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A novel model of in-stent restenosis: rat aortic stenting
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S
irolimus eluting stents are associated with very low
restenosis rates when deployed for single de novo native
coronary lesions.1 These and other drug eluting stents

are changing the face of interventional cardiology practice.2 A
number of fundamental practical questions arise with the use
of these novel stents, including the effects on in-stent
restenosis (ISR) of overlapping stents, tandem stents, and
deploying drug eluting and bare metal stents in the same
vessel, as well as the ongoing issue of higher ISR rates in
patients with diabetes.1 While rabbit iliac and porcine
coronary models of ISR are often used for stent evaluation,
these models are expensive and subject to a number of well
documented limitations.3 A simple, more cost effective model
of ISR would therefore be of major utility. Such a model is
described here.

METHODS
All studies were approved by the University of New South
Wales ethics committee. Male Sprague-Dawley rats (350–
450 mg) were anaesthetised using ketamine and xylazine in
the standard manner. A midline incision was made, and
access to the left common carotid artery achieved using
standard surgical techniques. The vessel was then isolated
from the surrounding tissues, and an arteriotomy performed.
A 2.0 6 7 mm BiodivYsio human coronary stent (Abbott
Vascular, Illinois, USA) was then advanced into the vessel
after topical application of 3–5 drops of glyceryl trinitrate
(100 mg/ml). No fluoroscopic guidance was used. At a pre-
marked point corresponding to the lower thoracic aorta, the
stent was deployed using a single inflation at 16 atmospheres
for 10 seconds. The stent balloon was then withdrawn, and
post-deployment dilatation performed using a 3.06 15 mm
coronary angioplasty balloon (Boston Scientific, Boston,
Massachusetts, USA) advanced in a similar manner, and
inflated to 16 atmospheres for 10 seconds. Before the
procedure, the shafts of both stent and post-deployment
dilation balloon were marked, comparing to surface anatomy.
This ensured they both corresponded to the lower thoracic
aorta, and that the post-dilation balloon would lie in the
centre of the deployed stent.
At selected time points, rats were euthanased with

pentobarbitone. The aortas were dissected free, washed
briefly in phosphate buffered solution, placed in 10%
formalin, and then processed in methylmethacrylate
(MMA) polymer. Sections (250 mm) were then cut at
500 mm intervals along the entire stented length using a
band cutting system (Exakt GmbH, Norderstedt, Germany),
polished, stained with haematoxylin and eosin, and imaged
under light microscopy.
All sections along the stented length were examined, and

the section exhibiting the greatest degree of ISR formation
for each vessel was analysed by computed morphometry. In
most cases this was in the central portion of the stented
segment. The cross sectional areas for lumen, neointima, and
media were measured, and the neointima to media (N/M)
ratio derived. Stent strut induced vessel injury was also
measured, defined using two previously described injury

scores.4 5 A Wilcoxon signed rank test for unpaired data was
used to compare groups, with a probability value of p , 0.05
considered significant (table 1).

RESULTS
Twenty two stents were deployed in 22 rats, and successfully
harvested and examined at the following time points: 14 days
(n = 3), 1 month (n = 9), 2 months (n = 6). In an
additional four animals, one stent had undergone thrombo-
sis, and three stents were poorly deployed making evaluation
impractical.
A time dependent concentric area of ISR was observed in

all animals (table 1, figs 1 and 2). This was evident by 14
days, though at this early time point, the zone of ISR was
largely localised immediately adjacent to the stent struts. At
one month, a well defined concentric ring of ISR was present
in all animals, with an N/M ratio of 0.76 (0.17). At two
months, this was still evident, though there was a trend
toward regression in the degree of ISR.

DISCUSSION
This initial series represents the first description of a model of
ISR following overstretch stent injury to the rat aorta.
Anecdotal reports have previously suggested that percuta-
neous stent delivery to the rat aorta is feasible and results in
focal, stent strut related ISR at 14 days,6 7 and that following
stent placement using an open surgical approach to the lower
abdominal aorta, a concentric neointima is present at 56
days.8 This report suggests that the present methodology
provides a reliable and reproducible model of ISR.
A number of characteristics of this proposed model are

noteworthy. Firstly, that while the absolute area of ISR
formation is modest, the N/M ratio is robust, and significant
enough to provide a baseline for the evaluation of treatment
to reduce ISR. The N/M ratio of 0.76 compares to that of 0.8–
2.0 following stenting of the rabbit aorta.9 10 Secondly, this
degree of neointimal formation is achieved with only a
modest degree of stent strut induced injury. Injury was for
the most part created by medial compression without
laceration, as reflected in the low mean injury scores
(table 1). Based on other animal models, it is likely that a
greater degree of injury would result in a more profound
degree of neointima,5 perhaps further adding to the utility of
this model. Thirdly, the model provides the suggestion of

Table 1 Histologic evaluation

14 Days
(n = 3)

1 Month
(n = 9)

2 Months
(n = 6)

Neointima 0.10 (0.04) 0.38 (0.10)* 0.33 (0.08)
Media 0.58 (0.02) 0.50 (0.17) 0.68 (0.09)
Neointima/media ratio 0.18 (0.07) 0.76 (0.17)* 0.59 (0.20)
Schwartz score5 1.0 (0.06) 1.2 (0.1) 1.3 (0.1)
Gunn score4 2.1 (0.1) 2.1 (0.1) 2.0 (0.2)

Data presented as mean (SE).
* p,0.05, significant difference compared to 14 days.
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regression of ISR between 1–2 months. Regression of ISR has
been observed in humans between six months and three
years following stenting11; proposed mechanisms include a
maturation of extracellular matrix, with conversion of
proteoglycan to elastin,12 and smooth muscle cell apoptosis.13

A greater understanding of the mechanisms of restenosis
regression would clearly be of immense clinical value.
Two other rat models of ISR have been recently described,

both employing stents deployed on 1.5 mm diameter
balloons in the common carotid artery.12 14 The induced ISR
is maximal at 21–28 days, with regression at 60 days.
However, stenting the rat common carotid artery is techni-
cally demanding, and despite a learning curve, these studies
were limited by animal mortality of up to 20%, and stent
thrombosis rates of 10–26%, which may provide ethical and
practical limitations to their widespread use.12 14

The technique described here has some limitations. Firstly,
the degree of aortic injury is not precisely quantitated, and
the neointima induced is relatively modest. The rat aorta is
measured on fixed sections between 2.7–3.0 mm in diameter.

Figure 1 In-stent restenosis (ISR) following rat aortic stenting.
Neointima/media ratios, expressed as mean (SE) at time points of 14
days, one month, and two months. *Significant difference compared to
14 days (p , 0.05, Wilcoxon signed rank test for unpaired data).

Figure 2 Histology of ISR following rat
aortic stenting. (A) section at 14 days;
(B) inset from A; (C) section at one
month; (D) inset from C; (E) section at
two months; (F) inset from E. M, media;
N, neointima; St, stent strut.
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Hence a 3.0 mm balloon is dilated to 16 atmospheres to
achieve a final balloon to vessel ratio of 1.1–1.2:1. This is not
quantified individually. It is possible that direct measurement
of the aorta, perhaps using intravascular ultrasound or
echocardiography, may allow this. Secondly, present surgical
technique does not readily allow the more bulky 3.0 mm pre-
mounted stent to be used without frequent trauma to the
common carotid artery. The lower profile 2.06 7 mm stent
avoids this, but requires a second balloon to post-dilate, with
the possibility that dilation may not be optimal. Improved
stent design and surgical technique may obviate this need.
The cellular composition of the induced neointima using

this model is undergoing full evaluation, but at present
appears to be formed by smooth muscle cells, with the
suggestion of at least some degree of stent strut related
thrombus. Investigations are also underway to establish
whether more profound degrees of injury are associated with
greater degrees of ISR.
Thus, while investigations are ongoing, this report provides

the first evidence of reliable and reproducible ISR formation
following stenting of the rat aorta. This novel, straightfor-
ward model should facilitate rapid and efficient assessment
of stent bound local and systemically delivered potential
inhibitors of restenosis, and should assist researchers in this
rapidly expanding field.
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Magnetic resonance imaging follow up of total cavopulmonary connection

A
4 year old boy with double inlet left ventricle, tricuspid atresia, and malposition of the
great arteries had initially undergone banding of the pulmonary artery. At the age of 5
months a bidirectional Glenn anastomosis was placed. Finally, definite single ventricle

palliation was achieved by creation of a fenestrated extracardiac total cavopulmonary
connection (TCPC). At the same time, the stenotic left pulmonary artery was augmented by
means of a patch plasty. Low dose prophylactic anticoagulation was started. Four months later,
pulse oximetry readings had dropped to about 5% below his baseline. The chest x ray revealed
preferential pulmonary blood flow to the right. While neither the TCPC baffle nor the branch
pulmonary arteries were sufficiently seen by echocardiography, magnetic resonance imaging
clearly visualised the intra- and extracardiac anatomy. The extracardiac baffle was
unobstructed as was the right pulmonary artery. However, the left pulmonary artery showed
a severe long segment narrowing (panel). An additional patch was placed to augment the vessel
size.
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Magnetic resonance image, coronal scan,
gradient echo. The inferior vena cava–
superior vena cava baffle is unobstructed.
There is severe long segment narrowing of the
left pulmonary artery (LPA). The right
pulmonary artery is not visualised. TCPC, total
cavopulmonary connection.
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