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Re-expansion of Balloon-Expandable Stents After Growth
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Objectives. The purpose of this study was to evaluate the
feasibility of re-expansion of balloon expandable inteavascular
stenis and (o examine the gress and histelogie effects of re-
expansion on vascular integrity.

Background. latvavascular sienis have been used successfully
as an adfunct to balloon dilation of congenital pulmonary artesy
branch stenosis and pustoperative slemosis of the pulmonary
arleries in children, However, use of rigid sients in children conld
result in development of relntive stemosis at the site of stent
implaniation with subsequent growth of the ehild,

Methods. Stainless steel “iliac”® stemts were placed in the
thoracic aorta of 10 normal juvenile swine by a transcatheter
technique. Angiography and re-expansion were performed at a
mean of 11 weeks (n = 9) and again at 18 weeks (n = §). After
euthanasia, the sortic specimens weve removed for gross and
histologic examination.

Resulis, Stends were successfully implanted in 10 swine, Re-
expansion was successfully performed in each animal at 11 weeks
and at 1€ weeks. Aortic growth preduced a relative constriction of
the aorta of 20% = 10% (mean %= SD) at the site of stent

implantation at both 11 and 18 weeks. Re-expansion produced a
significant inerease in mean stent diameter from 10.1 = 1 yom to
§2.5 & 1.2 v wt 11 weeks and from 10,2 + 6.7 16 13.5 & 1.1 mm
at 18 weeks after implantation (p < 0.081). Balleon dilution
praduced a relative increase in stent diameter of 21% = 7% at 11
vieeks amd 18% = 4% at 18 weeks, Stent re-expansion was
accompanied by plastic deformation of the neointima without
neointimal dissection. Where neointima was thick, there was no
evidence of ncolntimal abrasion, but where neointime was thin,
areas of localized neointimal abrasion were observed with focal
fibrin and platelet adherence to the stent struis. There was no
evidence of medial or adventitial hemorrhage or dissection pro-
duced by re-expansion.

Conclusions. Re-expansion of intravascular stents is feasible
afiter growth in juvenile swine withiout significant injury ¢o nesin-
tima, media or adventitia. The results of this study suppert careful
and selective use of intravascular stents as an adjunct to balloon
dilation of congenital stenoses in children.

(J Ams Coll Cardiol 1993:22:2007~13)

Balloon dilation has been shown 1o be an effective nonsus-
gical treatment of puimonary artery stenosis and coarctation
of the aorta in children and adults (I-5). However, long-term
effectiveness of dilation of these nonatheroscierotic lesions
has been limited by both immediate and late restenosis (2,3).
Angioplasty with implantation of the Palmaz balloon-
expandable stent (Johnson and Johunson Interventional Sys-
tems) is clearly superior to angioplasty alone in selected
adult patients with iliofemoral stenosis due to atherosclero-
sis (6,7). Recently, angioplasty with implantation of balloon-
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expandable stents has been used successfully in children
with pulmonary artery branch stenosis, stenosis of the great
veins, ar d postoperative stenosis of Fontan anastomoses (8).

Desgute successful use of stents for congenital and post-
operative stenosis of the great vessels, the use of rigid stents
in growing children has certain potential limitations. Growth
of the child and the great vessel proximal and distal to the
fixed diameter rigid stent will ultimately result in an acquired
stenosis. Re-expansion of the stent that has become incor-
porated in the vessel wall may or may not be possible and, if
possible, could result in tearing of neointima or media. The
purpose of this study was to evaluate the feasibility of
re-expansion of balloon-expandable stents after growth. In
addition, we sought to describe both the gross and the
histologic effects of re-expansion on the integrity of the
neointima and the arterial media and advenitia

Methods

Stent implantation. Experimental procedures performed
in animals were in conformance with the guidelines of the
American Heart Association on research animal use and
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were approved by the Institutional Animal Use and Care
Committee. We placed intravascular stents in the descend-
ing thoracic aorta of 10 juvenile swine (mean weight + SD
18.6 = 3.1 kg). The aorta was selected as the site of
implantation because of its well developed media and elastic
iamellae, intrinsic elastic rccoil and resistance to dilation.
Swine were premedicated with intramuscular ketamine hy-
drochloride (30' mg/kg body weight), underwent induction of
anesthesia with intravenous sodium pentothal (10 mg/kg),
and were maintained under general endotracheal anesthesia
with a mixture of oxygen, nitrous oxide and Forane (.57 io
1.59%), Both groins were sterilely prepared and draped and
the femoral artery was entered by cutdown procedure or a
percutancous technique. A 10F or 12F 30-cm long Teflon
sheath (Cook) was inserted and advanced to the abdominal
aorta. Heparin, 100 U/kg, was then administered through the
long sheath. Angiography of the descending thoracic aorta
was performed in the lateral projection. The aorta immedi-
ately distal to the origin of the left subclavian artery was
measured in systole after correction for magnification. A
0,038-in, (0.097-cm) guide wire was then advanced to the
ascending aorta and a balloon catheter (Mansfield Scientific)
with a balloon diameter 1 10 3 mm greater than the measured
diameter of the aorta (8, 10 or 12 mm) was selected. A 30-mm
long, 3.4-mm diameter stainless steel *‘iliac™ stent (Johnson
and Johnson Interventional Systems) was mounted coaxially
over the unexpanded dalloon and crimped manually using
cither the plastic balloon cover provided with the balloon
(10~ or 12-mm diameter balloons) or a specially constructed
ctimping tool (8-mm diameter balloons). Maximal theoretic
diameter of the Palmaz stent occurs as slot diameter ap-
proaches slot length. The theorctic maximal expansion of
this stent based on slot length and stent diameter is 12 mm.
The balloon and stent assembly was then passed over the
guide wire to the descending thoracic aorta and the balloon
was rapidly inflated with diluted contrast medium. Balloon
inflation was performed without the use of a manometric
syringe. In two swine with initial stent ¢xpansion obtained
with an 8-mm diameter balloon, the stent was immediately
enlarged with a 10-mm balloon. After expansion of the stent,
the balloon catheter was removed leaving the guide wire in
place. An endhole angiographic catheter was advanced over
the guide wire, and angiography was repeated.

Stent re-expansion. Stent re-expansion was performed at
& mean of 11 = 1.5 weeks (mean animal weight 65.5 *+
14.9 kg) in nine swine and repeated at a mean of 18 = 2.1
weeks (mean anital weight 94.8 = 1.2 kg) in five swine. The
protocol for re-expansion was essentially the same as for
initial implantation. Angiographic stent diameter, aortic di-
ameter proximal to the stent, and aortic diameter distal to
the stent were measured before and after re-expansion.
Balloon diameter was selected to match aortic diameter
proximal to the stent in eight swine. In one animat, the stent

and proximal aorta were intentionally overexpanded with a
20-mm balloon.

JACC Vol. 22, No. 7
December 1993:2007-13

Gross and histologic examination. Euthanasia was per-
formed 24 h after the first re-expansion in four swine and
after the second re-expansion in five. One animal died
immediately after stent implantation because of inadvertent
perforation of the abdominal aorta by the long sheath and
dilator and therefore did not undergo re-expansion or histo-
logic examination. In the remaining ninc swine, the aorta
with the steni was removed, flushed with normal saline
solution, and fixed with 10% bufferad glutarsldehyde under
100-mm Hg pressure, After fixation, the aortic specimen was
cut longitudinally in two halves, One haif was prepared for
light microscopy and the other for scanning electron micro-
scopic examination, as has bezn previously described (9).
Fifty-five measurements of ncointimal thickness overlying
stents struts were obtained by light microscopy.

Statistical analysis. Stent and aortic dinmeters were com-
pared by using analysis of variance for repeated meusures,
Significant differences between groups were assessed using
the Schefié test and Tukey test for multiple comparisons.
Significance was set at a level of p = 0,05,

Results

Stent implantation and re-expansion. Implantation of
stents was performed successfully in 10 swine, Final balloon
diameter at iniiial implantation was 10 mm in four swine and
12 mm in the remaining six. One animal died immediately
after stent implantation because of inadvertent perforation of
the abdominal aorta by the long sheath and dilator. In one
animal with initial stent expansion to 8 mm, the stent
cmbolized to the descending abdominal aorta. This stent was
then expanded to a diameter of 10 mm. At follow-up angiog-
raphy a smali aneurysm was noted at the distal end of the
steat. This stent was re-expanded at follow-up without aortic
rupture.

Re-expansion vsas successful in each study animal at both
11 and 18 weeks. The angi-gram in Figure 1 illustrates the
typical appearance of stenosis that developed after growth
and the increase in stent diameter with re-expansion. Aortic
growth produced a relative stenosis of the aorta of 20% =
10% at both 11 and 13 weeks. At the first re-expansion, mean
stent diameter increased from 10.1 = I mmto 12.3 = 1.2 mm
and from 11.2 = 0.7 mm to 3.5 £ 1.1 mm at the second
re-expansion (Fig. 2). The effect of repeat expansion of
stents on aortic diameter was highly significant (p < 0.001).
Range testing using Scheffé and Tukey tests revealed signif-
icant differences between initial stent diameter and stent
diameter after both the first and the second re-expansion,
and between stent diameter after the first and after the
second re-expansion. Balloon dilation produced an increase
stent diameter of 21% =+ 7% at 11 weeks and 18% = 4% at
18 weeks. Ultimate stent diameter after re-expansion was
greater than 12 mm in seven of nine swine. Balloon diameter
at the first re-expansion ranged from 12 to 20 mm and at the
second re-expansion from 15 to 18 mm. Although re-
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Figure 1. Angiogram of the descending aorta before
{left) and after stent re-expansion {right) in one swine.
Acquired stenosis that has occurred with growth can be
seen at the site of sieni implantation {arrow). Stent
diameter increased with re-cxpansion, leading to velief
of stenosis and slight expansion or the aorta.

expansion was successful in each case, altimate sient diam-
eter was less than balloon dinmieier in most animals.

One swine that underwent infentional overexpansion of
the stenl and acrta with a 20-mm diameter balloon was found
at necropsy to have aortic rupture with a localized periaortic
hemorrhage. There was a fongitudinal iear in the stent with
an associated longitudinal tear in the aortic wall.

Gross and histologic effects of stent re-expansion. Figure 3
shows the gross appearance of aortic stents after implanta-
tion and re-expansion. The stent occupied a subintimal
position with a nearly continuous layer of neointima cover-
ing the stent struts. The neointima extended over the struts
wherever the struts were in contact with the aortic intima,
With re-expansion, the stent struts appeared to have moved
beneath the neointima without dissection or the develop-
ment of a necintimal flap. Small areas of hemorrhage with
corresponding hemosiderin staining marked the original po-
sition of stent struts before re-expansion. In some areas,

Figure 2. Change in stent diameter in millimeters in nine swine at i1
weeks (REEXP-1) and in five swine at 18 wecks (REEXP-2).
Re-expansion was successfully accomplished in all animals at both
11 and 18 weeks. The increase in mean stent diameter with re-
expansion was significant (p < 0.001), with significant changes in
stent diameter at both 11 and 18 weeks.
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there was localized abrasion of the neointimal layer exposing
bare struts, In two specimens, small norobstructing intralu-
minal thrombi were seen. There was no obstruction of small
intercostal or spinal arteries originating from the sorta in the
area of stent implantation,

The light microscopic appearance of the neointima and
aortic wall corresponded to the gross appearance of the fixed
specimens. The neointima was thin with a mean necintimal
thickness of 35 = 36 um and a corresponding mean thickness
of the aortic wall underlying the stent of 1,210 = 270 um
(Fig. 4. In 72% of samples neointimal thickness was
<35 um. With exception of the one case noted above, there
was no evidence of medial or adventitial hemorrhage or
dissection. Where the neomntima was abraded, a localized
reaction could be seen with focal fibrin and platelet deposi-
tion over the stent strut (Fig. 5). Leukocyte and giant cell
infiltration was noted adjacent to struts in the subendothelial
collagenous layer. Aortic implantation was associated with
variable degrees of medial compression (Fig. 6) but no
evidence of medial or adventitial hemorrhage or dissection.
Focal areas of mild atrophy of medial elastic lamellae were
seen in some specimens.

Scanning clectron microscopy demonstrated a smooth
layer ~f neointima covering stent struts (Fig. 7). Leukocytes
and piatelets were seen adhering 10 stent struts in areas
where neointima was abraded by re-expansion.

Discussion

Balloon angioplasty of coarctation of the aorta and pul-
monary artery branch stenosis are effe :tive in relieving
stenosis in many cases (1~5). Failure of balloon angioplasty
may be due (0 resistance of the stenotic iesion to balloon
dilation or to immediate elastic restenosis. Late restenosis is
commonly observed after dilation of puimonary artery
branch stenosis (3) and can also occur after angioplasty of
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coarctation (1,2). Placemeni of intravascular stents could
prevent immediate and late restenosis after angioplasty of
pulmonary artery branch stenosis and coarciation. Stent
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Figure 3. Gross inspection of stents after re-expansion
demonstrated a nearly continuous layer of neointina
covering the stent struts, The stent occupied a subinti-
mal position with minimal compression of the aortic
media (A). Overexpansion is cvident with siol diameter
being much greater than slot length in most areas. B,
The original position of struts before re-expansion is
marked by areas of intimal thickening (large arraws)
and neointima!l vasculature (small arvows). With re-
expansion, the stent struts appeared © have moved
beneath the neointima. Re-expansion resulted in smail
areas of intimal abrasion over some struts,

placement could also reapply the intima after intimal tears in
angioplasty of coarctation or pulmonary branch stenosis
allowing healing without aneurysm formation.

Figure 4. The neointima was intact over most stent struts
despite re-expansion. Light microscopic examination of
specimens demonstrated a characteristically thin layer of
neointima {arrow) with minimal subendothelial stroma
that extended over the surface of the space occupied by
struts. There was minimal subendothelial collagenous
stroma with an avcrage neointimal thickness of 35 =
36 um over struts.
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Figure §. [n some arcas thrombi were seen adherent over
the surface of struts (arrows} where abrasion had occurred
with re-expansion. In addition to the surface fibrin and
platelet thrombi there was a mild inflamimatory infiltrate
consisting primarily of multinucleated giant cells and

mononuclear cells seen in the neointima immediately
adiacont to stent struts

LAY WO STEEIT SRIRRS.

Initial experience with placement of the Palmaz stent in
children with pulmonary artery sicnosis has been encourag-

ing () Dilation with concomitant otant imnlantation wae
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effective in relieving stenosis in all cases without the need for
overdilation and with few complications. However, pulmo-

narv arterv stonosgis and coarctation ncuallv nregent in vouns
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children and produce serious abnormalities of hemodynam-

ics that are often progressive. Therefore, it is not desirable
nor often nossible to delav ancionlasty and stent imnlanta-
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tion until ch:ldren have grown to near adult size. Despite
successful use of stents for congenital and postoperative
stenosis of the great vessels, the use of rigid stents in the

great vessels of growing children has potenual limitations.
With growth of the chiid and lack of growth of the stented
vessel, a relative stenosis develops. Re-expansion of the

stent whlch has become incorporated into the vessel may be
impossibic and, if possible, may produce significant vessei
injury.

Figure 6. Compression of the media was demonstrated to
varying degrees. The compression of elastin fibers illus-
trated in this specimen is most pronounced in the inner

zone of the media immediately underlying the stent.
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Variations in stalmng of elastu: ﬁbers in the outer zone
may represent mild atrophy of the medial elastic lamellae.
There was no medial hemoirhage or tearing noted afier

re-expansion.
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Stent re-expansion. We designed this study to examine
the feasibility of stent re-expansion after growth and afier

adannatas time far nanintimal davalanmsnt Wa calasind thoe
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thoracic aorta as the site of implantation because of its well
developed media and elastic lamellae, resistance to dilation

and mntrinsic elastic recoil In thic qhudu ctonte wers oue.
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cessfully implanted in all animals and, at follow-up angiog-

raphy, remained patent without change in stent diameter.
However, as expected, a relative steposis developed with
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growth in all animals. .
Re-expansion was successful in all cases with a signifi-
cant change in vessel diameter at both 11 and 18 weeks after
implantation. Morcover, ultimate stent diameter was
greater than the theoretic maximal stent diameter of 12 mm
in seven of nine swine. Re-cxpansion was accomplished with
low pressure valvuloplasty balioons. However, balloon size

exceeded uitimate sieni diameier by Z to 4 mm in some

animals. Greater re-expansion could potentially be accom-
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plished with tk:2 use of high pressure balloons, although high
pressure balloons are presently not available in diameters
greater than 12 mm. Intentional overexpansion with a 20-mm
diameter balloon was associated with stent fracture and
aortic rupture in one case. We believe that stent rupture in
this animal was due to 2 defective sient that was rejected for
human use but thought to be suitable for this study. Subse-
quently, use of 20-mm diameter balloons for expansion of
the Palmaz stent has not resulted in stent rupture (8).
Resistance to re-expansion in this study may also have been
due to the inherent elastic recoil of the normal aorta. The
elastic recoil of naturally occurring stenosis of the pulmo-
nary arteries or aorta may be greater or less than that
observed in this model. Final stent diameters of i4 to 15 mm
achieved in some animals in this study after re-expansion
with 18-mm diameter balloons would provide adequate ves-
sel diameter to relieve stenosis and prevent restenosis with
growth in most patients with pulmonary artery branch ste-
nosis and coarctation (11-13).

Vascular effects of re-expansion. Because re-expansion
could potentially result in injury io the neointima or media,
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Figure 7. Scanning electron microscopy demonstrated
a smooth neointimal layer over the stent (A) where the
neointima was intact. However, in areas where neoin-
timal abrasion had occurred, leukocytes (2) and plate-
lets (b) could be seen adherent to the stent struts (B).

we examined both the gross and histologic effects on vessel
wall integrity. Medial and adventitial integrity were pre-
served with stent re-expansion. Re-expansion was alse
accomplished with minimal effects on the arterial necintima.
Neointimal abrasion was apparent overlying some struts by
both gross and microscopic examination. Gross inspection
of specimens revealed evidence that the stent struts moved
beneath the neointima as the stent shortened with re-
expansion. However, this strut movement did not result in
dissection of the neointima or development of neointimal
flaps. Morecver, by both light microscopy and scanning
electron microscopy, platelet and fibrin aggregates were
seen at the site of denuded neointima representing the early
stages of repair. The adherence of platelets and fibrin to stent
struts is part of a thrombotic process that ultimateiy ieads to
development of a new layer of neointima (14). Platelet
activation and fibrin deposition initiated by re-expansion
could also result in an on-going process of thrombosis
resulting in development of intraluminal thrombi. Non-
obstructing thrombi adherent to stents were found in two
swine in this study. Subsequent studies in animals and
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children treated with antiplatelet agents after implantation
have shown no evidence of thrombosis (8,15-17). Swine in
this study did not receive antithrombotic agents after implan-
tation or re-expansion. Use of antiplateiet agents such as
salicylates could have prevented the development of intralu-
minal thrombi. However, because neointima formation may
be closely related to a limited process of thrombosis, lysis of
thrombi and rapid endothelialization, antiplatelet agents and
other anticoagulant agents could interfere with development
of a uniform necintima. Studies are underway to examine the
effect of antiplatelet agents in the healing of ncointimal
abrasions and development of intraluminal thrombi after
re-expansion of stents in the great vessels.

Conclusions. Although growth of juvenile animals results
in relative stenosis at the site of stent implantation, re-
expansion is feasible and is effective in relieving stenosis.
Re-expansion which is performed after adequate time for
formation of a complete neointima is accompanied by plastic
deformation of the neointima with stents sliding beneath the
neointima as shortening occurs. This change in stent position
occurs without producing intimal flaps or dissection. With
the exception of one stent that ruptured with intentional
overexpansion, re-expansion does not preduce medial or
adventitial injury. Questions remain regarding the optimal
use of antithrombotic agents to prevent thrombosis after
re-expansion of stents. The results of this study suppoit
careful and selective use of intravascular stents as an adjunct
to balloon dilation of congenital stenoses in children.
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