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Oversizing of Self-Expanding Stents: Influence
on the Development of Neointimal Hyperplasia

of the Carotid Artery in a Canine Model

Eberhard C. Kirsch, Mark S. Khangure, Philip Morling, Terry J. York, and William McAuliffe

BACKGROUND AND PURPOSE: In carotid artery stent placement, marked oversizing of the
stent relative to the internal carotid artery lumen is common. This study was performed to
determine the influence of using oversized self-expanding nitinol stents on neointimal hyper-
plasia.

METHODS: In six greyhound dogs, 24 self-expanding nitinol stents (eight SMART stents,
eight Easy Wallstents, eight Sinus-Flex stents) were inserted into both common carotid arteries
(CCAs). In each CCA, two stents were deployed; a stent of the appropriate diameter was
implanted distally and an oversized stent proximally. After 4 months, transverse sections of
each stent were examined histologically and at computerized image analysis. Neointimal
hyperplasia was determined as the proportion of the residual diameter of the patent vessel
lumen compared with the stent lumen.

RESULTS: The amount of neointimal hyperplasia did not differ between the normal-sized
and oversized stents. The mean preserved luminal diameter (� SEM) with normal- and
oversized stents, respectively, were as follows: Easy Wallstent, 94% � 1.0 and 96% � 1.5;
SMART stent, 92% � 1.6 and 93% � 1.8; and Sinus-Flex stent, 93% � 2.7 and 93% � 2.6. The
mean preserved patent lumen with the 12 normal-sized stents (93% � 1.0) was not significantly
different from that of the 12 oversized stents (94% � 1.1, P � .502).

CONCLUSION: Under experimental conditions, use of self-expanding stents oversized by
30–40% appeared to result in neointimal hyperplasia comparable to that caused by normal-
sized stents. All three stent types appeared to have similarly low neointimal responses.

In the treatment of occlusive internal carotid artery
(ICA) disease, stent placement has morbidity and
mortality rates comparable to those of carotid endar-
terectomy (1). The long-term restenosis rate of ca-
rotid stent use is still unknown. Promising midterm
follow-up restenosis rates of 4–4.9% in symptomatic
ICA stenoses of 70% or greater have been published
(2, 3). Self-expanding stents are now considered the

devices of choice, because balloon-expandable stents
have been associated with collapse of as much as 16%
at follow-up (4, 5).

Typically, stents are placed in the ICA across the
carotid bifurcation, because the disease usually in-
volves both the common carotid arteries (CCAs) and
the ICAs. Sizing the diameter of a self-expanding
stent to the larger lumen of the CCA is necessary to
ensure adequate apposition of the stent to the arterial
wall and to cover the diseased vessel segment. The
median diameter of the CCA in humans older than 50
years is 6.3 mm (range, 5.5–7.6 mm) in men and 5.5
mm (4.8–6.6 mm) in women (6). In practice, nominal
stent diameters of 10 mm for most men and 8 mm for
most women are used regularly; this practice leads to
obvious oversizing of the stent relative to the lumen
of the ICA (normal diameter, 4.93 mm � 1.31), with
a stent-to-ICA ratio of 1.5:2.0 (7).

This experimental study was conducted to define
whether the higher radial force of the oversized self-
expanding stent in the ICA is related to increased
neointimal proliferation compared with that of a nor-
mal-sized stent.
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Methods

Animals and Stents
The study was approved by the local animal ethics commit-

tee. All experiments were performed in accordance with the
regulations for animal experiments.

The study was performed with six greyhound dogs (weight
range, 23–31 kg; mean, 26.6 kg � 3.2), and all interventions
were performed with the animals under general anesthesia.
From personal observation it was known that greyhound dogs
have a long CCA (10–12 cm) with a constant diameter of 4–5
mm from the proximal end to the distal end. This fact was
confirmed and measured on angiograms, with the outer diam-
eter of the diagnostic angiography catheter used as a reference.

Two stents were inserted in each CCA, with a minimum of
4 cm separating each stent. The nominal normal-sized stent
(diameter, 6 or 7 mm) was implanted distally, and the oversized
stent (diameter, 10 mm), proximally (Fig 1A). The stents were
matched for diameter and length as closely as possible and as
limited by vendor specifications at the time of the study. A total
of 24 self-expanding nitinol stents were implanted by using
eight stents from three companies. The following stents and
sizes (nominal stent diameter multiplied by length, maximally
unrestrained) were used in the distal and proximal locations: 1)
SMART stent (Cordis Endovascular, Miami, FL), 6 � 20 mm
distal, 10 � 40 mm proximal (10 � 20-mm stent was not
available at the time of the study); 2) Easy Wallstent (Schnei-
der/Boston Scientific, Bülach, Switzerland), 6 � 20 mm distal,
10 � 20 mm proximal; and 3) Sinus-Flex stent (Optimed,
Ettlingen, Germany), 7 � 40 mm distal 10 � 40 mm proximal
(6 � 40-mm stent was not available at the time of the study).

Surgical Procedure and Histologic Examination

For each dog, anesthesia was induced by means of IV ad-
ministration of barbiturate (thiopentone 25 mg/kg; Abbott,
Fronulla, Australia). After endotracheal intubation, anesthesia
was maintained with a mixture of halothane, nitrous oxide,
and oxygen. The animals were allowed to breathe spontaneously
throughout the procedure. All procedures were performed under
fluoroscopic guidance with a digital subtraction angiographic sys-
tem (Philips Medical Applications, Sydney, Australia).

A 7F introducer sheath (Super Arrow-Flex; Arrow Interna-
tional, Reading, PA) was inserted after cutdown of the right
femoral artery. The sheath was flushed continuously with a
pressurized heparin and isotonic sodium chloride solution
(5000 IU of heparin per L). Heparin was administered intraar-
terially as a 5000-U bolus after sheath insertion, with an addi-
tional 2500-U bolus administered before initial stent place-
ment. A 5F catheter (Softouch; Mallinckrodt Medical,
Angelton, TX) was placed in each CCA, and diagnostic cervical
angiography was performed. An exchange was performed by
using a 0.035-inch Amplatz heavy-duty guidewire (Cook, Bris-
bane, Australia), and the stents were implanted with road-map
guidance. The distal stent was always placed first, so that
passage through an already placed stent would not occur. After
stent placement, a selective carotid angiogram was obtained to
confirm patency. The sheath was removed, and the femoral
artery ligated. After recovery, the dogs received daily acetyl-
salicylic acid (80 mg orally) for 4 weeks. No postoperative
anticoagulation was used.

After 4 months, control angiography and stent harvesting
were performed. Each animal underwent anesthesia, as just
described. A 10F introducer sheath (Super Arrow-Flex) was
inserted in the left common femoral artery, and a 7F sheath
(Super Arrow-Flex), in the right common femoral vein. The
animal received heparin, as previously described. Arch angiog-
raphy (Royal Flush; Cook, Brisbane, Australia) and selective
CCA angiography (Softouch; Mallinckrodt Medical) were per-
formed proximal to the stents to document patent arteries and

FIG 1. Unsubtracted (left) and subtracted (right) digital angio-
grams show the stents in the right CCA after implantation.

A, The normal-sized stent (6 mm) is implanted in the distal
position (arrows); the oversized stent (10 mm), in the proximal
position (arrowheads).

B, Control angiograms of a distally implanted stent obtained
after 4 months show no obvious luminal narrowing (arrows). Note
the partially depicted proximal stent (arrowheads) in these mag-
nified views.
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free flow. An angioplasty catheter (PE-MT 15 mm/2 cm; Medi-
Tech/Boston Scientific, Watertown, MA) was placed in the
superior vena cava through the 7F sheath and connected to a
collecting system maintained under negative pressure. An oc-
clusive balloon catheter (PE-MT 20 mm/3 cm; Medi-Tech/
Boston Scientific) was then placed in the aortic arch through
the 10F sheath distal to the origin of the left subclavian artery.

The animals then were sacrificed with an overdose of bar-
biturate. After inflation of the venous and thoracic aorta oc-
clusive balloons, the supraaortic vessels were flushed continu-
ously with a pressurized heparin and isotonic sodium chloride
solution (0.9%, 5000 IU heparin per L) that was introduced
through the lumen of the thoracic angioplasty balloon until
relatively clear backflow from the venous drainage system was
achieved. The supraaortic vessels were then pressure fixed in
situ by means of infusion through the arterial side to achieve
proper fixation of the vessels in their usual tone. The fixative,
consisting of 10% formalin in 0.1 mol/L sodium phosphate
buffer (pH 7.3) was infused for 30 minutes at a pressure of 120
mm Hg (8).

Both perfusion-fixed carotid arteries were removed en bloc
and further fixed in the same solution for another 24 hours.
The stent specimens were then dehydrated, cleared, and em-
bedded in Araldite in a cylindrical mould with their long axis
perpendicular to the cutting plane. Transverse sections (30–
100 �m) were cut with a diamond wafering blade at three
different levels (proximal, middle, distal) through each stent.
The stent wires were left in situ in the sections to minimize
potential artifact caused by removal of the stent wires. Sections
were mounted on glass slides and stained with hematoxylin-
eosin (Fig 2).

Morphometric Analysis, Definitions, and Statistical Analysis

Morphometric analysis of the sections was performed by
using a Leica Orthoplan microscope with a camera (CCD;
Minitron Enterprise). This was connected to an image analysis
system (Quantimet 520; Leica, Cambridge, England).

To define the amount of neointimal hyperplasia, two cross-
sectional areas were measured: the vessel lumen and the stent
lumen. The cross-sectional area (inner diameter) enclosed by
the endothelium of the patent vessel lumen defined the vessel
lumen. The cross-sectional area (inner diameter) between the
stent struts of the fixed and embedded stent specimen defined
the stent lumen. Vessel and stent luminal areas (in mm2) were

measured on three sections through each stent. Mean values
for vessel and stent areas were then calculated for the three
measured sections from the same stent-artery graft. This pro-
cedure was based on the assumption that, as the tissue was
fixed at a normal perfusion pressure, the cross-sectional area is
representative of a uniform circular profile. Finally, the amount
of neointimal hyperplasia was determined as the proportion of
the two cross-sectional areas, vessel lumen and stent lumen,
with the area of the stent lumen being defined as 100%.

The nominal stent diameter was the maximally unrestrained
diameter of a stent. The stent-to-artery ratio was the propor-
tion of the stent diameter divided by the reference ICA diam-
eter. An oversized stent had a high stent-to-artery ratio, which
meant a high radial force. A nominal normal sized stent had a
low stent-to-artery ratio, with a lower radial force on the vessel
wall. The amount of neointimal hyperplasia was expressed in
mm2 and as the percentage of preserved patent vessel lumen.
All data are expressed as the mean � SEM. To define the
relationship between the vessel lumen and the stent lumen,
the data were analyzed by using analysis of variance tests
(ANOVAs), and a P value of .05 or less was considered to
indicate a statistically significant difference.

Neither the manufacturer nor the stent type was identified
for the observer (E.C.K.) in the quantitative histologic analysis.
Specimen identity was not decoded until after the statistical
analysis of the measurements had been performed. None of the
authors have a financial interest or stock in any of the products
mentioned. None of the sponsors were involved in the compo-
sition of this article.

Results
No complications were encountered with stent im-

plantation. No dissection, early thrombus formation,
or marked vasospasm was noted. No animal was lost
in or around the 4-month follow-up period. At 4
months, all 24 stents remained widely patent at an-
giography (Fig 1B). On unsubtracted images, no mi-
gration or kinking of the stents was noted. No distinct
difference in the amount of luminal narrowing could
be detected at angiography when either stent types or
diameters were considered.

The oversized stents had a stent-to-artery ratio of
2.0:2.5. A total of 66 sections from 24 stents were
analyzed. Six sections had to be excluded, because
they were damaged during the cutting process. On all
sections, the stents were completely covered by endo-
thelium after 4 months.

The amount of neointimal hyperplasia produced in
each stent type demonstrated no differences with re-
gard to the stent characteristics (ie, normal sized or
oversized). The detailed results are listed in Table 1
and shown in Figure 3. The differences in neointimal
hyperplasia produced by oversized and normal stent
diameters were not statistically significant (Table 1).

Interestingly, all oversized stents had a statistically
insignificant trend to produce less neointimal hy-
perplasia than that of the normal-sized stents
(amounts with normal-sized and oversized stents,
respectively: Easy Wallstent, 0.85 and 0.56 mm2;
SMART stent, 1.64 and 1.46 mm2; and Sinus-Flex
stent, 1.23 and 1.14 mm2).

The total amount of neointimal hyperplasia pro-
duced with each stent type, regardless of stent diam-
eter, was assessed; findings revealed minor differ-
ences (Table 2). The Wallstent had the lowest total

FIG 2. Light microscopic image of a representative transverse
section (thickness, approximately 50 �m) through a stent shows
a smooth and asymmetric, developed neointima in this CCA
segment (arrowheads). Note that the stent wires were left in
place (hematoxylin-eosin, original magnification �10).
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amount of neointimal hyperplasia (0.71 mm2), and
the Sinus-Flex stent had a somewhat higher mean
amount of neointimal hyperplasia (1.18 mm2), as did
the SMART stent (1.64 mm2). These differences,
however, were not statistically significant (P � .532).

No significant difference existed when the neointi-
mal hyperplasia produced by normal-sized stents
were compared with that produced by oversized
stents, regardless of vendor. The detailed results are
listed in Table 3. The absolute amount of neointimal
hyperplasia in all normal-sized stents was 1.22 mm2

compared with 1.14 mm2 in all oversized stents (Fig
4). Again, these differences were not statistically sig-
nificant (P � .502).

Discussion
Restenosis of a vessel segment with a stent is the

main long-term complication of vascular stent place-
ment. Because occlusive carotid artery disease nor-
mally involves the CCA and ICA, stents usually are
placed over the bifurcation. Stent vendors recom-
mend use of a self-expanding stent with a diameter
that is 2 mm larger than that used for the normal
vessel. This sizing ensures proper apposition of the
stent to the arterial wall. When a stent is placed from
the distal CCA across the carotid bifurcation to the
proximal ICA, the stent diameter must be sized to the

diameter of the CCA. This stent-sizing technique re-
sults in oversizing of the stent in relation to the
diameter of the ICA, which can result in a higher
residual radial force in the ICA wall relative to the
forces exerted on the CCA wall by the stent.

Neointimal hyperplasia is the histopathologic cor-
relate of in-stent restenosis (9). In experimental stud-
ies with stents implanted in animal (10) and human (11,
12) coronary arteries, investigators suggested that in-
creased stretch in the inner layer of the vessel is associ-
ated with an increased response of neointimal hyperpla-
sia. Additionally, localized inflammation could be a
contributor to neointimal formation (13). As chronic
stimuli to the vessel wall, permanent stent placement
and stent oversizing were characterized as important
stimulating factors of neointimal hyperplasia, because
both increase the stretch forces on the vessel wall (10,
11, 14, 15).

In our experimental study, however, we found that
the amount of neointimal hyperplasia was not corre-
lated to stent oversizing or overstretching of the ves-
sel wall. In our study, the stents were oversized by a
factor of 2.0–2.5. At 4-month follow-up after stent
implantation, no significant difference existed when
the neointimal hyperplasia of the normal-sized nitinol
stents and that of the oversized stents (regardless of
vendor) were compared. All of the stents used, re-
gardless of vendor and diameters, had differences in
neointimal hyperplasia that were not statistically sig-
nificant (P � .502).

Moreover, in our study, the oversized stents of all
vendors, compared with the normal-sized stents, had
a statistically insignificant trend toward less neointi-
mal formation. The mechanisms of these findings
remain unclear. In our study, we implanted two stents
in the same vessel, with the stent edges separated by
at least 4 cm, to minimize any stent interference.
Little is known about the influence of two stents
implanted in the same vessel with regard to patency,
neointimal formation, and interference. Schürmann
et al (16) found no significant difference in lumen and
neointimal thicknesses when they compared single
and tandem stents implanted in the iliac arteries of
sheep. In their study, the stents were inserted at a
distance of less than 10 mm of each other. They
concluded that tandem stents did not adversely affect

TABLE 1: Neointimal hyperplasia in normal- and oversized stents in the CCA at 4 months

Stent Characteristic Easy Wallstent SMART Stent Sinus-Flex Stent

Normal sized
No. of sections 12 10 10
Lumen preserved (%) 93.883 � 0.984 92.180 � 1.633 92.727 � 2.653
Neointimal hyperplasia (mm2) 0.848 � 0.121 1.642 � 0.353 1.229 � 0.156

Oversized
No. of sections 12 11 11
Lumen preserved (%) 95.436 � 1.543 93.136 � 1.760 93.360 � 2.614
Neointimal hyperplasia (mm2) 0.575 � 0.213 1.456 � 0.438 1.140 � 0.508

P value .292 .570 .594

Note.—Normal-sized (6–7-mm) stents were placed distally; oversized (10-mm) stents, proximally. Other than the number of sections, data are the
mean � SEM.

* At ANOVA comparison of distal CCA with proximal CCA.

FIG 3. Graph shows the amounts of neointimal hyperplasia
with normal-sized (distal position; size, 6–7 mm) and oversized
(proximal position; size, 10 mm) stents in the CCA. N indicates
the number of sections.
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patency and neointimal hyperplasia when compared
with a single contralateral stent, if a small distance is
maintained. However, recent studies performed in
vivo and in vitro have revealed that, soon after stent
implantation, varying changes in pulsatile blood flow,
arterial compliance, and arterial wall mechanics, as
well as flow disturbances and pressure gradients were
elicited (17, 18). The possibility that these hemody-
namic and arterial wall changes, induced by the prox-
imal larger stent, might have had an influence on the
slightly pronounced development of neointimal hy-
perplasia in the nominally sized, distally implanted
stents cannot be excluded.

Piamsomboon et al (7) had similar findings with
stent placed in human carotid arteries. The authors
used a quantitative analysis of 6-month angiograms in
63 carotid bifurcations obtained after stent place-

ment. They found that the amount of neointimal
hyperplasia in the groups with a high stent-to-artery
ratio (oversized stent, �2.0) was significantly lower
than that of the groups with a low stent-to-artery ratio
of 1.4 (normal-sized stent). They concluded that the
process of deploying oversized self-expanding stents
in the ICA in humans does not appear to be associ-
ated with late restenosis. A high stent-to-artery ratio
(oversized stent) seemed to be associated with an
even lower amount of neointimal hyperplasia.

Using different vessels, Vorwerk et al (19) pub-
lished similar results from an experimental study of
self-expanding stents placed in the femoropopliteal
arteries in dogs. They compared two types of stents
with different radial forces and concluded that a re-
duced radial force did not result in a reduced neointimal
formation. In this study, the two types of self-expanding
Wallstents induced a comparable neointimal response
of less than 100 �m. Therefore, in smaller arteries, the
effect of neointimal response in lumen narrowing is
more marked than that of larger arteries. Additionally,
it seems that arteries in different anatomic locations
react differently to stent insertions because of structural
wall differences and hemorrheologic conditions (20).

Interestingly, similar experimental results were
found in venous bypass grafts with stents. In a porcine
model of arteriovenous bypass grafting, the use of an
oversized, nonrestrictive, external Dacron velour
stent to support the graft resulted in suppression of
intimal and medial hyperplasia that was equal to that
achieved with normal-sized stents (21).

In our study, the total amount of neointimal for-
mation or lumen narrowing in all self-expanding
stents was low. Similar results were found in other
experimental studies (22, 23). Previous studies (20,
24) have shown that significant endothelial cell pro-
liferation is known to occur when the internal elastic
lamina is disrupted. This disruption may be caused by
balloon angioplasty or even the persistent radial force
of self-expanding stents. Our results indicated that a
high radial force to the vessel wall, per se, is not
associated with a high amount of neointimal hyper-
plasia. The use of oversized stents may even have a
protective factor for restenosis, because these stents
may lead to overdilatation of the arterial wall to more
than twice its original diameter (23).

For our study, the canine model was selected for
the following reasons: 1) From personal observations,
the authors knew that greyhound dogs have a long
CCA (10–12 cm). Therefore, two stents could be
implanted in one vessel, with a good separation. 2)
The vessel lumen width of the CCA is comparable to
that of a human ICA, with a constant diameter of 4–5
mm from the proximal end to the distal end. 3) The

TABLE 2: Total amount of neointimal hyperplasia by stent type, not diameter

Stent Characteristic Easy Wallstent SMART Stent Sinus-Flex Stent

Neointimal hyperplasia (mm2) 0.712 � 0.123 1.642 � 0.353 1.182 � 0.353
Lumen preserved (%) 94.660 � 0.909 92.681 � 1.181 93.058 � 1.817

Note.—Data are the mean � SEM.

TABLE 3: Mean neointimal thickness with the 24 CCA stents (sum-
mary data in stents of all vendors)

Stent Characteristic Value

Normal sized
No. of sections 32
Lumen preserved (%) 92.989 � 1.013
Neointimal hyperplasia (mm2) 1.216 � 0.202

Oversized
No. of sections 34
Lumen preserved (%) 94.020 � 1.134
Neointimal hyperplasia (mm2) 1.140 � 0.238

Note.—Stents included the Easy Wallstent, SMART stent, and Sinus-
Flex stent. Other than the number of sections, data are the mean � SEM.

FIG 4. Graph shows the mean neointimal thickness with the 24
stents, when normal-sized (distal position; size, 6–7 mm) and
oversized (proximal position; size 10 mm) stents are compared.
Data are a summary of that of all stent types studied. N indicates
number of sections.
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neointimal hyperplasia in human beings and in com-
monly used animal models, such as those of pigs and
dogs, have similarities. The number of cells, their
composition, and the accompanying proteoglycan ma-
trices essentially are the same (24). The reason to
prefer the canine model was the differences in the
vessel wall layers. The normal dog and pig coronary
arteries, which were examined histologically, have a
comparable intimal and medial layers. The major
difference arises in the adventitia. Similar to those in
humans, the canine coronary artery has a single layer
of external elastic lamina, whereas in pigs, this struc-
ture is rich in elastic fibers and is several layers thick,
with interspersed collagen, which normally leads to an
exaggerated proliferative response (24, 25).

We performed autopsy after 4 months to achieve an
adequate time to allow neointimal response. Smooth
muscle cell proliferation, matrix formation, and inflam-
mation are the major factors related to neointimal
formation. In a proliferating (26) model of restenosis
after coronary stent placement, the evolution of neo-
intimal formation had maximal smooth muscle cell
proliferation at 7 days, with a decline to low levels by
28 days. In another study with stent placement in
porcine coronary arteries (27), mild inflammation was
seen in the first 4 weeks and as long as 12 weeks after
stent insertion.

Some limitations of this study have to be men-
tioned. First, because the study was performed in
healthy animals with nonatherosclerotic arteries, the
applicability of the experimental results to humans
may be limited. Second, the stent sizes selected were
appropriate to the diameter of the typical canine
CCA. The stents of the three manufacturers had
small differences in length and diameter. These were
unavoidable, because we used the stents available
from the vendors at the time of the study that
matched most closely. Some variations in the data
may have been due to these differences. Third, in this
study, the stents were not subjected to balloon angio-
plasty, which may be an additional stimulating factor
to neointimal hyperplasia after stent insertion.

Conclusion

These experimental study findings demonstrate
that the use of oversized self-expanding stents in ca-
rotid arteries appears to be associated with a low rate
of neointimal formation that is comparable to that
associated with normal-sized stents.
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16. Schürmann K, Vorwerk D, Bucker A, Grosskortenhaus S,
Gunther RW.Single and tandem stents in sheep iliac arteries: is
there a difference in patency? Cardiovasc Intervent Radiol 1998;
21:411– 418

17. Rolland PH, Charifi AB, Verrier C et al. Hemodynamics and wall
mechanics after stent placement in swine iliac arteries: compara-
tive results from six stent designs. Radiology 1999;213:229–246

18. Muller-Hulsbeck S, Grimm J, Jahnke T, Haselbarth G, Heller M.
Flow patterns from metallic vascular endoprostheses: in vitro re-
sults. Eur Radiol 2001;11:893–901

19. Vorwerk D, Redha F, Neuerburg J, Clerc C, Gunther RW. Neoin-
tima formation following arterial placement of self-expanding
stents of different radial force: experimental results. Cardiovasc
Intervent Radiol 1994;17:27–32

20. Badimon JJ, Ortiz AF, Meyer B, et al. Different response to balloon
angioplasty of carotid and coronary arteries: effects on acute plate-
let deposition and intimal thickening. Atherosclerosis 1998;140:307–
314

21. Izzat MB, Mehta D, Bryan AJ, Reeves B, Newby AC, Angelini GD.
Influence of external stent size on early medial and neointimal
thickening in a pig model of saphenous vein bypass grafting.
Circulation 1996;94:1741–1745
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