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Temporary Arterial Stenting: Comparison to Permanent
Stenting and Conventional Balloon Injury in a Rabbit
Carotid Artery Model
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The objective was to assess the arterial wall response to temporary stenting with a
removable nitinol stent in comparison with permanent stenting and balloon injury at 28

days in the rabbit carotid artery. Restenosis remains an important limiting factor after the
implantation of permanent metallic stents and balloon angioplasty. We have developed a
temporary nitinol stent that uses a bolus injection of warmed saline to collapse the stent

for percutaneous removal. Vascular changes related to the thermal saline bolus injection
required to remove a nitinol implanted stent were assessed in 12 rabbit carotid arteries at

7 and 28 days postinjection. Nitinol stents, inflated to 3.0 mm diameter, were implanted for

3 days (n = 6) and histology and quantitative histomorphometry examined at 28 days.
Results were compared with permanently implanted stents (n = 5) and balloon injury
(n = 9). Dual bolus injection of 10 ml at 70°C created an acute necrotizing injury and
chronic neointimal proliferation, whereas injections of 5 ml at 63°C were minimally
injurious. Temporary stenting resulted in the least neointimal proliferation measured by

the intima to media ratio (0.22 =+ 0.10 vs. 1.59 + 0.31 for permanent stenting and,;
0.49 = 0.14 for balloon injury; P < 0.001). Temporary stenting maintained a significantly
larger lumen than balloon (1.53 * 0.72 mmZ2yvs. 0.64 * 0.14 mm?2; P < 0.001), which could

not be explained by absolute changes in intimal cross sectional area (0.14 + 0.07 mm?2vs,
0.21 + 0.06 mmZ2respectively; P = 0.33). Temporary stenting resulted in a relatively larger
vessel area within the external elastic lamina than with balloon (2.28 + 1.06 mm?2 vs,

1.30 = 0.18 mm?2; P = 0.007). The thermal stent recovery process can create necrotizing
vascular injury and neointimal proliferation at higher temperatures and injectate volumes.

Stent removal after 3 days using 63°C saline bolus injection results in less neointimal
proliferation than with permanent stents or balloon injury. In comparison to balloon injury,
temporary stenting also may have a long-lasting beneficial effect on vessel recoil and
remodeling, resulting in larger lumen size after stent removal. Cathet. Cardiovasc. Diagn.
41:85-92,1997. © 1997 Wiley-Liss, Inc.
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INTRODUCTION tubular stent design constructed from 100% nitinol as a
sinsqle piece tubing that can be used clinically as a

Stentlng of 'dlseased_coronary arter!es and Sf"pheng)%rmanentortemporary device. The potential advantages
vein grafts with metallic permanent implants is safe,

effective, and now a routine method of revascularization,

which reduces angiographic and clinical restenosis [1_5]ardiovascular Intervention Research Center, Division of Cardiol-
Restenosis rates, however, remain a problem, especi&ﬂ}’hDepa”mem of Medicine, Department of Pathology, and

. Il vessels. Stents virtually eliminate restenosis dM dical Research Institute of Cedars-Sinai Medical Center,

in Sma_ ' . Yy B B8 LA school of Medicine, Los Angeles, California

to elastic vessel recoil and remodeling, but late loss due to

neointimal proliferation is actually greater after stentingldad Rechavia is now at the Cardiac Catheterization Unit, Beilinson
Compared with balloon angiop|asty [4_7] We havMEdiCﬂ Center, Tel Aviv University, Petah-Tikva 49100, Israel.
p_relzwously described temp(_)rary gtentlng with a I:)r()t()typl%e author(s) indicated (1) has (have) completed a Disclosure State-
nitinol removable stent. This device uses a thermal boIP3 ¢ as required in the Instructions for Authors. It is on file in the office
injection to collapse the stent to its predeployed diametgiihe Editor-In-Chief.

[8]. It was constructed of multiple segments of shape- _ _ _
memory, nickel-titanium alloy and stainless steel crimpe*&%rt‘;ersf’c‘;“ddaergc;n;oi:Mzz-jiC'\;‘leac'eig:eg7goagd;3‘éﬁscgl'\‘jé 'Ztgi-,fo”tﬁ,”s
together. This stent was constructed for testing baﬁﬁgele’s CA 90048 ’ yEVE, :
concepts of removability and was not thought to be a '

clinical device. We have subsequently developed a slottrekeived 20 May 1996; Revision accepted 3 December 1996
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Fig. 1. Photograph of the heat-activated removable temporary stent (HARTS @) expanded to 3.0
mm. Below the stent is the distal section of the recovery catheter with a 0.014 " guidewire in place.
Multiple sideholes for flushing the arterial lumen with warm saline are seen in the stent “landing

zone” between the radiographic gold band markers.

over the previous device could include lower profileZealand White rabbits (3.5-4 kg) were anesthetized by
greater stent flexibility, and possibly reduced thrombog@travenous xylazine and ketamine. A 6F sheath was
nicity. placed in the right femoral artery by cutdown, and
Our hypothesis is that temporary stenting may result lreparin (500 units) was given. No antiplatelet agents or
less neointimal proliferation than permanent stenting additional anticoagulants were administered. The site of
conventional balloon injury. Using a rabbit carotid artergrterial injury (thermal, balloon, or stent injury) was
model, our specific goals were: (1) to determine if thmarked on the shaved rabbit neck with an indelible dye.
thermal recovery process induces vascular injury with_a _ .
subsequent healing response, and (2) to compare artefff'mal Injury Studies
injury and intimal thickening created by temporary Thermal loss through the recovery catheter was previ-
stenting with permanent stenting and balloon injury.  ously calibrated in rabbit carotid and pig coronary arteries
(n = 49) using a thermocouple attached to its distal tip.
Using hand-injections of 5 ml ranging from 63°C to
90°C, there was a strong linear correlation=(0.96)
Stents between catheter input temperaturg,{f) and the peak
Heat Activated Removable Temporary Stentgessel exit temperature {k,), as estimated by the
(HARTS™, Advance Coronary Technologies, Menlo Parkgegression equation:
CA), made of the nickel-titanium alloy-nitinol, were used T —075T.. .+ 85
as either temporary or permanent implants. The stents output = =+ 1= finput T =
have a slotted-tube design comprised of two 7 mm The effects of the thermal recovery process in the
segments joinedyba 1 mmarticulated bridge (Fig. 1) and absence of stent placement were studied in 12 rabbits. A
are balloon expandable up to 6.0 mm in diameter. Stemecovery catheter was advanced over a 0.014 guidewire to
were mechanically crimped on 3.0 mm diameter, 20 mthe right carotid artery under fluoroscopic control. Ten ml
long, balloon catheters (Progressive Angioplasty Syglastic syringes filled with 0.9% saline were incubated for
tems, Menlo Park, CA). Transient heating of an expandé® min at specified temperatures (63°C, 65°C, 70°C) in a
stent to 53°C induces crystalline phase transition withermostatistically controlled syringe heater. In each
thermoelastic collapse of the device to its predeploymaetatbbit, a syringe was quickly connected to the luer lock of
diameter. Stent removal is accomplished by placingtle recovery catheter and a specified volume (5 or 10 ml)
3.5F multiple side-hole stent recovery catheter (Fig. Was rapidly injected. A similar thermal injection was
coaxially through the deployed stent and hand injectioepeated 1 min later. The animals were subsequently
of 5 ml of saline heated to 63°C. euthanized at 7 days or 28 days after thermal bolus
injection.

MATERIALS AND METHODS

Animal Models

Animal experiments conformed to the guidelines of thB€Vice Specific Studies

American Physiological Society and were approved by Three device injury models were studied: Group A
Cedars-Sinai Medical Center Institutional Animal Caréh = 6) consisted of temporary stents implanted for 3
and Use Committee. Normolipemic adult male Newdays; Group B (r= 5) had permanently implanted stents;
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and Group C (r=9) had balloon dilatation to assessveek. There was no vacuolization, carbonization, or
arterial wall response after balloon injury. basophilia. There was mild adventitial granulation and
Stents were deployed by two consecutive ballodibrous tissue proliferation. At 1 month, the histologic
inflations of 30 sec at 6 atm. For stent recovery, a secofiddings were prominent focal intimal proliferation in
anesthetic procedure was performed. A recovery cathetenjunction with underlying regeneration of medial
was placed across the deployed stent and a single 5smooth muscle cells (Fig. 2). Arteries injected with 2
bolus of saline at 63°C collapsed the stent. The stent amoluses of 5 ml at 65°C showed no evidence of medial
the catheter were then withdrawn as a unit through tinecrosis or inflammation at either time period. There was
sheath. In group C, balloon injury was created with amild focal neointimal proliferation at 1 month. Arteries
identical 3.0 mm-diameter, 20 mm-length stent delivelipjected with two boluses of 5 ml at 63°C appeared
system inflated at 6 atm pressure for 10 min. normal at 1 week compared to noninjected contralateral
Animals were euthanized at 28 days under gener@ntrols. At 1 month, a single layer of hyperplastic
anesthesia. The carotid artery segments were removecdeadothelial cells covered the internal elastic lamina.
bloc and pressure fixed in 10% formalin. Arterial segFhere was no medial injury or inflammatory response.
ments from groups A, C, and the thermal injury experifwo sections demonstrated small foci of neointimal
ments were cut into 5-pm- thick cross sections at 3 mpmoliferation (Fig. 2). There was no evidence of thrombi
intervals and stained with hematoxylin and eosin. Seir any of the sections obtained at 1 week or 1 month
ments with permanent stents (Group B) required specfastsaline injection.
processing to maintain the vascular architecture with o )
metallic struts in situ [9]. Tissue blocks, cut with gP€vice Specific Injury Experiments
diamond wafering blade, were embedded in methyl In the temporary stent group, radially distributed
methacrylate. Sections were ground to a thickness iatlentations, marking the sites of previous stent contact,
~30 Y, optically polished and stained with toluidine blugvere visible at 28 days. The internal elastic lamina
(paragon stain). Sections were examined by an expegmained intact in all sections taken from four stented
enced cardiovascular pathologist (MCF). arteries. There was occasional focal coagulative smooth
muscle cell necrosis at the locations of previous stent strut
contact. There was minimal neointimal growth, which
Three to four sections from each vessel were analyzeghded to be localized over the foci of necrotic media
with a computer-assisted morphometric program (Opf{iFig. 3). There were no intraluminal or mural thrombi.
mas, Bioscan). The mean cross-sectional areas of théfter permanent stenting, the struts were completely
lumen, intima, media, and vessel within the eternal elastovered by neointima in all stented segments (Fig. 4a, b,
lamina were calculated for each artery. The area occupi€d The neointima was composed of morphologic smooth
by the stent struts was measured and subtracted to yielshascle cells and neovascularization was sometimes promi-
net cross-sectional area. Intimal proliferation was als@ent around the struts. Occasional, microscopic organized
expressed relative to other measurements including tin@ral thrombi were present and an organized intramural
ratio of intima to media areas, and the residual lumehematoma was noted in one section. Sections taken from
calculated as the lumen area divided by the sum of thgo arteries showed focal medial necrosis with hemosid-
lumen and intima areas 100. erin deposits and segmental breaks of the internal elastic
lamina associated with the most deeply implanted struts.
Intimal proliferation varied considerably between regions
Multiple groups were by one-way analysis of varianceontaining the struts and the intrastrut spaces with the
(ANOVA). If significant differences were detectedatter showing relatively milder neointimal thickening.
(P < 0.05), posthoc, pair-wise comparisons were pelo foreign body reaction or inflammatory response
formed by the adjusted t-test within ANOVA (Bonferonisurrounding the stent wires was seen.
test). Analysis of scattergram plots was performed usingAt 1 month after balloon injury, there was mild to
linear regression analysis. Statistical significance wasoderate neointimal proliferation overlying foci of ne-

Morphometric Analysis

Statistical Analysis

defined a$ < 0.05. crotic media (Fig. 3). Deep medial injury was seen less

commonly than after stent implantation. Sections taken
RESULTS from six arteries showed an intact internal elastic lamina.
Thermal Bolus Experiments Quantitative Morphometric Analysis

Dual injections of 10 ml at a catheter input temperature Table | summarizes the morphometric parameters at 28
of 70°C resulted in circumferential, transmural medialays after device specific vascular injury. Permanent
necrosis with acute inflammatory cell infiltration at onstents had the most intense neointimal proliferation. The
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Fig. 2. Thermalinjury histology. (a) Representative histopathol-

ogy sections (hematoxylin-eosin stain 10  x) of carotid artery at 4
weeks after injection of 5 ml saline heated to 63°C (left upper
panel). Most of the intimal circumference was composed of
hyperplastic endothelial cells (center upper panel x50) with
occassional small foci of intimal proliferation ( i, right upper
panel). ( b) Representative low- (left 10 x) and high-power (right
100x) sections of the right carotid artery 4 weeks after intralumi-

nal injection of a 10 ml bolus of saline heated to 70°C. Medial
necrosis ( m) and a thick layer of neointimal proliferation (/) are
visible. ( ¢) Low- (10 x) and high-power (100 x) photomicro-
graphs of the control left carotid artery at 4 weeks after injection

of a 5 ml bolus of saline heated to 63°C into the right carotid
artery. The artery shows normal histologic structure. Note the
difference between the hyperplastic endothelium in ( a) com-
pared with the normal endothelial appearancein ( c¢).
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Fig. 3. Temporary stenting ( a) and ballooninjury ( b). (a) Tempo-  Representative sections obtained at 4 weeks after balloon injury
rary stents (group A). Low- (10 x) and high-power (100 x) photo-  (Group C). Low- (10 x) and high-power (100 x) photomicro-
micrographs obtained at 4 weeks posttemporary stenting for 72 graphs show concentric highly cellular neointimal proliferation

hr. Loss of smooth muscle cells can be detected in the medial (i) with foci of medial necrosis ( m, right panel).

layer ( m) and the original structure of the media is disrupted. (b)

intimal layer covering the stent struts had on averageointimal proliferation, was best maintained in the
thickness of 90+ 5 um. The intimal area after temporantemporary stent group, 92% compared with 75% in the
stenting was significantly less than with permanent steritgo other groups. The area within the external elastic
(5X) or balloon injury (1.5<). The medial area did notlamina was significantly greater (<7 with temporary
differ between temporary and permanently stented artstenting compared to balloon injured vessels (2:28.06

ies and balloon-injured vessels. The ratio of intima tmn?vs. 1.30= 0.18 mn¥; P = 0.007).

media showed a significant reduction with temporary

stenting compared with permanent stentgYand bal- DISCUSSION

loon-injured vessels (2¥%). As expected, permanent

stent sections that were not subject to fixation shrinkageThis study in the rabbit carotid artery model is one of
had the largest lumen area and area within the extersaleral preclinical trials designed to evaluate the feasibil-
elastic lamina. Temporary stenting maintained a signifty of temporary stenting with removable nitinol stent as
cantly larger lumen than balloon (1.530.72 mn% vs. an alternative to permanent stenting. The salient findings
0.64+ 0.14 mn¥, P < 0.001), which could not be from these data are: (1) the thermal bolus recovery
explained by changes in neointimal proliferatioprocess must be controlled for injectate temperature and
(0.14+ 0.07 mn# vs. 0.21+ 0.06 mn?, respectively). volume to avoid necrotizing vascular injury and subse-
The residual lumen, however, which relates lumen lost guent neointimal proliferation, (2) rapid injection of 5 ml
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Fig. 4. Permanent stent sections. (a) (10 x) shows mild intimal
proliferation over the stent struts, and absence of inflammation;

(b) (20 x) shows a break in the internal elastic lamina; (c) (66  x)
deposition of hemosiderin pigment (all paragon stain).

stenting compared to balloon injury can in part be
explained by less neointimal proliferation but may also be
related to an effect on recoil or remodeling.

Neointimal Response to Intravascular Stenting

Previous animal model studies have shown that perma-
nent stent implantation creates more severe arterial
damage, which is associated with more abundant and
prolonged neointimal smooth muscle cell proliferation
than balloon injury [10-12]. We also documented in-
creased vascular damage and neointima formation with
permanent stenting relative to balloon injury despite
using similar diameter and pressure balloon inflations.
Although both stent groups would be expected to have
similar extent of acute vascular injury, temporary stenting
for 3 days was associated with a significant5)
reduction in neointimal proliferation compared with
permanent stents. This finding suggests that the chronic-
ity of the injury or the maintenance of the foreign body
response in the presence of the arterial injury plays an
important role in modulation neointimal proliferation.
Permanent stents may act as chronic stimulus for pro-
longed duration of proliferative response even when the
stent surface is completely endothelialized [10,11,13].
Removing the stent within several days may facilitate
vessel healing to progress more rapidly as with conven-
tional balloon angioplasty. The most intriguing findings
in this study, however, were in the comparison of
temporary stenting to balloon injured vessels. The two
types of injury were similar with respect to balloon
diameter and inflation pressure but different in respect to
duration (10 min for balloon vs. 3 days for the stent) and
localization of the applied expansion force (more diffuse
for balloon, more focal for stent). Temporary stenting was
associated with significantly less intimal proliferation
than balloon injury as measured by the intimal area,
intima to media ratio, and residual lumen. The greater
reduction of lumen area seen with balloon injury cannot
be accounted for by intimal thickening. The reduced area
within the external elastic lamina with balloon injury
compared to temporary stenting suggests that the lumen
loss may have been due to more recoil or remodeling.

Important unanswered questions remain about why
temporary stenting would create less intimal proliferation
or remodeling than balloon. We postulate that stent
implantation produces focal, distributed medial injury
with less stretch injury to the segments between struts.
Stent removal allows repair of the media and internal
elastic lamina such that intimal proliferation is also focal.

of saline preheated to 63°C recovers the stent withotihis mode of injury may be more analogous to the cutting
additional thermal injury, (3) temporary stenting resultedalloon device described by Barath et al. [14], which
in less late lumen loss due to neointimal proliferation thagreates localized medial incisions and repair in the form
permanent stenting or conventional balloon angioplasty intimal proliferation at the incision site. Balloon
injury, and (4) the larger lumen seen after temporagngioplasty, however, causes a circumferential overstrech



Temporary Stenting 91

TABLE |. Morphometric Parameters at 28 Days After Device-Specific Vascular Injury

Group A Group B
temporary permanent Group C ANOVA Posthoc t-test
stent stent balloon P-value P < 0.05
No. 6 5 9
Intimal area (mrf) 0.14=* 0.07 0.78+ 0.29 0.21+ 0.06 <0.001 Avs.B
Bvs.C
Medial area (mr) 0.62+ 0.35 0.58+ 0.27 0.44=+ 0.05 0.33 —

Intima/media ratio 0.22- 0.10 1.59+ 0.31 0.49+ 0.14 <0.001 all groups
Lumen area (mi) 153+ 0.72 2.46+ 0.20 0.64+ 0.14 <0.001 all groups

Residual lumen (%) 92 3 75+ 8 755 <0.001 Avs.B
Avs.C
EEL2area (mm) 2.28+ 1.06 3.83+ 0.31 1.30+ 0.18 <0.001 all groups

3External elastic lamina.

injury to most of the media resulting in a more diffuse@ more practical application. If subsequent studies con-
healing response. The transient scaffolding effect &fm these preliminary results, a clinical trial of temporary
temporary stenting may act similar to prolonged balloostenting particularly in small vessels:8.0 mm reference
inflation, thus reducing vascular recoil. The current dathameter) may be warranted.

is insufficient to separate immediate recoil from more
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