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SUMMARY. Current therapy of congenital or acquired stenoses of the peripheral pulmonary 
arteries and superior vena cava are frequently ineffective. This report describes our initial 
experience with the use of a balloon-expandable stainless steel stent to treat experimentally 
created branch pulmonary artery and superior vena cava stenosis. Fifteen adult mongrel dogs 
had surgically created stenoses of either a branch pulmonary artery and/or superior vena cava. 
A balloon-expandable stainless steel (0.076 mm), 3 cm long, intravascnlar stent was used in all 
animals. Stents were successfully placed in 13 of 15 dogs (nine with branch pulmonary stenosis 
and four with superior vena caval stenosis) with hemodynamic and angiographic relief of the 
stenoses in all. In three animals, successful stent placement was not accomplished because the 
distal right pulmonary artery was found to be totally obstructed in two and in one dog with 
combined vena cava and pulmonary stenosis the distal right pulmonary artery was so severely 
stenotic that the stenosis could not be crossed. Repeat catheterization performed 6 months 
following stent placement documented persistent gradient relief and angiographic evidence of 
unobstructed flow through the stent without thrombus formation and with patent side branch 
vessels. Our preliminary results suggests that balloon-expandable stents are a potential therapy 
for the treatment of branch pulmonary artery and superior vena cava stenoses. 
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Peripheral pulmonary artery stenosis and superior 
vena caval stenosis are two lesions in which surgi- 
cal reconstruction is difficult and sometimes impos- 
sible to perform. Although balloon dilation has also 
been used to successfully treat patients with periph- 
eral pulmonary artery stenosis [2, 4, 9, 12, 13] or 
vena caval stenoses [5, 10, 14], there are many pa- 
tients who have had less than satisfactory results. 
Balloon angioplasty has been reported to be suc- 
cessful in dilating approximately 50% of patients 
with branch pulmonary artery stenosis [2, 13] and in 
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approximately 80% of patients with superior vena 
caval obstruction [5]. In both of these lesions, al- 
though angioplasty can acutely dilate the stenotic 
vessel to three or four times its original size, the 
stenoses frequently recur immediately following 
balloon deflation. The immediate recurrence of ob- 
struction after dilation is thought to be due to the 
natural elastic recoil of the pulmonary artery and 
superior vena cava or, in the postoperative cases, 
due to resilience and resistance of scar tissue [2]. 

A stainless steel balloon-expandable graft 
(stent) has recently been developed by Palmaz and 
coworkers [7, 8]. Both Mullins and coworkers [6] 
and Benson and coworkers [1] have recently dem- 
onstrated the feasibility of placing such stents into 
the normal pulmonary arteries of dogs and pigs. 
There is only limited experience with the use of 
these stents to treat experimentally created 
stenoses. The purpose of this report is, therefore, to 
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Fig. 1. This is a photograph of an unexpanded stainless steel 
stent. In the right-hand panel the stent has been placed on a 8- 
mm balloon angioplasty catheter. 

d e s c r i b e  o u r  e x p e r i e n c e  w i t h  t h e  d e v e l o p m e n t  o f  a 

d o g  m o d e l  o f  p e r i p h e r a l  p u l m o n a r y  a r t e r y  a n d / o r  

s u p e r i o r  v e n a  c a v a l  s t e n o s i s  a n d  to  e v a l u a t e  t h e  effi- 

c a c y  o f  r e l i e v i n g  t h e  e x p e r i m e n t a l l y  c r e a t e d  s t e n o -  

s is  w i t h  a b a l l o o n - e x p a n d a b l e  s t a i n l e s s  s t e e l  s t e n t .  

Methods 

Creation of Stenotic Lesion 

Peripheral pulmonary artery stenosis and/or superior vena cava 
stenosis was created in 15 adult mongrel dogs [11], weighing 19.2 
-- 2.3 kg. All dogs were anesthetized with halothane anesthesia. 
A thoracotomy was performed and the left or right pulmonary 
artery and/or superior vena cava isolated. Two pieces of 2-0 
vicryl suture (three loops each) were placed around the pulmo- 
nary artery 1-2 cm from its origin and/or placed around the cava 
1-2 cm from its junction with the right atrium. The sutures were 
tightened so that the pulmonary artery and/or vena cava was 
narrowed by 30-40%. All dogs received intramuscular antibiot- 
ics for 3 days after surgery to prevent infection and morphine 
sulfate as necessary for pain. Isolated right pulmonary artery 
stenosis was created in four dogs, isolated left pulmonary artery 
stenosis in seven, isolated superior vena cava stenosis in three, 
and combined right pulmonary artery stenosis and superior vena 
caval stenosis in one. 

Stent Placement 

Two to three months after creation of the stenosis all dogs under- 
went cardiac catheterization under suritol anesthesia. The fight 

heart catheterization was performed percutaneously from the 
right femoral area. After hemodynamic (superior vena cava, 
right atrial, right ventricular, main pulmonary artery, proximal 
left pulmonary artery, and distal left pulmonary artery pressures 
were measured) and angiographic (right or left pulmonary artery 
and/or superior vena cava angiograms) assessment of the steno- 
sis, stent placement was attempted. A no. 7F end-hole catheter 
was passed into the distal pulmonary artery or vena cava. A 
0.038-inch Teflon-coated 250-cm exchange guidewire was ad- 
vanced into the distal vessel. The end-hole catheter was re- 
moved, leaving the wire fixed in the vessel, and a no. 12F (for the 
pulmonary arteries) or 16F (for the superior vena cava) long 
sheath and dilator were introduced over the guidewire into the 
vessel beyond the stenosis. Although the 8-mm angioplasty bal- 
loon with stent could fit through a 10F sheath, because of the 
canine anatomy a 12F sheath provided each movement of the 
balloon and stent across the tricuspid valve, pulmonary valve, 
and right pulmonary artery. Despite the discrepancy between 
sheath and catheter, bleeding from the sheath was minimal and a 
back-flow device was not necessary. A stainless steel stent, 
which was 0.076 mm in thickness, 3 cm in length, and 3.7 mm in 
diameter before expansion (provided by Johnson and Johnson 
Inc.), was placed on an 8-ram diameter (for pulmonary arteries) 
or 18-mm diameter (for the superior vena cava) balloon angio- 
plasty catheter (Fig. 1). The size of the angioplasty catheter was 
chosen to be - 1  mm larger than the normal vessel diameter. The 
long dilator was removed from the sheath and the stent-mounted 
balloon angioplasty catheter was advanced through the long 
sheath into the distal pulmonary artery or vena cava. After the 
angioplasty catheter was positioned across the stenosis, the 
sheath was withdrawn off the proximal end of the angioplasty 
catheter into the main pulmonary artery or right ventricle (for 
pulmonary arteries) or into the right atrium (for the superior vena 
cava). The balloon was then expanded to 4-6 atm of pressure. 
The balloon was deflated and then exchanged for an end-hole 
catheter leaving the expanded stent across the area of stenosis. 
Repeat hemodynamics and angiography were performed. The 
catheter was removed and the groin held until hemostasis was 
obtained. To prevent thrombus formation in the long sheath, the 
dogs received 50 U/kg heparin during the catheterization. The 
dogs received 3 days of antibiotic after the catheterization and 
morphine sulfate as necessary for pain. The dogs received no 
anticoagulation or antiplatelet agents. The dogs were recathe- 
terized at 3 and 6 months following placement of the stent. At 
these catheterizations hemodynamic and angiographic assess- 
ment of the stent was made. After the stent had been in place for 
6 months, the dogs were killed for pathological assessment of the 
stent and vessel. 

Statistical Analysis 

All data are presented at the mean _+ standard error (SE). To 
assess changes in the gradient across stenoses over time, a re- 
peated measures analysis of variance was used. 

Results 

D i l a t a b l e  p e r i p h e r a l  p u l m o n a r y  a r t e r y  s t e n o s i s  o r  
s u p e r i o r  v e n a  c a v a l  s t e n o s i s  w a s  p r o d u c e d  in  13 o f  

15 d o g s  ( p e r i p h e r a l  p u l m o n a r y  a r t e r y  s t e n o s i s  in  
n i n e  a n d  s u p e r i o r  v e n a  c a v a l  s t e n o s i s  in  f o u r ) .  I n  
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the two remaining dogs the distal right pulmonary 
artery was found to be totally obstructed and in the 
dog with combined vena cava and pulmonary steno- 
sis the distal right pulmonary artery stenosis was so 
severe that neither a catheter nor guidewire could 
be advanced across the stenosis. 

Prior to attempted stent placement, the peak 
systolic gradient across the stenoses averaged 32 + 
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Fig. 2. The serial peak systolic gradients across the branch pul- 
monary arteries are depicted in panel A. The stent placement 
resulted in an immediate improvement of the gradient, which 
was maintained for the 6 months of follow-up. Panel B depicts 
the serial mean gradients across the experimentally created supe- 
rior vena cava stenosis. As with the branch pulmonary arteries, 
the stent placement resulted in a complete elimination of the 
stenosis. Statistical analysis was performed using repeated mea- 
sures analysis of variance (*, p <0.05). 

8 mmHg for 9 of 12 dogs with branch pulmonary 
artery stenosis, and the mean gradient in the four 
dogs with superior caval stenosis averaged 11 --- 4 
mmHg. Successful stent placement was accom- 
plished in all 13 dogs in which the stenotic site could 
be crossed with the 7F wedge catheter. In all cases 
the stent abolished the gradient across the stenosis 
(Fig. 2). In all but one dog, there were no significant 
complications associated with stent placement. In 
this dog in which stent placement was attempted, 
two of the stents inadvertently embolized from the 
angioplasty catheter. In this animal the stent dis- 
lodgements occurred while trying to advance the 
angioplasty catheter and stent across the tricusipid 
valve without the use of a long sheath. When a long 
sheath was used to deliver the stent in this and the 
remaining dogs, no inadvertent embolization oc- 
curred. 

At follow-up catheterization, 3 and 6 months 
poststent placement, all stents were patent without 
evidence of thrombosis (Figs. 3 and 4). In the five 
dogs with distal pulmonary artery stent placement, 
multiple branch pulmonary arteries were crossed by 
the stent and, at follow-up catheterization, angiog- 
raphy demonstrated that these branch pulmonary 
vessels remained patent (Fig. 5). Finally, there was 
no evidence for either late stent migration to a more 
distal position in the pulmonary artery or for the 
development of aneurysms. 

Pathology 

The stents in the pulmonary arteries and superior 
vena cava were covered with neointima. However, 
in the three dogs with proximal left pulmonary ar- 
tery stenosis, the small portion of the stent, which 
extended into the main pulmonary artery, was the 
only portion of the stent not covered by a thin layer 
of neointima. All stents were patent and there was 

Fig. 3. A series of angiogram 
before (A) and 6 months after 
(B) placement of a stent in a 
branch pulmonary. In panel A 
the discrete stenosis of the 
proximal left pulmonary artery is 
visualized. Panel B angiographi- 
cally demonstrates that the stent 
and pulmonary artery are widely 
patent 6 months after initial 
placement. 
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Fig. 4. A series of angiograms 
before (A), immediately after 
(B), and 6 months postplacement 
of a stent in the superior vena 
cava (C). In panel A the discrete 
stenosis of the superior vena 
cava is visualized. Panels B and 
C demonstrate that the vena 
cava and stent are widely patent 
immediately postplacement (B) 
and 6 months postplacement (C). 

Fig. 5. An angiogram of a distally placed stent 6 months after 
initial placement demonstrates that the branch pulmonary arter- 
ies that were crossed by the stent are widely patent. Although 
there appears to be a narrowing of the distal pulmonary artery, 
no hemodynamic gradient was present. 

no evidence of thrombosis in the stent or distal to 
the stent. In those animals in which the stents 
crossed side branches of the pulmonary artery, 
these side branches were patent at postmortem 
examination. No microscopic analysis was per- 
formed. 

Discussion 

Peripheral pulmonary artery stenosis and superior 
vena caval stenoses are two lesions in which both 
surgical reconstruction and balloon angioplasty are 
difficult and frequently impossible to successfully 
perform [2, 4, 5, 14, 15]. The current study demon- 
strates that a stainless steel balloon-expandable 
stent can provide long-term effective relief of both 
experimentally created peripheral pulmonary artery 
stenosis and superior vena caval stenosis. Our 
results are in agreement with the work of Mullins 
and coworkers [6] and Benson et al. [1]. Mullins 
successfully implanted 11 of 13 stents in normal pul- 

monary arteries, and 11 of 14 were implanted in 
normal nonstenotic tributaries of precava or post- 
cava. Some of their dogs were recatheterized at in- 
tervals ranging from 56-270 days. Twelve stents 
were patent and nonobstructive, two were mal- 
posed, and one was obstructive. When the animals 
were killed, the stents were evaluated pathologi- 
cally and were found to be completely covered with 
neointima and patent without any evidence of 
thrombus formation. Other than the current report, 
there has been limited animal experience with the 
use of stents to treat experimentally produced 
stenoses of either the peripheral pulmonary arteries 
or systemic veins. Mullins and coworkers [6] de- 
scribes dilating one experimentally created periph- 
eral pulmonary artery narrowing, and Benson et al. 
[1] has described in an abstract the successful use of 
stents to dilate surgically created stenoses in the 
pulmonary arteries of pigs. Thus, based on our 
work and these other reports, it appears that stain- 
less steel balloon-expandable stents should be ideal 
for treating subjects with refractory pulmonary ar- 
tery or vena caval stenosis. 

However, before thes stents can be widely rec- 
ommended for children and infants, a number of 
other questions need to be addressed. Children fre- 
quently will require placement of a stent at a young 
age prior to achieving full growth. Since these 
stents are made of stainless steel, they will not grow 
with the patient and stenosis may therefore recur. 
Thus, the question of whether these stents can be 
progressively expanded months or years after initial 
placement needs to be addressed before they can be 
used in the young patient. Vick and coworkers [13] 
have shown that stents placed in the descending 
aorta of normal juvenile minipigs could be redilated 
6 months after initial placement without damage to 
the aortic wall or stent. Further animal studies will 
be necessary to establish that balloon dilatable 
stents can also be redilated when positioned in a 
branch pulmonary artery or vena cava. A second 
question that needs to be addressed relates to the 
ideal length of stent that should be used. As was 
demonstrated in our dogs with proximally placed 



96 Pediatric Cardiology Vol. 13, No. 2, 1992 

stenoses, the use of 3-cm stent resulted in a portion 
of the stent extending into the main pulmonary ar- 
tery. For these proximal discrete stenoses, the use 
of a shorter stent length would appear to be more 
appropriate. In many cases of pulmonary artery 
branch stenosis, long segment stenosis or multiple 
stenoses are present. In these situations two or 
more stents could be implanted in series as has been 
done in systemic peripheral arterial and coronary 
artery disease [3]. Experimental studies will need to 
document that implantation of stents in series in the 
pulmonary artery will preserve the curvature of the 
pulmonary vessel without damaging the vessel. Fi- 
nally, although we and others [3, 7, 8] have docu- 
mented that these stents remain patent without lo- 
cal or distal thrombosis formation for up to 6 
months, we do not known if thrombi will develop 
after longer periods of implantation, especially 
when the stent is placed in a systemic vein. 

In addition to using these balloon dilatable 
stainless steel stents to treat pulmonary artery and 
vena cava stenosis, these stents may also be useful 
in treating other forms of congenital or surgically 
acquired stenoses, such as pulmonary venous ste- 
nosis or even coarctation of the aorta. 

In summary, we have demonstrated that the 
balloon-expandable stainless steel stent appears to 
be an extremely promising new technique for the 
dilation of refractory pulmonary artery and vena 
caval stenosis. Therefore we, believe, based on the 
current report and the work of others, that clinical 
trials of stent placement in adolescents with refrac- 
tory pulmonary artery or vena cava stenosis are 
warranted. 
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