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Restenosis: a practical porcine model
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Abstract

Transluminal coronary angioplasty is a routine therapeutic interven-
tion in coronary heart disease. Despite the high rate of primary
success, restenosis continues to be its major limitation. Porcine mod-
els have been considered to be the most adequate experimental models
for studying restenosis. One limitation of porcine models is the need
for radiological guidance and the expenses involved. The objective of
the present study was to adapt an experimental model of angioplasty in
the porcine carotid artery that does not require radiological equipment.
Eight animals were used to develop the technique of balloon injury to
the common carotid artery by dissection without radiological guid-
ance. This technique was then employed in six other animals. Under
anesthesia, the left common carotid artery was dissected and incised at
the carotid sinus for insertion of an over-the-wire angioplasty balloon
towards the aorta. Overstretch injury of the carotid artery was per-
formed under direct visualization. After 30 days, the arteries were
excised and pressure-fixated. Uninjured carotid arteries from 3 addi-
tional animals were used as controls. A decreased luminal area associ-
ated with intimal hyperplasia and medial reaction was observed in all
injured arteries. Immunohistochemistry identified the intimal hyper-
plastic cells as smooth muscle cells. Computerized morphometry of
the ballooned segments revealed the following mean areas: lumen
2.12 mm2 (± 1.09), intima 0.22 mm2 (± 0.08), media 3.47 mm2 (± 0.67),
and adventitia 1.11 mm2 (± 0.34). Our experimental model of porcine
carotid angioplasty without radiological guidance induced a vascular
wall reaction and permitted the quantification of this response. This
porcine model may facilitate the study of vascular injury and its
response to pharmacological interventions.
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Percutaneous coronary angioplasty is rou-
tinely used for the treatment of coronary
heart disease. Every year, more than 300,000
angioplasties are carried out in the USA and
more than 10,000 in Brazil (1). Unfortu-
nately, some of these procedures are per-
formed for the second or third time on the

same patient because recurrence of the ob-
struction, or restenosis, takes place in 20 to
40% of cases (2). The clinical evaluation of
this phenomenon is prevented by significant
limitations. First, access to human restenotic
lesions for histopathological analysis is dif-
ficult. Second, clinical studies must include



1088

Braz J Med Biol Res 30(9) 1997

P.R.A. Caramori et al.

angiographic follow-up on a large number of
patients, which implies risks and high oper-
ating costs. Studies on the pathophysiology
of restenosis, and the assessment of strate-
gies aimed at inhibiting this process may be
performed on animal models, which allow
for the selection of interventions most likely
to be effective in subsequent human trials.

The major goal of these experimental mod-
els is the morphometric analysis of histologi-
cal sections of the injured arteries (3). The
porcine model of restenosis has shown the
most consistent similarities with human reste-
nosis (3). The histological aspect of the intimal
hyperplasia and the results of experiments
using the porcine common carotid artery (4),
or coronary arteries (5), have been consistent
with those observed in humans. One limitation
of porcine models is the need for radiological
guidance and the expenses that it incurs. The
objective of the present study was to adapt an
experimental model of balloon overstretch
vascular injury of the porcine common carotid
artery that dispenses with radiological equip-
ment. This model should permit investigation
of the pathophysiology of restenosis and as-
sessment of pharmacological strategies for its
prevention.

Fourteen crossbred pigs (Yorkshire-
Hampshire-Landrace) obtained from local
breeders with an approximate age of 3 to 4
months and weighing 20 to 35 kg were used.
The animals were kept in captivity and fed a
commercial chow, without cholesterol or
lipid supplementation. Husbandry was car-
ried out under supervision of a veterinarian,
according to international norms (6).

Adaptation of the model. To develop the
technique of angioplasty of the common ca-
rotid artery by dissection, 8 animals were
used. One animal was submitted to carotid
angiography to assess the options for a surgi-
cal approach. No radiological guidance was
used in the other procedures. Three different
approaches were evaluated. Initially, an at-
tempt was made to introduce the balloon into
the common carotid artery through the exter-

nal carotid artery. This access was unsuc-
cessful because of unfavorable anatomy.
Specifically, the external carotid was found
to be represented by multiple small-caliber
branches, frequently leaving the common
carotid at a right angle. Next, the direct
incision of the proximal portion of the com-
mon carotid artery close to the thoracic inlet
was evaluated. This second approach had
restrictions due to an insufficient surgical
field. Finally, a cranial approach to the com-
mon carotid, at its bifurcation, was techni-
cally feasible and considered to be the ideal
choice. All stages foreseen for the model
were tested and perfected during this period,
including i) sedation and anesthesia tech-
niques, ii) histological fixing in a pressure
perfusion system, and iii) morphometric a-
nalysis using a computerized system.

The angioplasty model. Once the tech-
nique was established, six additional ani-
mals were sedated with midazolam (0.5 mg/
kg), placed in dorsal decubitus and venti-
lated with room air and halothane to ensure
adequate anesthesia. The left common ca-
rotid artery was exposed by dissection of the
left anterior cervical region. Intravenous hep-
arin (5,000 units) was given immediately
before arterial access. The left common ca-
rotid artery was incised lengthwise at the
carotid sinus for insertion of an over-the-
wire angioplasty balloon (30 x 8 mm) to-
wards the aorta. The catheter was inserted
until the proximal end of the balloon was 3
cm beyond the arterial incision. The balloon
diameter used was 8 mm. This diameter was
chosen as being approximately 1.5 times
wider than the carotid artery of swine of this
size (4,7). Three balloon inflations were per-
formed for 60 s at 6 atm at intervals of 60 s.
At the end of the procedure, vascular repair
was done by suturing, ensuring pulsatile ar-
terial flow. Assisted ventilation was main-
tained until the animals recovered. The ani-
mals received 1 g ampicillin, were returned
to their quarters and kept under close obser-
vation.
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Tissue preparation. After 30 days, the
animals were sacrificed, and the carotid ar-
teries were removed and fixed by pressure
perfusion (100 mmHg) for 15 min in a solu-
tion of 2% glutaraldehyde and 1% parafor-
maldehyde in sodium phosphate buffer, pH
7.25 (7), followed by overnight immersion
fixation. The balloon-injured portion of each
artery was divided into five equally spaced
annular segments, subsequently embedded
in paraffin, prepared for histological sec-
tioning, and stained using the Verhoeff and
Masson trichrome techniques.

Histological analysis.  Three aspects were
evaluated by light microscopy, using an a-
dapted semiquantitative graduation system,
and the respective scores were recorded for
each histological section: intensity of the
vascular injury caused by dilatation (8), inti-
mal reaction to injury (9), and medial reac-
tion to injury (9) (scores 0 to ++++, Table 1).
The presence of arterial thrombosis was also
recorded. All measurements were independ-
ently made by two observers. In any case of
discrepancy, consensus was obtained. The
left carotid arteries of three animals matched
for weight and age, that did not undergo
angioplasty, were used for qualitative com-
parison. Immunoperoxidase staining for α-γ
smooth muscle actin was carried out using
HHF-35 monoclonal antibody (Draco,
Carpinteria, CA).

Morphometric analysis. Histological im-
ages were obtained by light microscopy
(Unimac, Meiji, Japan), and digitized using
a video camera (CK 3800, Meiji, Japan) and
an analog-digital interface (Targa plus 16,
Truevision, Indianapolis, IN). The borders
of the arterial wall layers were manually
traced using commercially available soft-
ware (Aldus PhotoStyler 2.0, Aldus Corp.,
Seattle, WA), operated by a single independ-
ent observer. The segments that showed the
smallest luminal area in each artery were
used for morphometric analysis. Planimetry
was performed with the Imagescale software
(Electronic Imagery, Pompano Beach, FL).

The arterial luminal area was obtained by
direct measurement of the area delimited by
the endothelium. The intimal area was cal-
culated by subtracting the luminal area from
the area delimited by the internal elastic
lamina (IEL area). The medial area was de-
termined by subtracting the IEL area from
the area delimited by the external elastic
lamina (EEL area). The adventitia was de-
fined as the area between the EEL and the
edge of the periadventitial adipose tissue. A
millimeter scale was digitized by the same
process and used for calibration. Morpho-
metric analysis was validated by an inde-
pendent laboratory using the Byltanalise
KS300 system (Kontron Electronic, Eching,
Germany). Inter-observer variability was less
than 5%.

One animal died during the procedure.
Five animals and a total of 25 carotid artery
segments were available for analysis.
Semiquantitative microscopic analysis (Table
1) showed focal loss of continuity of the IEL
in multiple points in 3 animals (score +). In 2
animals, overstretch injury caused partial
laceration of the media (score ++), associ-

Table 1 - Semiquantitative scoring system for histological analysis of vascular injury
and reaction.

Vascular injury scores were adapted from Schwartz et al. (8). Intimal and medial
reaction scores were adapted from Karas et al. (9). IEL, Internal elastic lamina; EEL,
external elastic lamina; SMC, smooth muscle cell.

Score Vascular injury Intimal reaction Medial reaction

0 IEL intact Absent Absent

+ Focal IEL rupture 1 to 2 SMC layers Mild increase
inner to IEL in extracellular matrix

++ Medial laceration 2 to 5 SMC layers Moderate increase of
restricted to inner 1/2 inner to IEL extracellular matrix,

restricted to inner 1/3

+++ Medial laceration to the Moderate SMC Moderate increase of
outer 1/2, with no EEL proliferation extracellular matrix,
compromising restricted to inner 2/3

++++ Laceration of EEL Intense SMC Intense and diffuse
proliferation increase of extracellular

matrix. Media disorganization
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ated with mural thrombosis in one case and
occlusive thrombosis in the other. In the
latter animal, the occlusive thrombosis did
not allow the identification of the internal
elastic lamina in large parts of the arterial
circumference, hindering definition of the
intima. When compared to control arteries,
all balloon-injured segments showed a
marked decrease in lumen diameter, thick-
ening of the intima and evidence of medial
remodeling (Figure 1). Intimal hyperplasia
was present in all balloon-injured arteries at
varying intensity (score range + to ++++).
The intima was predominantly formed by
spindle-shaped cells surrounded by variable
amounts of extracellular matrix. The great
majority of these cells were positive for α
and γ smooth muscle actin by immunostain-
ing, which identified them as smooth muscle
cells. In the media, cells next to the internal
elastic lamina frequently exhibited histologi-
cal characteristics of activated smooth muscle
cells. Some of these cells were located at
sites where the internal elastic lamina was
discontinued, suggesting that they might be
migrating to the intima. The media showed
minimal to moderate signs of reaction (score
range + to +++). In one balloon-injured ar-
tery the media was normal. In the animals

that underwent angioplasty, the computer-
ized quantitative analysis of the digitized
histological images showed a mean area of
the vascular lumen of 2.12 mm2 (± 1.09).
The average area was 0.22 mm2 (± 0.08) for
the intima, 3.47 mm2 (± 0.67) for the media,
and 1.11 mm2 (± 0.34) for the adventitia.

This experimental model of porcine ca-
rotid angioplasty without radiological guid-
ance produced intimal hyperplasia in the
majority of the animals. The diameter of the
carotid arteries of crossbred pigs weighing
20-35 kg has been reported to be in the range
of 5-6 mm. In swine of this size, other au-
thors have used angioplasty balloons 8 mm
in diameter for all animals (7,10), despite
radiological sizing of the carotid arteries. In
our study we used animals of similar age and
weight and a single balloon size in order to
dispense with angiography. The variation in
the degree of vascular injury inherent in this
approach may be corrected by the injury
index described. In studies evaluating the
effects of interventions on the restenotic pro-
cess, this correction may be particularly ad-
visable.

One potential limitation of this model is
the development of arterial thrombosis. Throm-
bosis is not a frequent finding in human
coronary balloon angioplasty and may not
play a major role in the vascular response to
balloon injury. Furthermore, occlusive throm-
bosis does not allow further assessment of
the arterial reaction to injury. In our study,
arterial thrombosis was present in two cases
(a mural one and an occlusive one), both of
them associated with more extensive arterial
injury and medial laceration (injury score
++). Steele et al. (7), using 8-mm balloons in
pigs with an average weight of 35 kg, re-
ported carotid thrombotic occlusion in 11%
of the animals. Muller et al. (4) used 5- to 6-
mm balloons in pigs of similar size; although
carotid thrombosis was rare, some of the
arteries failed to develop intimal hyperpla-
sia. In our model, thrombosis could have
been minimized by using smaller balloons.

Figure 1 - Photomicrograph of a
porcine common carotid artery
obtained four weeks after the
balloon injury. Observe the frac-
ture (arrow) of the internal elas-
tic lamina associated with inti-
mal hyperplasia. Trichrome elas-
tic staining. Original magnifica-
tion (250X).
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However, since the vascular response is pro-
portional to the intensity of injury (8), smaller
balloons might have been an ineffective
stimulus for intimal hyperplasia in some ani-
mals. The administration of an antiplatelet
agent could be considered in order to reduce
the chances of thrombosis. However, this
intervention may not be desirable in pharma-
cological efficacy studies.

The technical aspects developed for this
experiment achieved their objectives. The
pressure perfusion system of histology fixa-
tion allowed arteries to be observed under
circumstances similar to their physiological
condition. The score of injury showed that
this method of balloon angioplasty caused
controlled arterial injury. The scores of in-
tima and media reaction allowed the identifi-
cation of differences between responses from
balloon-injured arteries, while morphomet-

ric analysis permitted an accurate quantifi-
cation of the vascular response to angioplasty.

In conclusion, we modified an experi-
mental model of balloon injury to the por-
cine common carotid artery by surgical dis-
section. This model is feasible from a techni-
cal point of view, causes controlled vascular
injury and permits quantification of the vas-
cular reaction to injury. The lack of require-
ment for radiological guidance allows the
study of restenosis in this porcine model at
reduced cost.
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