation between
the dome width and the neck height (20). Meanwhile, the D/N,
another index used to evaluate wide-necked aneurysms in a
clinic, of group 1 was significantly smaller than that of group 2
(p-value = 0.008).

In addition, a strong positive correlation was observed
between the diameters of the origin of RCCA immediately after
elastase incubation and the aneurysm neck width, which was
similar to that reported by Onizuka et al. (21). Compared with
preliminary technology, vein-pouch technology, the histology
of aneurysms created by elastase bore a closer resemblance
to that of human aneurysms, however, the aneurysm needed
about 3 weeks to mature. Based on the correlation between
the diameters of the origin of RCCA immediately after elastase
incubation and the aneurysm neck width, researchers could
predict the final aneurysm morphology, thus, may save time and
reduce cost.

Since EVT was used to treat intracranial aneurysms, complete
aneurysm occlusion is often difficult to achieve in wide-
necked aneurysms. For testing, the developed techniques and
endovascular devices require animal models that closely mimic
technically hazardous aneurysm configurations, especially wide-
necked aneurysms. Ding et al. reported the method to improve
neck size via the lower position of the balloon to achieve
the origin of RCCA digested sufficiently by elastase (16, 17).
However, inflation of the proximal balloon at the origin of
the RCCA may denude the internal vessel lining of the
brachiocephalic artery and the origin of the RCCA introducing
histologic changes (10). So aneurysm clip technique to preserve
histology was preferred. Moreover, in the study, we showed
that two temporary aneurysm clips could also achieve sufficient
digestion of elastin at the origin of RCCA, which is similar to
the method of Ding et al. Besides, the mean neck width and
proportion of wide-neck aneurysm of improved technique are
also close to those of their method (4.09 &+ 0.80 vs. 3.93 & 0.91;
41.2 vs. 46%, respectively) (17).

In addition, the improved technique is superior to the
traditional single temporary aneurysm clip technique in
increasing the neck width of aneurysms, which can be
attributed to the following reasons: (1) A single clip is easy
to cover the origin of the carotid artery because the width
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creation of RCCA aneurysm model in rabbits of groups 1 and 2, respectively.

FIGURE 3 | (A,C) The angiogram immediately after right common carotid artery (RCCA) incubated by elastase and (B,D) 3-week follow-up angiogram to confirm the

of aneurysm clip blade was approximately 1 mm. In order to
fully digest the elastin at the origin of RCCA, the clip needs
to be placed more accurately, which is also closely related
to the relationship between the arterial anatomy and the
shape of the clip. On the contrary, the improved technique is
less affected by experience and anatomy. (2) The single clip
technique needs to place the clip horizontally, which takes
up a lot of space. Due to the extrusion of the tissue, it is easy
to cause the displacement of the clip after location, however,
in improved technique, the clip is placed longitudinally to
avoid displacement.

One shortcoming of the improved technique is that elastase
might digest elastin of the parent artery causing dilation.
It mainly occurred in the first third of group 1 (6 of 13,
46.2%). With the improvement of experience, the head of
the aneurysm clips was put closer to reduce the damage to
the parent artery, therefore, the probability of parent artery
elastin injury in the middle third and the last third gradually
decreased (3 of 12, 25.0% and 1 of 12, 8.3%, respectively).
Meanwhile, group 2 had less parent artery dilation (2 of 20,
10%). This shortcoming was common in the previous studies
which were also in order to increase the neck width of
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FIGURE 4 | (A,D) Hematoxylin-eosin (H&E) staining and (B,E) Verhoeff's Van Gieson stain of specimens harvested from rabbits in groups 1 and 2, respectively. (C,F)
Magnified and pieced pictures of (B,E) respectively. Note the aneurysm neck (arrow) in (B,E). The left and right sides of the dotted line are the medial and lateral parts
of specimens, respectively in (C,F) and the dashed circles highlight the aneurysm neck.

aneurysms (16, 17). However, it was proved in the present
study that with the improvement of experience, this defect could
be avoided.

Moreover, the technique of surgically exposing the origin
of the RCCA could precisely place two temporary aneurysm
clips and another advantage of our technique is that it is
easy to distinguish and isolate aberrant origins of the superior
thyroid artery and the tracheoesophageal branch from the
RCCA to avoid elastase leakage and reduce mortality (22).
Additionally, fluoroscopy could confirm that elastin at the origin
of RCCA is directly digested without leakage. Furthermore,
the aneurysm creation procedure is quite simple and easy
to perform for training for the interventional procedures.
Novices can adapt our technology in a short period of time
and achieve highly reproducible aneurysms with large neck
width for evaluating endovascular devices and techniques for
aneurysmal therapy.

INNOVATIONS AND LIMITATIONS

Although the prospective study shows that improving the
surgical temporary clips technique can increase neck width
of morphologically reproducible elastase-induced aneurysm
model in rabbits, there have been some limitations that
should be acknowledged. The study includes small subjects and
angiography was followed up for only 3-weeks, so additional
long-term studies with large sample sizes are needed to determine
whether the improved technique can increase the neck width of
the aneurysm model more reliably than a single clip technique.
Moreover, though angiographic projections parallel to the
aneurysm plane have been obtained to the best of our ability,
some small projection variations are inevitable. Last but not
least, exact aneurysm size and neck width are also subject to
interpretation errors. In the study, two observers were used to
diminish this error.
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FIGURE 5 | Correlation between the diameter of the origin of RCCA immediately after elastase incubation and 3-week follow-up aneurysm neck width.

CONCLUSION

The improved surgical temporary clips technique, focusing on
the direct contact of elastase with the origin of RCCA, to create
a morphologically reproducible elastase-induced relatively wide
neck aneurysm model in rabbits is feasible. Large cohort studies
and long-term follow-up are needed to further clarify the efficacy
of the technique.
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