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Introduction 

Percutaneous coronary intervention (PCI) for the treatment of 
coronary artery disease from stable angina to acute coronary syn-
drome is commonly accompanied with stent implantation. Currently, 
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as of this year, drug-eluting stents (DES) are estimated to have 
been implanted five million times worldwide. PCI with stent im-
plantation is the most frequently performed medical intervention.1) 
Coronary stents have proven their value in the management of cor-
onary artery disease, as a supplement to balloon angioplasty, coun-
tering the elastic recoil and constriction of the artery.2)3) However, 
significant neointimal proliferation reactions, leading to in-stent re-
stenosis, allergic and inflammatory reactions to the polymers, and 
incomplete endothelialization over the stent struts, lead to lethal 
complications like stent thrombosis, which have become an Achil-
les heel for DES.4-6) Along with the clinical comorbidities of the pa-
tient, well-known risk factors including restenosis are also attribut-
able to the stent itself, for example, stent design, stent materials, 
stent surface condition, and drug delivery devices, including coated 
polymers.5-7) In addition, the inherent characteristics of coronary 
stents are also known to play a role in the development of stent 
thrombosis.8) Although newer generations of coronary stents with 
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biocompatible or bioabsorbable polymers have been introduced and 
evaluated, none of these technologies have completely overcome 
the weakness of DES.9)10) This problem has persistently encouraged 
the development of coronary stents using innovative technologies 
such as antibody-coated cell capturing stents, biodegradable stents, 
or dual polymer coated stents.11) In order to assess the actual poten-
tial of new coronary stents with innovative technologies, preclinical 
animal studies need to be as rigorous as possible and eliminate as 
many confounding factors as possible, so as to isolate the feature of 
the stent alone for comparison.12)13) To date, injured normal animal 
models (rat, pig, mouse, dog, rabbit, primate) have become standard 
for understanding neointima and vascular remodeling, and they 
rapidly evolved into a new role, that of testing novel restenosis ther-
apies.14) Among these animal models, the hypercholesterolemic com-
parative rabbit iliac artery model has become known to reliably re-
flect human restenosis histopathologically and also have major 
advantages such as pairwise comparison, which makes each animal 
serve as its own control subject, thereby maximizing statistical pow-
er for comparative testing.13)14) However, despite the widespread use 
of this model, a systematic description of the procedure and harvest 
protocols has never been published. The literature only provides a 
brief description of the model and a detailed methodological de-
scription of the model has not been developed to date.15-17) This ar-
ticle seeks to present a detailed description of the procedure with 
comprehensive instructions for generating the model.

General Preparation of Animals 

For the comparative rabbit iliac artery model to evaluate coronary 
stents, Male New Zealand White rabbits (3.0 to 3.5 kg; Yonam Lab-
oratory Animals, Cheonan, Korea) were fed a 1% cholesterol diet 
(Oriental Yeast Co. Ltd., Tokyo, Japan) and oral aspirin (2 mg/kg) for 
2 weeks prior to stent implantation. The efficacy of the 1% choles-
terol diet for 2 to 5 weeks on the induction of hypercholesterol-
emia has been well validated.14) Cho et al.18) showed serum choles-
terol levels of 824±165 mg/dL after 2 weeks on a 1% cholesterol 
diet. In addition, Van Dyck et al.19) reported that the mean total blood 
cholesterol level at baseline was 48±10 mg/dL, and peaked at 2087± 
624 mg/dL at 5 weeks after initiation of the 1% cholesterol diet. 
The body weight of the animals should be 3.0 to 3.5 kg, since an 
adequate diameter of the carotid artery is necessary to insert the 
4-5 Fr femoral sheath without tearing the artery. All animals were 
cared for under constant temperature (22°C) and humidity (65%) 
conditions. The animal experiments were approved and performed 
according to the Institutional Animal Care and Use Committee (IA-
CUC) of the Clinical Research Institute at the Seoul National Univer-
sity Hospital and complied with the National Research Council’s 

Guidelines for the Care and Use of Laboratory Animals.

General Anesthesia and Drug Administration

Several drugs may be used for general anesthesia, and their de-
tailed dosages are presented in Table 1.17)20) Tiletamine, components 
of the Zoletil, have been known to be potential nephrotoxic agents 
with dosages of 32-64 mg/kg intramuscular route, and intermediate 
dose of 15 mg/kg were used. The intranasal route can also be used 
to avoid possible nephrotoxicity.17)21) The lateral side of the thigh was 
preferred for the intramuscular injection of these drugs. In order to 
prevent peri-procedural bacteremia, cefazolin (25 mg/kg) was inject-
ed intramuscularly. During general anesthesia and the procedure, 
the maintenance of the body temperature at 37°C using a heating 
blanket is crucial for the survival of the animals. For local anesthesia, 
lidocaine solution (2%) was administered subcutaneously at the 
incision site. Continuous electrocardiographic monitoring and sup-
plemental oxygen using an oxygen mask were necessary. 

Surgical Procedure and Implantation of the Stents

Approach to the carotid artery from the skin
After fasting for 8 hours, the animals were anesthetized with me-

dication, as described above (Table 1) and then fixed on the operat-
ing table in the supine position. Topical 10% povidone-iodine was 
used to sterilize the surgical field. For local anesthesia, a 2% lido-
caine solution was injected subcutaneously. Since even a small 
amount of lidocaine can be lethal if the solution is unintentionally 
infused into the blood circulation, regurgitation was essential prior 
to injection (Fig. 1A and B). A lateral skin incision, approximately 5 
cm in length, was performed 0.5-1 cm from the midline and me-
ticulous bleeding control was performed with an electronic coagu-
lator or manual compression (Fig. 1C). After dissection of subcuta-
neous tissues, the internal jugular vein was visible 1-1.5 cm on the 
lateral side from the tracheal ring (Fig. 1D and E). Extreme caution 
was required not to injure the internal jugular vein. In our experi-
ence, an animal with an injured internal jugular vein resulted in a 
poor outcome after the procedure. In order to expose the carotid ar-

Table 1. Detailed dosage of the drugs for general anesthesia

Name Dosage Administration route

Zolazepam+Tiletamine (Zoletil®) 15 mg/kg Intramuscular, intranasal*

Xylazine (Rompun®) 5 mg/kg Intramuscular, subcutaneous

Midazolam (Dormicum®) 1 mg/kg Intramuscular

Ketamine (Ketanest®) 10 mg/kg Intramuscular

*The intranasal route is preferable to avoid the possible nephrotoxicity of 
the tiletamine. Intermediate dose of 15 mg/kg intramuscularly can be used 
with caution of possible nephrotoxicity
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tery, an incision was made in the space between the tracheal ring 
and the internal jugular vein (Fig. 1E and F). If a sufficient incision is 
made in the space between the tracheal ring and internal jugular 
vein, the carotid artery along with the vagus nerve are exposed (Fig. 
1F). The perivascular tissue should be sufficiently dissected; other-
wise, the insertion of the 4 Fr introducer might be precluded due 
to the presence of perivascular tissue (Fig. 2A and B). After sufficient 
dissection and isolation of the carotid artery, 3-0 black silk was 
tied at the most distal (cephalic) part of the carotid artery in order to 
dilate the carotid artery, thereby making it easy to puncture (Fig. 2C 
and D). Then, two more 3-0 black silks were temporarily anchored 

at the most proximal (caudal) part of the carotid artery. These two 
black silks will be used to ligate the carotid artery after removal of 
the introducer sheath (Fig. 2E and F). In addition, the pulling up of 
these black silks will prevent hemorrhage during the change of the 
22 G angiosheath to 4 Fr introducer sheath. The 22 G angiosheath 
was preferred for the puncture of the carotid artery. A 24 G an-
giosheath is too small and a 4 Fr introducer sheath is difficult to 
advance through the punctured hole, while a 20 G angiosheath is 
too large and laceration or perforation of the carotid artery is com-
mon, resulting in lethal consequences. The bevel of the needle 
should be faced downward to prevent any puncture of the poste-

A  

C  

E  

B  

D  

F  
Fig. 1. Dissection of the right carotid artery for vascular access. Before the entire procedure commences, the midline of the rabbit should be marked (A). 
After local anesthesia with lidocaine solution (B), a lateral incision was made 0.5-1 cm from the midline (C). The internal jugular vein was exposed after the 
subcutaneous fascia was dissected (D and E, arrowhead). The arrow indicates the imaginary dissection plane to expose the carotid artery (E). The right ca-
rotid artery and vagus nerve were exposed through a dissection of the medial side of the internal jugular vein (F, arrowhead). 
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rior wall of the carotid artery (Fig. 3A). The most common mistake, 
resulting in a puncture, is facing the bevel in the upward direction. 
In the bevel upward case, blood usually spurts out after the punc-
ture and visualization of the field is difficult. All of these factors raise 
the risk of posterior puncture. After the successful anterior puncture 
of the arterial wall was made, angiosheath was advanced gently 
and a 0.014 inch coronary guide wire (Runthrough NSTM, Terumo, 
Tokyo, Japan) was advanced through the lumen of the angiosheath 
and carotid artery (Fig. 3B). When removing the angiosheath, the 
pulling up of the distally anchored 3-0 black silk will reduce hem-

orrhage from the punctured arterial wall (Fig. 3C). A 4 Fr introducer 
sheath (short femoral sheath is preferable; Pinnacle TIF TipTM, Teru-
mo, Tokyo, Japan) was gently advanced through the 0.014 inch 
coronary guide wire into the punctured arterial wall (Fig. 3D and E). 
This is the most crucial step, since perivascular tissues may become 
entangled and subsequently prevent the advance of the introducer 
sheath. The sufficient dissection of perivascular tissues and careful 
inspection of the puncture hole in the anterior arterial wall when 
advancing the sheath are the most important steps. Approximately 
3-4 cm of an introducer sheath was advanced and sutured to the 

A  

C  

E  

B  

D  

F  
Fig. 2. Mobilization of the carotid artery. The carotid artery was mobilized using blunt dissection is (A and B). The distal vessel was ligated to dilate the ca-
rotid artery and make for an easy puncture (C and D). Two loose sutures were placed around the proximal vessel (E and F).
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skin to prevent the unintentional removal of the sheath (Fig. 3F). 
Any side of the carotid artery could be used for the initial angiogram 
and implantation of stents. The surgical exposure of the carotid ar-
tery and stent implantation was performed under sterile conditions.

Implantation of stents
Prior to the insertion of the guide wire, heparin (100 IU/kg) was 

injected intra-arterially through the introducer sheath to prevent th-

rombus formation. Under fluoroscopic guiding (Philips, BV-Pulsera, 
Eindhoven, the Netherlands), the 0.014 inch coronary guide wire was 
advanced from the carotid artery into the distal descending aorta 
(Fig. 4A). When the right carotid artery was used as the access route, 
the tip of the wire should be shaped as per the alphabet letter “J” to 
cross the aortic arch and advance into the descending aorta. The 
guide wire was then advanced to the proximal portion of the femo-
ral artery (Fig. 4B). There are two important details that enhance the 

A  

C  

E  

B  

D  

F  
Fig. 3. Puncture technique and insertion of the introducer sheath. The carotid artery was punctured with 22 G angiosheath with the bevel facing down-
ward (A). During the removal of the angiosheath, the proximal suture was pulled upward to prevent arterial bleeding (C, arrowhead). The 4 Fr introducer 
sheath was gently advanced through the 0.014 inch coronary guide wire into the punctured arterial wall (D and E), and subsequently secured with a tag-
ging suture (F).
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success rate of the procedure, which should be highlighted. First, 
the gentle advance of the guide wire is crucial, since even minimal 
trauma to the aortic wall from the guide wire is able to cause aor-
tic dissection, pseudoaneurysm, or a rupture of the wall. Second, 
the advance of the guide wire above the level of the distal femur 
should be avoided to prevent any rupture of the artery. In the next 
step of the procedure, the stent delivery system was advanced to 
the distal portion of the iliac artery, just beyond the bifurcation of 
the abdominal aorta, and the stents were deployed with a pressure 
of 8-12 atm, according to the reference vessel diameter and stent 
size (Fig. 4B and C). The final angiograms confirmed successful stent 
implantation (Fig. 4D). Two distally anchored black silks were tied 
upon the removal of the introducer sheath. The muscle fascia and 
dermal layer were then sutured with a 3-0 black silk. 

Follow-Up Procedure 

During the entire post-procedural period, the hypercholesterol-
emia diet and oral aspirin (2 mg/kg) was given. At prespecified time 
points according to the evaluation modalities {scanning electron 
microscopy (SEM) or histologic evaluation}, follow-up angiogra-
phy was performed through the opposite side of the carotid artery. 
Generally, the procedure with the opposite side of the artery was 
the same as for the initial procedure. 

If the left carotid artery was used for the follow-up procedure, a 
4 Fr introducer sheath was advanced into the descending aorta to 
allow for easier advance of the guide wire into the common iliac 
artery.22) 

A  

C  

B  

D  
Fig. 4. Stent implantation and angiograms. Once the introducer sheath was inserted, heparin was injected intra-arterially through the introducer sheath 
to prevent thrombus formation. The 0.014 inch coronary guide wire was advanced from the carotid artery into the distal descending aorta (A). The guide 
wire never advanced above the level of the distal femur, to prevent perforation of the distal iliac artery (B and C). The final angiogram shows the successful 
implantation of stents in both iliac arteries with a stent-to-artery-size ratio range of 1.1-1.2 (D).
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Tissue Harvest and Sample Preparation 
for Measurements

According to the literature available, a variety of evaluations re-
garding the efficacy and safety of experimental stents have been re-
ported. Ultimately, the most important part of the evaluation is the 
assessment of early re-endothelialization and delayed neointimal 
hyperplasia, regardless of the evaluation modality. We used SEM and 
percent covered stent surface for the assessment of early re-endo-

thelialization. Conversely, resin fixation of harvested samples and 
histologic examinations were used for the assessment of delayed 
neointimal hyperplasia. After a follow-up angiography was per-
formed, the animal was sacrificed with 20 mL of potassium chlo-
ride through direct intracardiac injection. The inferior vena cava was 
punctured with 16 G angiosheath and continuous phlebotomy was 
performed along with the infusion of normal saline through a ca-
rotid sheath. Meticulous retroperitoneal dissection and exposure 
of both iliac arteries were necessary prior to the cutting off of the ar-

A  

C  

E  

B  

D  

F  
Fig. 5. Assessment of the early re-endothelialization and neointimal area. Scanning the electron microscopic image of a 72-hour harvest sample of anti VE-
cadherin antibody coated stents (A). The surface of the bare metal stent and anti VE-cadherin antibody coated stents are shown 3 days after implantation (B and 
D, respectively). The covered stent surface was measured and quantitatively analyzed (C). A representative hematoxylin and eosin stained sample harvested 
6 weeks after implantation (E). The neointimal area was measured by subtracting area 2 (luminal area) from area 1 (internal elastic membrane area) (F). 
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teries. The evaluation of re-endothelialization was performed with 
SEM after 1 hour, 24 hours, and 3 days. Harvested stents were fixed 
in 2.5% glutaraldehyde and processed for SEM. To prevent detach-
ment of the stent struts from the arterial wall and to achieve suf-
ficient visualization of the luminal surface of harvested vessels, one 
quarter of the stent circumference was removed longitudinally. As 
a result, we were able to look inside through this window (Fig. 5A-D) 
and see the luminal surface and the cellular coverage of the entire 
stent struts, so they could be evaluated qualitatively or quantita-
tively. Quantitative analysis of covered stent struts was performed 
by the measurement of the covered surface using a digital image-
analysis system (Image-Pro Plus version 4.5, MediaCybernetics, 
MD, USA) (Fig. 5C). Samples for the assessment of neointimal hy-
perplasia were harvested 6 weeks after stent implantation. After 
the animal was sacrificed with a potassium-chloride solution, a 4% 
neutral-buffered formalin solution was infused through a carotid 
introducer sheath at 120 mm Hg for 10-30 minutes. Simultaneous-
ly, phlebotomy with a puncture of the inferior vena cava was per-
formed. Except for the use of perfusion fixation with a 4% neutral-
buffered formalin solution in the delayed harvest protocol, the 
surgical procedure for early harvest is the same as for the delayed 
harvest protocol. In the early harvest protocol, pressure fixation 
might remove endothelial layers that are minimally attached. There-
fore, perfusion fixation should be avoided in the early harvest pro-
cedure. The specimens were embedded in cold-polymerizing meth-
ylmethacrylate to preserve stent and vessel integrity. Cross-sectional 
panes were cut from the proximal, middle, and distal in-stent sec-
tions with a low-speed tungsten blade, leaving the stent struts in-
tact and minimizing arterial deformation.20)22-24) The samples were 
stained with hematoxylin and eosin for histomorphological analy-
sis (Fig. 5E). Cross-sectional images of stented rabbit iliac arteries 
were loaded onto Image-Pro Plus version 4.5 (MediaCybernetics), 
and the neointimal area was measured by a blinded observer. The 
luminal area, defined as the area circumscribed by the endothelial 
layer and the internal elastic membrane area, defined as the area 
circumscribed by the internal elastic membrane, were determined 
to calculate the neointimal area.20) The neointima area=internal 
elastic membrane area-luminal area (Fig. 5F).23) In order to assess 
late luminal loss for both stents groups, quantitative coronary angi-
ography was used, as previously reported.20)

Discussion

We have thoroughly described in detail the method of generating 
the comparative rabbit iliac artery model for the comparison of ex-
perimental stents with conventional stents. Since there has not been 
a detailed field manual published for the rabbit model, we have de-

scribed every step of the procedure in as much detail as possible in 
order for beginners to be able to follow the steps. Research in hu-
man coronary atherosclerosis and the evaluation of coronary stents 
are limited by the inability to control experiments, by slow temporal 
lesion development, and by the monetary cost required to conduct 
randomized controlled trials. Many animal models have been used 
and appear to yield comparable results to clinical trials despite sub-
stantial criticisms about their validity.12) The purpose of animal mod-
els can be classified into three categories; the arterial response to 
injury model (pathogenesis model), safety studies to evaluate the 
suitability of new medical devices to humans, and efficacy studies 
to evaluate the performance of new medical devices. Among these 
models, the comparative rabbit iliac artery model is appropriate for 
efficacy studies to evaluate the performance of new medical de-
vices. Safety studies require a closer alignment with human stent-
ing and none of the animal models to date have been validated for 
this purpose. The comparative rabbit iliac artery model has major 
advantages for the evaluation of new coronary stents in compari-
son with conventional coronary stents.13) First, arterial dilatation and 
arterial wall aggregation can be controlled simultaneously. The op-
erator can observe the other side of the artery during the implan-
tation of the stent on one side of the artery; therefore, the stent-to-
arterial ratio can be equalized by visual estimation, quantitative 
coronary angiography, or intravascular ultrasound. Second, all of the 
animals provide paired parameters and this means each animal 
serves as its own control subject. This removes the possibility of in-
ter-subject variations which can causes bias in a comparison, par-
ticularly where the samples being compared are small in size.13) In 
addition, intra-subject variations are known to be far fewer com-
pared to inter-subject variations. Third, the statistical power of pair-
wise. comparison is much higher compared to the comparison of 
two independent groups. Lastly, rabbit iliac arteries have similar di-
mensions compared with human coronary arteries,25) and flow dy-
namics of rabbit iliac arteries are similar to porcine coronary arter-
ies,26) which have been the standard model for the preclinical ev-
aluation of endovascular devices.27) Conversely, the major short-
comings of rabbit stent implantation model should be considered. 
Foremost is the inability to directly assess cardiac events following 
stent implantation. Second, although arterial responses are similar, 
the susceptibility of the elastic-natured aorta and iliac artery to in-
jury is less than muscular coronary artery.28) These discrepancies are 
able to affect the degree of neointimal hyperplasia, thrombus for-
mation, and inflammatory response, each of which might be less 
in the rabbit model compared with the porcine coronary artery 
model.27) Compared with the rabbit model, the porcine coronary ar-
tery model has a similar cardiovascular anatomy to humans with re-
gard to size, morphology, collateral circulation, and well-developed 
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vasa vasorum. In addition, this model also possesses similar general 
physiology and coagulation systems with humans.29) Furthermore, 
local flow dynamics of porcine coronary arteries closely parallels 
that of humans, and the neointimal response shows similar histolo-
gy to that in stenotic human coronary arteries. However, rapid gr-
owth rate, high body weight potential, and the propensity to develop 
granulomatous inflammatory reactions, to date considered unique 
to this species, are major limitation of the porcine coronary artery 
model.27) Although the results of animal models may not perfectly 
extrapolate to humans, the comparative rabbit iliac artery model 
may be a useful tool for assessing and comparing the efficacy of 
new coronary stents with conventional stent systems. Appropriate 
model selection, understanding of model limitations, and appropri-
ate interpretation of the study results in light of model limitations 
are carefully considered to derive the maximum benefit from pre-
clinical investigations into the safety and efficacy of endovascular 
devices. 

Conclusion

We have described in detail the method for generating the rabbit 
coronary stent implantation model and the preparation of samples 
for the appropriate measurement of early re-endothelialization 
and neointimal hyperplasia. This thorough description of the tech-
niques required for vascular access, stent implantation, tissue prepa-
ration, and measurement, should aid investigators wishing to begin 
using the comparative rabbit iliac artery model, particularly if they 
have little prior experience doing so. 
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