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Abstract: The aim of this study was to propose a new animal model evaluating the serial time course 
of in-stent stenosis by repeated carotid artery catheterization in the same animal. 16 bare-metal 
stents were implanted in the normal external and internal iliac artery of 8 miniature pigs. Repeated 
measurements were performed in the same animal every 2 weeks for 12 weeks through carotid artery 
catheterization. The time course and peak neointimal proliferation were evaluated by intravascular 
ultrasound. Health of all animals was assessed by clinical and hematological examinations. As a 
result, 7 times of carotid artery catheterization was performed per pig, but all animals remained 
healthy without both any complications and hematological inflammatory abnormalities. The time 
course of neointimal proliferation of each stent was observed from the stage of hyperplasia to partial 
regression. The peak neointimal proliferation varied from 6 to 12 weeks despite implantation of 
identical stents using the same deployment method. In conclusion, repeated carotid artery 
catheterization to the same animal is feasible without animal health deterioration. This model should 
be useful to evaluate the time course of neointimal proliferation after stent deployment in preclinical 
study.
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Introduction

It is essential to evaluate new stent devices which are 
implanted in human coronary, peripheral and carotid 
arteries by conducting preclinical studies [14–16]. Pig 
and rabbit models have been widely used to evaluate 
in-stent stenosis by pathological analysis as well as si-
multaneous “one-shot” angiography and/or intravascular 

ultrasound (IVUs) [3, 5, 10, 12, 14–16]. In these models, 
in-stent stenosis was evaluated at stent implantation and 
a second time at final follow-up, but serial evaluations 
during follow-up were not performed. In these studies, 
the time course of in-stent stenosis needed to be evalu-
ated by comparing different group of animals at each 
time point.

serial measurements in the same animal should pro-
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vide useful information on the time course of neointimal 
proliferation, and should make it possible to determine 
peak neointimal proliferation. However, such studies 
have not been reported previously. The objectives of this 
study were to establish the feasibility and safety of re-
peated in-stent measurements in the same animal, and 
then to evaluate the time course of neointimal prolifera-
tion after implantation of a bare-metal stent (BMS) in 
iliac arteries of miniature pigs.

Materials and Methods

Animal preparation
Göttingen minipigs (ellegaard, Dalmose, Denmark) 

were used for this study. All animals were fed a normal 
diet without cholesterol supplementation. no additional 
antiplatelet medication was given during the study. all 
animal research procedures were performed in accor-
dance with the Animal Use Guidelines of our university.

All experimental procedures were performed in a 
standard manner [2, 11, 14–16, 22]. For premedication, 
the minipigs received an intramuscular injection consist-
ing of midazolam (0.5 mg/kg, Astellas, Tokyo, Japan) 
and xylazine (2.0 mg/kg, Bayer, Leverkusen, Germany), 
and were orally intubated and then artificially ventilated 
(Pro-45, acoma, Tokyo, japan). a veterinarian (k.k.) 
maintained general anesthesia by inhalation of oxygen 
containing 0.5–1.5% isoflurane (Dainippon Sumitomo 
Pharma, Osaka, Japan). Lactated Ringer’s solution was 
dripped intravenously through the ear vein. arterial 
blood pressure, heart rate, electrocardiogram, oxygen 
saturation and rectal temperature were continuously 
monitored throughout the procedure. Cefmetazole so-
dium (1 g, Daiichisankyo, Tokyo, japan) was adminis-
tered intravenously twice soon after securing vascular 
access and at the end of the procedure.

Surgical procedures
Under sterile conditions, a longitudinal skin incision 

approximately 5 cm long was first created along the an-
terior border of the left sternomastoid muscle. Then the 
left common carotid artery was exposed by sharp dis-
section, and a 7 Fr sheath-introducer (Medikit super 
sheath 7 Fr; Medikit, Tokyo, japan) was inserted in a 
retrograde direction after penetration of the anterior ar-
terial wall with the puncture needle. hematological 
examination was performed on a blood sample (~5 ml) 
collected from the sheath-introducer, and then an intra-

venous bolus of 100 U/kg of heparin (Ajinomoto, Tokyo, 
Japan) was administered, followed by additional bo-
luses of 40 U/kg every hour to prevent the blood coagu-
lation. At the end of the operation, the sheath-introduc-
er was removed and the insertion hole was sutured using 
nylon 5-0 suture. The muscle and skin were closed 
layer by layer, and 2% lidocaine gel (aspen japan, To-
kyo, japan) was applied to the wound to relieve postop-
erative pain.

Stent implantation
a bare-metal stent (bMs; kw39 stent, kawasumi 

Laboratories, Inc., Tokyo, Japan) is a balloon-expandable 
stent made with stainless steel (SUS316L) and has a 
length of 12 mm [19].[REMOVED HYPERLINK 
FIELD]

The procedures were performed under angiographic 
guidance using a clinical C-arm X-ray imaging system 
(arCaDIs avantic, siemens, Munich, Germany). Dis-
tal abdominal aortography was performed with a 7 Fr 
guiding catheter (Envoy, Cordis, Miami, FL, USA). For 
optimum stent deployment, the size of each iliac artery 
was measured by intravascular ultrasound (IVUS; iLab, 
Boston Scientific, Natick, MA, USA) after 0.2 mg nitro-
glycerin was administered intra-arterially through a 2.1 
Fr microcatheter (Tangent, Kawasumi Laboratories, Inc., 
Tokyo, Japan). Based on the compliance table of the stent 
delivery system for humans (nominal pressure, 8 to 10 
atm), an optimal inflation pressure was selected to 
achieve a stent/artery ratio of 1.0 to 1.1 [15, 16]. A bal-
loon catheter with a bMs was placed in the external 
iliac artery (eIa), and then the stent was deployed by 
inflating the balloon for 1 min. Angiography and IVUS 
imaging were performed after stent implantation. Sub-
sequently, another bMs was implanted in the contralat-
eral internal iliac artery (IIa) in the same manner. al-
though a new kind of stent under development was 
implanted in the contralateral eIa and ipsilateral IIa, 
the data on these coated stents are not included in this 
report, since we want to focus on the feasibility of re-
peated IVUs measurements in the stented vessels 
through carotid artery catheterization.

Follow-up procedures
After stent implantation, IVUS imaging were per-

formed every 2 weeks for 12 weeks. At each follow-up 
time point, general anesthesia was induced, and the an-
tibiotics was given intravenously twice in the same man-
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ner as first operation. The skin was incised at the same 
location that was used for the previous catheterization, 
with slight extension to the proximal site. The left com-
mon carotid artery was exposed again, and a 6 Fr sheath-
introducer was inserted in the proximal portion of the 
artery which was free of tissue adhesions followed by 
penetration of the arterial wall with the puncture needle. 
After IVUS measurements in the iliac arteries, the ca-
rotid artery was repaired in the same manner as used for 
the initial procedure. If the sheath-introducer insertion 
position reached the junction of the left and right ca-
rotid arteries, the right common carotid artery was used 
instead of the left at the next scheduled follow-up time 
point.

Animal health assessment
Since the repeated procedures might affect animal 

health, physical and neurological conditions of the mini-
pigs were evaluated using a modified neurological grad-
ing scale [20, 24], which assessed appetite (0 to 4 points), 
standing position (0 to 5), head position (0 to 2), utter-
ance (0 to 2), motor function (fore- and hindlimbs; 0 to 
4 × 2), and facial paresis (0 to 1). The total score ranged 
from 0 to 22 points. Animal body weight was measured 
every 2 weeks. Serum levels of hypersensitive C-reactive 
protein (hs-CRP) and tumor necrosis factor (TNF) -alpha 
were measured to evaluate infection before stent deploy-
ment and at each follow-up time point.

IVUS imaging protocol and quantitative analysis
a standard IVUs imaging protocol was applied [7, 11, 

22]. all IVUs images were acquired using a commer-
cially-available system (iLab, Boston Scientific, Natick, 
MA, USA) incorporating a 40 MHz single-element trans-
ducer rotating at 1,800 rpm within a 3.2 Fr short mono-
rail imaging sheath (Atlantis SR Pro, Boston Scientific). 
IVUS imaging was performed from the distal to proximal 
portion of the stented segment using automatic pullback 
at 0.5 mm/s. All IVUS images were stored on a DVD for 
offline analysis.

A coauthor blinded to the purpose of the study per-
formed quantitative IVUS analysis. The cross-sectional 
area of each in-stent segment was measured at 1-mm 
intervals using validated software (iReview, Boston Sci-
entific) [11, 21, 22]. Stent, lumen and neointimal vol-
umes were calculated using Simpson’s rule [22]. The 
percent in-stent volume obstruction (%VO) was calcu-
lated as follows: %VO=100 × (neointimal volume/stent 

volume). The time course of stent, lumen and neointimal 
volumes, and the %VO were determined for each iliac 
artery.

Statistical analysis
Continuous values are expressed as the mean ± sD. 

Variables were compared between groups using Mann-
whitney U-test. A 2-way repeated measures analysis of 
variance (ANOVA) was employed to test for significant 
differences over time. A P value <0.05 was assumed to 
indicate a significant difference. All statistical analyses 
were performed using IBM SPSS Statistics version 19 
(SPSS Inc., IBM, Somers, NY, USA).

Results

Overall procedural success
Experiments were performed in 8 miniature pigs; 4 

male and 4 female, with a body weight of 25.1 ± 3.6 kg 
and an age of 15.5 ± 5.7 months. Stent deployments and 
all follow-up procedures were successful in all of the 
animals. The total operation time of stent implantation 
was 158.3 ± 16.6 min and that of the follow-up proce-
dures was 69.2 ± 12.7 min. The left carotid approach 
was used for stent deployment, and follow-up was per-
formed every 2 weeks for 12 weeks after stent implanta-
tion. For all 8 minipigs, the left common carotid artery 
was used 5.4 ± 1.1 times. The left carotid artery was used 
until the sheath insertion position reached the junction 
of the right and left carotid arteries; then, the remaining 
follow-up evaluations were performed through the right 
common carotid artery. A portion of the carotid artery 
was used that extended for approximately 10 cm from 
its origin, and this portion was located in front of the 
anterior tubercle of the cervical vertebrae and relatively 
near the body surface. It was easy to repeatedly isolate 
and manipulate this portion of the carotid artery. There 
were no complications such as massive bleeding or local 
infection as a consequence of the repeated surgical pro-
cedures throughout the study.

Animal conditions
The modified neurological grading scores were 0 and 

no symptoms of health deterioration or stroke were ob-
served throughout the study. body weights were also 
stable in all animals during the follow-up period. The 
values of hs-CRP and TNF-alpha were nearly constant 
during the study period (Fig. 1).
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Quantitative IVUS results
A total of 16 BMSs were evaluated, including 8 stents 

in the eIa and 8 stents in the IIa. Preoperative vessel 
diameter, stent size, inflation pressure and stent/artery 
ratio in each iliac artery are shown in Table 1. Vessel and 
stent diameters of EIA were larger than those of IIA. As 
planed, the inflation pressure and stent/artery ratio were 
similar between both arteries (P>0.05). As a result of 
repeated IVUS measurements every 2 weeks for 12 
weeks of follow-up, the time course of neointimal forma-
tion in each stent could be observed from the stage of 
hyperplasia to partial regression. representative exam-
ples of the IIA obtained at each time point are shown in 
Fig. 2. In this animal, peak neointimal proliferation oc-
curred at 10 weeks after BMS implantation. The time of 
peak neointimal proliferation varied considerably among 
animals (from 6 to 12 weeks); the mean time of the peak 

Fig. 1. The time course of plasma levels of hs-CRP and TNF-alpha. 
The levels of these markers were nearly constant during 
the study period.

Table 1. Baseline data of bare-metal stent implantation

External iliac artery (n=8) Internal iliac artery (n=8) P value

Preoperative vessel diameter, mm 4.9 ± 0.5 3.6 ± 0.3 <0.0001
stent diameter, mm 5.3 ± 0.5 3.9 ± 0.4 <0.0001
Inflation pressure, atm 12.0 ± 2.5 10.6 ± 2.7 0.31
stent/artery ratio 1.08 ± 0.05 1.05 ± 0.05 0.31

Fig. 2. Cross-sectional images obtained by repeated intravascular ultrasound (IVUS) measurements in the internal iliac artery of animal 
#4. The sections shown were obtained at (a) preintervention, (b) postintervention, (C) 2 weeks, (D) 4 weeks, (e) 6 weeks, (F) 
8 weeks, (G) 10 weeks and (H) 12 weeks. Peak neointimal proliferation occurred at 10 weeks after bare-metal stent implantation 
(G). white arrows show the vessel lumen borders and black arrowheads show stent struts.
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was 9.0 ± 2.6 weeks (median, 8 weeks) in the eIa and 
7.8 ± 2.3 weeks (median, 7 weeks) in the IIa (Fig. 3). 
The mean stent, lumen and neointimal volumes plotted 
over time for each iliac artery are shown in Fig. 4. These 
parameters followed a similar time course in both arter-
ies after BMS implantation. The mean values of the 
%VO plotted over time for each iliac artery are shown 
in Fig. 5. The peak values identified during 12 weeks 

were 37.3 ± 24.1% in the eIa and 32.9 ± 13.6% in the 
IIA. The time course and peak values of %VO were 
similar between the eIa and IIa (P>0.05).

Discussion

Our model shows the feasibility of serial measure-
ments of in-stent stenosis through repeated carotid artery 

Fig. 3. The time point of peak neointimal prolifera-
tion in each iliac artery after bare-metal stent 
implantation. The peak time point was highly 
variable among animals (from 6 to 12 weeks) 
and was 9.0 ± 2.6 weeks (median, 8 weeks) 
in the external and 7.8 ± 2.3 weeks (median, 
7 weeks) in the internal iliac artery.

Fig. 4. The mean values of stent, lumen and neointimal volumes plotted over time in the (A) external and (B) internal ili-
ac arteries. The values were determined by repeated intravascular ultrasound (IVUs) measurements. The morpho-
logical changes of them after bare-metal stent implantation could be evaluated in detail over time in each iliac artery.

Fig. 5. The mean percent in-stent volume obstruction (%VO) plot-
ted over time in the external (eIa) and internal (IIa) iliac 
arteries. The time courses of the in-stent stenosis were 
similar between the eIa and IIa (P>0.05). The peak values 
identified during 12 weeks in the EIA (37.3 ± 24.1%) and 
the IIa (32.9 ± 13.6%) were also similar during the study 
period (P>0.05).
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catheterization. Despite the repeated procedures, all the 
animals remained in good health throughout the study 
period. The serial measurements allowed the time course 
of in-stent neointimal proliferation to be determined 
from the stage of neointimal hyperplasia to partial regres-
sion in the same animal. Moreover, this allowed the 
identification of peak neointimal proliferation. Although 
identical stents were implanted in the same arteries using 
the same deployment method, the peak time points var-
ied considerably among individual animals. This finding 
shows the importance of serial measurements of neointi-
mal formation after stent implantation. Our model also 
allowed the simultaneous assessment of luminal narrow-
ing and subsequent slight luminal enlargement. More-
over, total of 4 stents can be evaluated and 2-pair side 
by side comparison can be performed in one animal, 
which is very important for reduction of animal numbers 
in research.

A key aspect of our method was the repeated place-
ment of an arterial sheath-introducer in the carotid artery. 
In previous pig studies, the initial procedure was per-
formed through a sheath in a femoral or carotid artery, 
and the artery was usually totally ligated after the pro-
cedure [6, 10, 17]. The contralateral femoral or carotid 
artery was used in the second and final procedure. Al-
though there is a report that the IVUS measurements of 
coronary stents were repeated in the same animal three 
times [4], those measurements were done by catheteriza-
tion of three different arteries (right femoral, left femo-
ra and right carotid). In our model, the femoral artery 
that is located downstream from the iliac artery could 
not be used, because stents were placed in the iliac arter-
ies for symmetrical comparison of different stent types. 
Therefore, we decided to repeatedly catheterize the left 
carotid artery and then the right carotid artery (if neces-
sary). Using this method, a total of seven procedures 
were performed in each animal. These repeated proce-
dures allowed a detail assessment of the time course of 
neointimal proliferation. The left common carotid artery 
was used approximately five times without any compli-
cations. although there were some tissue adhesions 
around the previously used area with each subsequent 
procedure, the use of anatomical landmarks helped us to 
identify the carotid artery before each procedure.

In conventional animal models, the data from different 
animals sacrificed at several time points (28 days, 90 
days and 180 days) have been substituted for serial mea-
surements in order to investigate the time course of in-

stent stenosis [12, 14–16, 18]. however, this method 
assumes an identical time course of in-stent stenosis 
among different animals. Our results clearly show that 
there is a significant variation in the time course among 
animals. In porcine coronary and iliac artery models, 
peak neointimal proliferation has been typically evalu-
ated at 28 days [3, 10, 14–16]. although we can compare 
the responses at 28 days, it is unclear whether this time 
point accurately reflects the time of peak neointimal 
proliferation. The time course of neointimal proliferation 
should differ depending on the stent type, stent structure 
and deployment method [1, 8, 9, 13, 23]. In fact, despite 
the same stent type and deployment procedure, the time 
point of peak neointimal proliferation was not 28 days, 
varying from 6 to 12 weeks in this study. Only serial 
measurements in the same animal can identify the peak 
neointimal proliferation of each stent. Further studies 
using this model are in progress, and the result of a direct 
comparison between BMSs and new kinds of stents im-
planted in contralateral iliac arteries will be reported in 
the future.

The limitation of this study is mainly its invasiveness. 
In order to reduce the number of skin incision, we previ-
ously tried subcutaneous implantation of the sheath-in-
troducer that was placed into carotid artery, which led 
to deteriorate animal health causing sepsis though the 
antibiotics was given daily. Therefore, we decided not 
to implant sheath-introducer but to remove the foreign 
materials each time. We also made effort to maintain the 
operative field clean by washing with a large amount of 
saline throughout the procedure and to shorten the op-
eration time in order to prevent the postoperative wound 
infection. And also, we took care for animal comfort 
daily by a veterinarian’s support because repetitive in-
vasive procedures to the same animal lead to more men-
tal and physical burdens. The intravascular procedure 
such as angiography and IVUs is currently gold standard 
method to evaluate the changes after stent implantation 
in human. The less invasive evaluation method, for ex-
ample computed tomography and magnetic resonance 
imaging, will be expected to develop in the future.

although IVUs and angiographic measurements are 
useful, histological examinations at multiple time points 
remains the gold standard for evaluating the efficacy and 
safety of stents in preclinical studies [12, 14, 15]. Our 
results show that repeated IVUs and/or angiographic 
measurements can be obtained as a supplemental proce-
dure for investigating the time course of in-stent steno-
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sis. Furthermore, if the time of peak neointimal prolif-
eration of the targeted stent could be identified in 
preliminary studies, it might be useful to select the op-
timal time point to sacrifice the animals for histological 
examination. Moreover, repeated carotid artery catheter-
ization should be also useful for the serial angiographic 
and/or IVUS evaluation of various stent types implanted 
in the coronary arteries.

Conclusions
In conclusion, the serial analysis of in-stent stenosis 

in the iliac arteries of minipigs is feasible through re-
peated carotid artery catheterization. Using this method, 
the time course and peak neointimal proliferation can be 
evaluated without compromising the health of the ani-
mals.
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