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Recoarctation de l’aorte

older children and adults may present with hypertension,
headaches, and claudication. The diagnosis of coarctation is
suggested by the presence of a blood pressure gradient
between an arm and leg and the presence of weak femoral
pulses. Transthoracic echocardiography confirms the diagno-
sis. Other imaging modalities (CT/MRI angiograms, cardiac
catheterization) may not be obtained routinely unless the
diagnosis is in doubt or additional information is needed to
plan a surgical or catheter intervention; however, the infor-
mation obtained by these studies will likely impact our
long-term understanding of coarctation repair outcome. Non-
invasive MRI/MRA and CT angiography provide a compre-
hensive view of the thoracic aorta, including the arch,
coarctation site, and associated collateral vessels. MRI/MRA
is particularly valuable in the posttreatment follow-up of
patients and permits monitoring of coarctation outcome.

Treatment of coarctation of the aorta has evolved over the
years. For native coarctation of the aorta, initially, surgical
repair (extended resection with an end-to-end anastomosis)
has been the primary treatment at most centers and remains
the “gold standard” therapeutic option. However, in recent
years, balloon angioplasty with or without stent implantation
has emerged as an alternative, less invasive option.152–155 For
most patients with discrete recurrent/residual coarctation after
surgical repair, balloon angioplasty has been shown to be the
best therapeutic option. Balloon angioplasty for native coarc-
tation can also be performed safely and successfully beyond
the neonatal period. Young patients (!1 month but "6
months of age) with discrete narrowing and no evidence of
arch hypoplasia may benefit from balloon angioplasty. This
criterion applies to relatively few patients in this age group,
because arch hypoplasia commonly accompanies the coarc-
tation of the aorta. However, the recurrence rate is higher for
younger patients ("6 months of age), and there is a small but
important incidence of aneurysm formation after balloon
dilation of native coarctation at any age.156–159 Stent implan-
tation for native coarctation or recoarctation of the aorta has
also emerged as a beneficial therapeutic option for patients
who can receive a stent that can be expanded to an adult size
(minimum of 2 cm in diameter). Many interventionalists
perform primary stent implantation in patients with suitable
anatomy in place of balloon angioplasty because of the
perceived superior beneficial short-term results of stent im-
plantation; however, the downside to this procedure is the
need for future procedures to expand the stent as the patient
grows in size. Newer stent technology may mitigate these
stent size issues. In theory, stent implantation provides the
potential for long-term repair with less chance of coarctation
recurrence or aneurysm formation, but of course, the long-
term benefit has yet to be proven.146–148 The reader is referred
to excellent review articles for full technical details of balloon
angioplasty and stent implantation.106,107

Risks/Complications
Complications encountered during or after balloon angio-
plasty for both native and recurrent coarctation include
femoral artery injury, dissection, and aneurysm formation at
the site of angioplasty.160 The potential need for stent reex-
pansion in growing children limits the use of stent implanta-

tion to patients in whom stents can be implanted that can
reach an eventual adult size. Complications encountered
during or after stent implantation are similar to those encoun-
tered after balloon angioplasty, with the added potential risk
of stent malposition. The incidence of aneurysm formation
after stent implantation is less than for balloon angioplasty
alone.152,153 Although short- and medium-term data are avail-
able in humans and animals, the long-term implications of
stent placement in the aorta are unknown.

Recommendations for Transcatheter Balloon
Angioplasty of Coarctation/Recoarctation of
the Aorta

Class I
1. Balloon angioplasty of recoarctation is indicated when

associated with a transcatheter systolic coarctation
gradient of >20 mm Hg and suitable anatomy, irre-
spective of patient age (Level of Evidence: C).

2. Balloon angioplasty of recoarctation is indicated when
associated with a transcatheter systolic coarctation
gradient of <20 mm Hg and in the presence of signif-
icant collateral vessels and suitable angiographic anat-
omy, irrespective of patient age, as well as in patients
with univentricular heart or with significant ventricu-
lar dysfunction (Level of Evidence: C).

Class IIa
1. It is reasonable to consider balloon angioplasty of

native coarctation as a palliative measure to stabilize
a patient irrespective of age when extenuating cir-
cumstances are present such as severely depressed
ventricular function, severe mitral regurgitation,
low cardiac output, or systemic disease affected by
the cardiac condition (Level of Evidence: C).

Class IIb
1. Balloon angioplasty of native coarctation may be

reasonable in patients beyond 4 to 6 months of age
when associated with a transcatheter systolic coarc-
tation gradient >20 mm Hg and suitable anatomy
(Level of Evidence: C).

2. Balloon angioplasty of native or recurrent coarcta-
tion of the aorta might be considered in patients with
complex coarctation anatomy or systemic conditions
such as connective tissue disease or Turner syn-
drome but should be scrutinized on a case-by-case
basis (Level of Evidence: C).

Recommendations for Stent Placement in Native
Coarctation and Recoarctation of the Aorta

Class I
1. Stent placement is indicated in patients with recur-

rent coarctation who are of sufficient size for safe
stent placement, in whom the stent can be expanded
to an adult size, and who have a transcatheter
systolic coarctation gradient >20 mm Hg (Level of
Evidence: B).

Class IIa
1. It is reasonable to consider placement of a stent that

can be expanded to an adult size for the initial
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treatment of native or recurrent coarctation of the
aorta in patients with:
• a transcatheter systolic coarctation gradient of

>20 mm Hg (Level of Evidence: B).
• a transcatheter systolic coarctation gradient of

<20 mm Hg but with systemic hypertension asso-
ciated with an anatomic narrowing that explains
the hypertension (Level of Evidence: C).

• a long-segment coarctation with a transcatheter
systolic coarctation gradient >20 mm Hg (Level
of Evidence: B).

2. Stent implantation for the treatment of coarctation
(native or recurrent) is reasonable in patients in
whom balloon angioplasty has failed, as long as a
stent that can be expanded to an adult size can be
implanted (Level of Evidence: B).

Class IIb
1. It may be reasonable to consider stent implantation

for the treatment of coarctation in infants and
neonates when complex aortic arch obstruction
exists despite surgical or catheter-mediated at-
tempts to relieve this obstruction and when further
surgery is regarded as high risk. Implantation of a
stent with less than adult-sized potential implies a
commitment on the part of the surgical team to
remove or enlarge this stent at a later date when the
final diameter of this device is no longer adequate to
maintain unobstructed aortic flow (Level of Evi-
dence: C).

2. It may be reasonable to consider placement of a
stent that can be expanded to an adult size for the
initial treatment of native or recurrent coarctation
of the aorta in patients with:

• a transcoarctation gradient of <20 mm Hg but with
an elevated left ventricular end-diastolic pressure
and an anatomic narrowing (Level of Evidence: C).

• a transcoarctation gradient of <20 mm Hg but
in whom significant aortic collaterals exist,
which results in an underestimation of the coarctation
(Level of Evidence: C).

6.2. Pulmonary Artery Angioplasty and
Stent Placement

Pulmonary Artery Angioplasty
Balloon angioplasty alone is indicated for both severe main
pulmonary artery and severe branch pulmonary artery steno-
sis, particularly in very small patients or in those with
pulmonary arteries with very complicated anatomy, in whom,
in either case, primary stent implantation is not a viable
option. Significant stenosis is obvious when there are mea-
sureable gradients of !20 to 30 mm Hg across the stenosis
area, when there is elevation of the RV or proximal main
pulmonary artery pressure to greater than one half to two
thirds of systemic pressure secondary to the more distal
obstruction, or when there is relative flow discrepancy
between the 2 lungs of 35%/65% or worse. However, the
significance of the stenosis is often more subtle and is
determined by the subjective anatomic (angiographic) ap-
pearance of narrowing or by the discrepant blood flow away
from specific areas rather than by a specific gradient across a

segment. In low-pulmonary-flow situations such as with
Glenn shunts and Fontan circulations, gradients in the pul-
monary bed are notoriously unreliable determinants of the
degree of stenosis. Likewise, underestimation of obstruction
in the pulmonary circuit, even in the setting of normal
pulmonary blood flow, can exist because of decompression
runoff. In the case of isolated pulmonary arterial obstruction
runoff to the opposite lung or adjacent segments of the lung,
very significant (!90%) unilateral or isolated segments of
branch stenosis may result in minimal or even no pressure
drop across the obstruction.

Balloon angioplasty is applicable for both congenital and
acquired pulmonary artery stenosis; however, balloon dilation
alone has rarely been effective in the long term for such
lesions. Balloon angioplasty of these lesions frequently does
produce up to 50% improvement in the diameter of the
involved vessels and a 50% decrease in the gradient across
the lesion, as well as comparable increases in the blood flow
in the involved vessel, but dilation alone seldom produces
complete or permanent resolution of the obstruction or normal-
ization of flow to the area, and the improvement achieved is
often transient. There is little evidence that balloon dilation alone
produces persistence of significant improvement over the long
term, with no published long-term data.161–164 More recent
studies on dilation of pulmonary artery stenosis have concen-
trated on either balloon angioplasty augmented by cutting
balloons or primary stent implants, both of which are covered in
the specific indications for cutting balloons and for pulmonary
artery stent implants.165

Pulmonary artery stents are indicated in main or branch
pulmonary artery stenosis that is not expected to have, or has
not had, an adequate or persistent response to primary
pulmonary artery balloon dilation.166,167 Intravascular stents
are effective for congenital stenosis, surgically created steno-
sis of vessels, or stenosis due to compression from an
adjacent structure. Single stents, multiple tandem stents, and
bifurcating stents all are effective and can be used when
indicated by the underlying pulmonary artery anatomy.168

Risks/Complications
The inherent risks associated with any complex catheter
manipulations are present in those required to position wires
and balloons for a balloon angioplasty. The risks for pulmo-
nary angioplasty particularly include vessel perforation and
arrhythmia. The major additional risks associated with angio-
plasty of the main or branch pulmonary arteries are injuries to
the pulmonary vessels. To achieve a successful dilation, it is
necessary to significantly overdilate both the area of stenosis
and the adjacent vessel. To achieve a more effective dilation,
at least a tear in the intima of the wall of the vessel is
considered necessary. Generally, the pulmonary arteries are
very compliant, which allows overdistension to even 2 to 3
times their normal diameter. However, the stenotic areas are
not normal tissue and generally have lower compliance,
which makes the vessels more susceptible to tears and can
lead to vessel rupture, which can result in massive bleeding
with hemothorax and even death. Although not considered a
“complication,” most pulmonary arteries and branches are
only dilated to "50% of the vessel’s nominal diameter, and
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Comparison Between Covered and
Bare Cheatham-Platinum Stents for
Endovascular Treatment of Patients With
Native Post-Ductal Aortic Coarctation
Immediate and Intermediate-Term Results

Bahram Sohrabi, MD,* Peiman Jamshidi, MD,*y Alireza Yaghoubi, MD,*
Afshin Habibzadeh, MD,* Yashar Hashemi-aghdam, MD,z Araz Moin, MD,z
Babak Kazemi, MD,* Samad Ghaffari, MD,* Mohammad Reza Abdolahzadeh Baghayi, MD,*
Khalil Mahmoody, MDx

Tabriz and Zanjan, Iran; and Lucerne, Switzerland

Objectives This study sought to evaluate the outcomes of endovascular treatment with covered
versus bare Cheatham-platinum stents (NuMed, Hopkinton, New York) in coarctation of aorta (CoA)
patients.

Background Covered stenting has been newly recognized as a useful therapeutic method for patients
with native CoA, but there has been no study comparing the use of covered stents with bare stents for
treating CoA.

Methods In this randomized clinical trial, 120 patients with a mean age of 23.60 ! 10.99 years (range
12 to 58 years, 79 men), with post-ductal, short-segment, severe native CoA underwent implantation of
bare Cheatham-Platinum (bCP) (n ¼ 60) or covered Cheatham-Platinum (cCP) (n ¼ 60) stents. Patients
were followed clinically at 1, 3, 6, and 12 months after the stenting and yearly thereafter. During
follow-up, multislice computed tomography (64 slices) was scheduled to assess any complications.

Results The procedural success rate was 100% in both groups. Patients were followed for 31.1 !
19.2 months. Although recoarctation was seen only in the bCP group during follow-up, the difference
between groups did not reach statistical significance (6.7% vs. 0%; p¼ NS). Two cases of pseudoaneurysm
(3.3%) occurred in the cCP group, but none was observed in the bCP group (p ¼ NS). Normotensive
status significantly increased during follow-up in both groups (from 15% to 73.3% in the bCP group
and 16.7% to 78.3% in the cCP group, p < 0.001 for each group and not significant between groups).

Conclusions Implanting bCP and cCP stents have very high success rates with remarkable
hemodynamic effects in severe native CoA patients. Patients undergoing cCP stent implantation
experienced a nonsignificantly lower recoarctation rate and a higher occurrence of pseudoaneurysm
formation with respect to bCP stenting during follow-up. These findings indicate that CoA stenting
is a safe procedure. (Endovascular Stenting With Covered CP Stent Compared With Bare CP Stent
for Adult Patients With Coarctation: The Initial and Intermediate-Term Follow-Up Results;
IRCT201012045311N1) (J Am Coll Cardiol Intv 2014;7:416–23) ª 2014 by the American College
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Recoarctation de l’aorte

treatment of native or recurrent coarctation of the
aorta in patients with:
• a transcatheter systolic coarctation gradient of

>20 mm Hg (Level of Evidence: B).
• a transcatheter systolic coarctation gradient of

<20 mm Hg but with systemic hypertension asso-
ciated with an anatomic narrowing that explains
the hypertension (Level of Evidence: C).

• a long-segment coarctation with a transcatheter
systolic coarctation gradient >20 mm Hg (Level
of Evidence: B).

2. Stent implantation for the treatment of coarctation
(native or recurrent) is reasonable in patients in
whom balloon angioplasty has failed, as long as a
stent that can be expanded to an adult size can be
implanted (Level of Evidence: B).

Class IIb
1. It may be reasonable to consider stent implantation

for the treatment of coarctation in infants and
neonates when complex aortic arch obstruction
exists despite surgical or catheter-mediated at-
tempts to relieve this obstruction and when further
surgery is regarded as high risk. Implantation of a
stent with less than adult-sized potential implies a
commitment on the part of the surgical team to
remove or enlarge this stent at a later date when the
final diameter of this device is no longer adequate to
maintain unobstructed aortic flow (Level of Evi-
dence: C).

2. It may be reasonable to consider placement of a
stent that can be expanded to an adult size for the
initial treatment of native or recurrent coarctation
of the aorta in patients with:

• a transcoarctation gradient of <20 mm Hg but with
an elevated left ventricular end-diastolic pressure
and an anatomic narrowing (Level of Evidence: C).

• a transcoarctation gradient of <20 mm Hg but
in whom significant aortic collaterals exist,
which results in an underestimation of the coarctation
(Level of Evidence: C).

6.2. Pulmonary Artery Angioplasty and
Stent Placement

Pulmonary Artery Angioplasty
Balloon angioplasty alone is indicated for both severe main
pulmonary artery and severe branch pulmonary artery steno-
sis, particularly in very small patients or in those with
pulmonary arteries with very complicated anatomy, in whom,
in either case, primary stent implantation is not a viable
option. Significant stenosis is obvious when there are mea-
sureable gradients of !20 to 30 mm Hg across the stenosis
area, when there is elevation of the RV or proximal main
pulmonary artery pressure to greater than one half to two
thirds of systemic pressure secondary to the more distal
obstruction, or when there is relative flow discrepancy
between the 2 lungs of 35%/65% or worse. However, the
significance of the stenosis is often more subtle and is
determined by the subjective anatomic (angiographic) ap-
pearance of narrowing or by the discrepant blood flow away
from specific areas rather than by a specific gradient across a

segment. In low-pulmonary-flow situations such as with
Glenn shunts and Fontan circulations, gradients in the pul-
monary bed are notoriously unreliable determinants of the
degree of stenosis. Likewise, underestimation of obstruction
in the pulmonary circuit, even in the setting of normal
pulmonary blood flow, can exist because of decompression
runoff. In the case of isolated pulmonary arterial obstruction
runoff to the opposite lung or adjacent segments of the lung,
very significant (!90%) unilateral or isolated segments of
branch stenosis may result in minimal or even no pressure
drop across the obstruction.

Balloon angioplasty is applicable for both congenital and
acquired pulmonary artery stenosis; however, balloon dilation
alone has rarely been effective in the long term for such
lesions. Balloon angioplasty of these lesions frequently does
produce up to 50% improvement in the diameter of the
involved vessels and a 50% decrease in the gradient across
the lesion, as well as comparable increases in the blood flow
in the involved vessel, but dilation alone seldom produces
complete or permanent resolution of the obstruction or normal-
ization of flow to the area, and the improvement achieved is
often transient. There is little evidence that balloon dilation alone
produces persistence of significant improvement over the long
term, with no published long-term data.161–164 More recent
studies on dilation of pulmonary artery stenosis have concen-
trated on either balloon angioplasty augmented by cutting
balloons or primary stent implants, both of which are covered in
the specific indications for cutting balloons and for pulmonary
artery stent implants.165

Pulmonary artery stents are indicated in main or branch
pulmonary artery stenosis that is not expected to have, or has
not had, an adequate or persistent response to primary
pulmonary artery balloon dilation.166,167 Intravascular stents
are effective for congenital stenosis, surgically created steno-
sis of vessels, or stenosis due to compression from an
adjacent structure. Single stents, multiple tandem stents, and
bifurcating stents all are effective and can be used when
indicated by the underlying pulmonary artery anatomy.168

Risks/Complications
The inherent risks associated with any complex catheter
manipulations are present in those required to position wires
and balloons for a balloon angioplasty. The risks for pulmo-
nary angioplasty particularly include vessel perforation and
arrhythmia. The major additional risks associated with angio-
plasty of the main or branch pulmonary arteries are injuries to
the pulmonary vessels. To achieve a successful dilation, it is
necessary to significantly overdilate both the area of stenosis
and the adjacent vessel. To achieve a more effective dilation,
at least a tear in the intima of the wall of the vessel is
considered necessary. Generally, the pulmonary arteries are
very compliant, which allows overdistension to even 2 to 3
times their normal diameter. However, the stenotic areas are
not normal tissue and generally have lower compliance,
which makes the vessels more susceptible to tears and can
lead to vessel rupture, which can result in massive bleeding
with hemothorax and even death. Although not considered a
“complication,” most pulmonary arteries and branches are
only dilated to "50% of the vessel’s nominal diameter, and
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Coarctation native

older children and adults may present with hypertension,
headaches, and claudication. The diagnosis of coarctation is
suggested by the presence of a blood pressure gradient
between an arm and leg and the presence of weak femoral
pulses. Transthoracic echocardiography confirms the diagno-
sis. Other imaging modalities (CT/MRI angiograms, cardiac
catheterization) may not be obtained routinely unless the
diagnosis is in doubt or additional information is needed to
plan a surgical or catheter intervention; however, the infor-
mation obtained by these studies will likely impact our
long-term understanding of coarctation repair outcome. Non-
invasive MRI/MRA and CT angiography provide a compre-
hensive view of the thoracic aorta, including the arch,
coarctation site, and associated collateral vessels. MRI/MRA
is particularly valuable in the posttreatment follow-up of
patients and permits monitoring of coarctation outcome.

Treatment of coarctation of the aorta has evolved over the
years. For native coarctation of the aorta, initially, surgical
repair (extended resection with an end-to-end anastomosis)
has been the primary treatment at most centers and remains
the “gold standard” therapeutic option. However, in recent
years, balloon angioplasty with or without stent implantation
has emerged as an alternative, less invasive option.152–155 For
most patients with discrete recurrent/residual coarctation after
surgical repair, balloon angioplasty has been shown to be the
best therapeutic option. Balloon angioplasty for native coarc-
tation can also be performed safely and successfully beyond
the neonatal period. Young patients (!1 month but "6
months of age) with discrete narrowing and no evidence of
arch hypoplasia may benefit from balloon angioplasty. This
criterion applies to relatively few patients in this age group,
because arch hypoplasia commonly accompanies the coarc-
tation of the aorta. However, the recurrence rate is higher for
younger patients ("6 months of age), and there is a small but
important incidence of aneurysm formation after balloon
dilation of native coarctation at any age.156–159 Stent implan-
tation for native coarctation or recoarctation of the aorta has
also emerged as a beneficial therapeutic option for patients
who can receive a stent that can be expanded to an adult size
(minimum of 2 cm in diameter). Many interventionalists
perform primary stent implantation in patients with suitable
anatomy in place of balloon angioplasty because of the
perceived superior beneficial short-term results of stent im-
plantation; however, the downside to this procedure is the
need for future procedures to expand the stent as the patient
grows in size. Newer stent technology may mitigate these
stent size issues. In theory, stent implantation provides the
potential for long-term repair with less chance of coarctation
recurrence or aneurysm formation, but of course, the long-
term benefit has yet to be proven.146–148 The reader is referred
to excellent review articles for full technical details of balloon
angioplasty and stent implantation.106,107

Risks/Complications
Complications encountered during or after balloon angio-
plasty for both native and recurrent coarctation include
femoral artery injury, dissection, and aneurysm formation at
the site of angioplasty.160 The potential need for stent reex-
pansion in growing children limits the use of stent implanta-

tion to patients in whom stents can be implanted that can
reach an eventual adult size. Complications encountered
during or after stent implantation are similar to those encoun-
tered after balloon angioplasty, with the added potential risk
of stent malposition. The incidence of aneurysm formation
after stent implantation is less than for balloon angioplasty
alone.152,153 Although short- and medium-term data are avail-
able in humans and animals, the long-term implications of
stent placement in the aorta are unknown.

Recommendations for Transcatheter Balloon
Angioplasty of Coarctation/Recoarctation of
the Aorta

Class I
1. Balloon angioplasty of recoarctation is indicated when

associated with a transcatheter systolic coarctation
gradient of >20 mm Hg and suitable anatomy, irre-
spective of patient age (Level of Evidence: C).

2. Balloon angioplasty of recoarctation is indicated when
associated with a transcatheter systolic coarctation
gradient of <20 mm Hg and in the presence of signif-
icant collateral vessels and suitable angiographic anat-
omy, irrespective of patient age, as well as in patients
with univentricular heart or with significant ventricu-
lar dysfunction (Level of Evidence: C).

Class IIa
1. It is reasonable to consider balloon angioplasty of

native coarctation as a palliative measure to stabilize
a patient irrespective of age when extenuating cir-
cumstances are present such as severely depressed
ventricular function, severe mitral regurgitation,
low cardiac output, or systemic disease affected by
the cardiac condition (Level of Evidence: C).

Class IIb
1. Balloon angioplasty of native coarctation may be

reasonable in patients beyond 4 to 6 months of age
when associated with a transcatheter systolic coarc-
tation gradient >20 mm Hg and suitable anatomy
(Level of Evidence: C).

2. Balloon angioplasty of native or recurrent coarcta-
tion of the aorta might be considered in patients with
complex coarctation anatomy or systemic conditions
such as connective tissue disease or Turner syn-
drome but should be scrutinized on a case-by-case
basis (Level of Evidence: C).

Recommendations for Stent Placement in Native
Coarctation and Recoarctation of the Aorta

Class I
1. Stent placement is indicated in patients with recur-

rent coarctation who are of sufficient size for safe
stent placement, in whom the stent can be expanded
to an adult size, and who have a transcatheter
systolic coarctation gradient >20 mm Hg (Level of
Evidence: B).

Class IIa
1. It is reasonable to consider placement of a stent that

can be expanded to an adult size for the initial
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treatment of native or recurrent coarctation of the
aorta in patients with:
• a transcatheter systolic coarctation gradient of

>20 mm Hg (Level of Evidence: B).
• a transcatheter systolic coarctation gradient of

<20 mm Hg but with systemic hypertension asso-
ciated with an anatomic narrowing that explains
the hypertension (Level of Evidence: C).

• a long-segment coarctation with a transcatheter
systolic coarctation gradient >20 mm Hg (Level
of Evidence: B).

2. Stent implantation for the treatment of coarctation
(native or recurrent) is reasonable in patients in
whom balloon angioplasty has failed, as long as a
stent that can be expanded to an adult size can be
implanted (Level of Evidence: B).

Class IIb
1. It may be reasonable to consider stent implantation

for the treatment of coarctation in infants and
neonates when complex aortic arch obstruction
exists despite surgical or catheter-mediated at-
tempts to relieve this obstruction and when further
surgery is regarded as high risk. Implantation of a
stent with less than adult-sized potential implies a
commitment on the part of the surgical team to
remove or enlarge this stent at a later date when the
final diameter of this device is no longer adequate to
maintain unobstructed aortic flow (Level of Evi-
dence: C).

2. It may be reasonable to consider placement of a
stent that can be expanded to an adult size for the
initial treatment of native or recurrent coarctation
of the aorta in patients with:

• a transcoarctation gradient of <20 mm Hg but with
an elevated left ventricular end-diastolic pressure
and an anatomic narrowing (Level of Evidence: C).

• a transcoarctation gradient of <20 mm Hg but
in whom significant aortic collaterals exist,
which results in an underestimation of the coarctation
(Level of Evidence: C).

6.2. Pulmonary Artery Angioplasty and
Stent Placement

Pulmonary Artery Angioplasty
Balloon angioplasty alone is indicated for both severe main
pulmonary artery and severe branch pulmonary artery steno-
sis, particularly in very small patients or in those with
pulmonary arteries with very complicated anatomy, in whom,
in either case, primary stent implantation is not a viable
option. Significant stenosis is obvious when there are mea-
sureable gradients of !20 to 30 mm Hg across the stenosis
area, when there is elevation of the RV or proximal main
pulmonary artery pressure to greater than one half to two
thirds of systemic pressure secondary to the more distal
obstruction, or when there is relative flow discrepancy
between the 2 lungs of 35%/65% or worse. However, the
significance of the stenosis is often more subtle and is
determined by the subjective anatomic (angiographic) ap-
pearance of narrowing or by the discrepant blood flow away
from specific areas rather than by a specific gradient across a

segment. In low-pulmonary-flow situations such as with
Glenn shunts and Fontan circulations, gradients in the pul-
monary bed are notoriously unreliable determinants of the
degree of stenosis. Likewise, underestimation of obstruction
in the pulmonary circuit, even in the setting of normal
pulmonary blood flow, can exist because of decompression
runoff. In the case of isolated pulmonary arterial obstruction
runoff to the opposite lung or adjacent segments of the lung,
very significant (!90%) unilateral or isolated segments of
branch stenosis may result in minimal or even no pressure
drop across the obstruction.

Balloon angioplasty is applicable for both congenital and
acquired pulmonary artery stenosis; however, balloon dilation
alone has rarely been effective in the long term for such
lesions. Balloon angioplasty of these lesions frequently does
produce up to 50% improvement in the diameter of the
involved vessels and a 50% decrease in the gradient across
the lesion, as well as comparable increases in the blood flow
in the involved vessel, but dilation alone seldom produces
complete or permanent resolution of the obstruction or normal-
ization of flow to the area, and the improvement achieved is
often transient. There is little evidence that balloon dilation alone
produces persistence of significant improvement over the long
term, with no published long-term data.161–164 More recent
studies on dilation of pulmonary artery stenosis have concen-
trated on either balloon angioplasty augmented by cutting
balloons or primary stent implants, both of which are covered in
the specific indications for cutting balloons and for pulmonary
artery stent implants.165

Pulmonary artery stents are indicated in main or branch
pulmonary artery stenosis that is not expected to have, or has
not had, an adequate or persistent response to primary
pulmonary artery balloon dilation.166,167 Intravascular stents
are effective for congenital stenosis, surgically created steno-
sis of vessels, or stenosis due to compression from an
adjacent structure. Single stents, multiple tandem stents, and
bifurcating stents all are effective and can be used when
indicated by the underlying pulmonary artery anatomy.168

Risks/Complications
The inherent risks associated with any complex catheter
manipulations are present in those required to position wires
and balloons for a balloon angioplasty. The risks for pulmo-
nary angioplasty particularly include vessel perforation and
arrhythmia. The major additional risks associated with angio-
plasty of the main or branch pulmonary arteries are injuries to
the pulmonary vessels. To achieve a successful dilation, it is
necessary to significantly overdilate both the area of stenosis
and the adjacent vessel. To achieve a more effective dilation,
at least a tear in the intima of the wall of the vessel is
considered necessary. Generally, the pulmonary arteries are
very compliant, which allows overdistension to even 2 to 3
times their normal diameter. However, the stenotic areas are
not normal tissue and generally have lower compliance,
which makes the vessels more susceptible to tears and can
lead to vessel rupture, which can result in massive bleeding
with hemothorax and even death. Although not considered a
“complication,” most pulmonary arteries and branches are
only dilated to "50% of the vessel’s nominal diameter, and
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older children and adults may present with hypertension,
headaches, and claudication. The diagnosis of coarctation is
suggested by the presence of a blood pressure gradient
between an arm and leg and the presence of weak femoral
pulses. Transthoracic echocardiography confirms the diagno-
sis. Other imaging modalities (CT/MRI angiograms, cardiac
catheterization) may not be obtained routinely unless the
diagnosis is in doubt or additional information is needed to
plan a surgical or catheter intervention; however, the infor-
mation obtained by these studies will likely impact our
long-term understanding of coarctation repair outcome. Non-
invasive MRI/MRA and CT angiography provide a compre-
hensive view of the thoracic aorta, including the arch,
coarctation site, and associated collateral vessels. MRI/MRA
is particularly valuable in the posttreatment follow-up of
patients and permits monitoring of coarctation outcome.

Treatment of coarctation of the aorta has evolved over the
years. For native coarctation of the aorta, initially, surgical
repair (extended resection with an end-to-end anastomosis)
has been the primary treatment at most centers and remains
the “gold standard” therapeutic option. However, in recent
years, balloon angioplasty with or without stent implantation
has emerged as an alternative, less invasive option.152–155 For
most patients with discrete recurrent/residual coarctation after
surgical repair, balloon angioplasty has been shown to be the
best therapeutic option. Balloon angioplasty for native coarc-
tation can also be performed safely and successfully beyond
the neonatal period. Young patients (!1 month but "6
months of age) with discrete narrowing and no evidence of
arch hypoplasia may benefit from balloon angioplasty. This
criterion applies to relatively few patients in this age group,
because arch hypoplasia commonly accompanies the coarc-
tation of the aorta. However, the recurrence rate is higher for
younger patients ("6 months of age), and there is a small but
important incidence of aneurysm formation after balloon
dilation of native coarctation at any age.156–159 Stent implan-
tation for native coarctation or recoarctation of the aorta has
also emerged as a beneficial therapeutic option for patients
who can receive a stent that can be expanded to an adult size
(minimum of 2 cm in diameter). Many interventionalists
perform primary stent implantation in patients with suitable
anatomy in place of balloon angioplasty because of the
perceived superior beneficial short-term results of stent im-
plantation; however, the downside to this procedure is the
need for future procedures to expand the stent as the patient
grows in size. Newer stent technology may mitigate these
stent size issues. In theory, stent implantation provides the
potential for long-term repair with less chance of coarctation
recurrence or aneurysm formation, but of course, the long-
term benefit has yet to be proven.146–148 The reader is referred
to excellent review articles for full technical details of balloon
angioplasty and stent implantation.106,107

Risks/Complications
Complications encountered during or after balloon angio-
plasty for both native and recurrent coarctation include
femoral artery injury, dissection, and aneurysm formation at
the site of angioplasty.160 The potential need for stent reex-
pansion in growing children limits the use of stent implanta-

tion to patients in whom stents can be implanted that can
reach an eventual adult size. Complications encountered
during or after stent implantation are similar to those encoun-
tered after balloon angioplasty, with the added potential risk
of stent malposition. The incidence of aneurysm formation
after stent implantation is less than for balloon angioplasty
alone.152,153 Although short- and medium-term data are avail-
able in humans and animals, the long-term implications of
stent placement in the aorta are unknown.

Recommendations for Transcatheter Balloon
Angioplasty of Coarctation/Recoarctation of
the Aorta

Class I
1. Balloon angioplasty of recoarctation is indicated when

associated with a transcatheter systolic coarctation
gradient of >20 mm Hg and suitable anatomy, irre-
spective of patient age (Level of Evidence: C).

2. Balloon angioplasty of recoarctation is indicated when
associated with a transcatheter systolic coarctation
gradient of <20 mm Hg and in the presence of signif-
icant collateral vessels and suitable angiographic anat-
omy, irrespective of patient age, as well as in patients
with univentricular heart or with significant ventricu-
lar dysfunction (Level of Evidence: C).

Class IIa
1. It is reasonable to consider balloon angioplasty of

native coarctation as a palliative measure to stabilize
a patient irrespective of age when extenuating cir-
cumstances are present such as severely depressed
ventricular function, severe mitral regurgitation,
low cardiac output, or systemic disease affected by
the cardiac condition (Level of Evidence: C).

Class IIb
1. Balloon angioplasty of native coarctation may be

reasonable in patients beyond 4 to 6 months of age
when associated with a transcatheter systolic coarc-
tation gradient >20 mm Hg and suitable anatomy
(Level of Evidence: C).

2. Balloon angioplasty of native or recurrent coarcta-
tion of the aorta might be considered in patients with
complex coarctation anatomy or systemic conditions
such as connective tissue disease or Turner syn-
drome but should be scrutinized on a case-by-case
basis (Level of Evidence: C).

Recommendations for Stent Placement in Native
Coarctation and Recoarctation of the Aorta

Class I
1. Stent placement is indicated in patients with recur-

rent coarctation who are of sufficient size for safe
stent placement, in whom the stent can be expanded
to an adult size, and who have a transcatheter
systolic coarctation gradient >20 mm Hg (Level of
Evidence: B).

Class IIa
1. It is reasonable to consider placement of a stent that

can be expanded to an adult size for the initial
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Bilan pré-cathétérisme
• Imagerie cérébrale (anévrismes)

• Imagerie de la crosse (IRM 4D flow; scanner)





Recoarctation de l’aorte



Recoarctation de l’aorte 
dans la petite enfance



Recoarctation de l’aorte 
dans la petite enfance



Coarctation native 



Coarctation native



Coarctation native



Coarctation de l’aorte native 
traitement en 2 temps

• laisser une encoche


• revenir dans un second temps









Coarctation de l’aorte native 
réparation en 2 temps

• sténose aortique


• coarctation


• traitement de la coarctation percutané


• bentall



Coarctation néonatale native: 
dilatation



Coarctation néonatale: 
sauvetage par stenting



Surprise… une 
recoarctation inhabituelle



Surprise… une 
recoarctation inhabituelle



Complications

• Locale: dissection, rupture de l’aorte 


• Accès: thrombose, dissection, faux anévrisme; attention 
chez le petit enfant


• Générale: AVC; héparinothérapie durant la procédure
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Coarctation stenting review

hypertension may persist. As hypertension is the key determi-

nant of late cardiovascular morbidity and mortality after coarcta-

tion repair50,51, it was remarkable that blood pressure after stenting 

was an underreported variable, being available in only 15 of the 

45 studies. Our systematic review shows a significant post-stent-

ing lowering of systolic blood pressure which implies that CoA 

stenting is a good treatment for immediate blood pressure reduc-

tion. However, whether this reduction persists in the long term is 

more interesting.

An important finding of this systematic review is that there is 

limited evidence on long-term effectiveness. A few studies have 

shown that the blood pressure reduction is maintained in the 

longer term, but significant hypertension may persist in a substan-

tial number of patients, ranging from 25-51%9,30,44,52. As the main 

goal of coarctation treatment is a durable relief of hypertension, 

there is a need for more evidence on the course of blood pressure 

over time after CoA stenting.

EARLY AND LATE COMPLICATIONS

This review shows that periprocedural complications are lim-

ited, with stent migration being most frequent (2.4%). Death was 

uncommon (0.4%), despite the occurrence of aortic dissection 

(0.9%) and rupture (0.4%).

This review also illustrates the lack of information on longer-

term complications such as stent redilation, aneurysm formation 

and stent fracture. Stent redilation was the most common late com-

plication and was reported to occur in 132 out of 1,198 patients. 

However, since no data were available on follow-up duration, it 

was not possible to calculate annual occurrence rates. In addi-

tion, stent redilation may have been an elective approach in staged 

coarctation stenting, so not all redilations should be counted as 

complications.

Table 3. Periprocedural and follow-up complications.

N
um

ber of 
com

plications

S
tudies m

entioning 
com

plication 
occurrence

Total of patients in 
these studies

%

Complications during procedure

Stent migration 32 37 1,352 2.4

Aneurysm formation 12 24 805 1.5

Aortic dissection 11 31 1,287 0.9

Aortic rupture 6 32 1,311 0.5

Embolic event 8 30 1,265 0.6

Deaths 4 27 1,157 0.4

Complications during follow-up

Stent redilatation 132 30 1,198

Aneurysm 18 28 1,165

Stent fracture 14 25 898

Early or delayed aneurysm formation remains a concern after 

coarctation stenting, but this review does not provide data on the 

real occurrence in the longer term. A few longer-term studies have 

reported an incidence of dissection or pseudoaneurysm formation 

of 1-2% 9,30,52. The use of a covered stent does not preclude its 

occurrence44.

Limitations
All studies in this systematic review were observational and of 

a retrospective nature. Additionally, most included studies were 

small, with an average of 34 patients per study. Considerable het-

erogeneity was found for all endpoints, and therefore we did not 

attempt any subgroup analyses. The observed heterogeneity can be 

partly explained by the wide variation among the included studies 

in patients’ characteristics and age range. A minimum patient age 

of six years was chosen as an inclusion criterion to prevent the 

specific issues related to stenting in the very young.

No distinction was made between native coarctation and a recur-

rent coarctation, since only a few studies allowed for a subdivi-

sion. The few studies which made this distinction20 did not find 

any significant difference in outcomes between stenting for native 

and stenting for recurrent coarctation.

Importantly, only limited information was available on short-

term and longer-term complications of stenting in a subset of the 

studies. In addition, due to incomplete reporting on complications 

during follow-up, we were unable to estimate late occurrence rates 

for these complications. Also, long-term blood pressure was an 

underreported effect, and the continuing need for antihypertensive 

medication could not be deduced from the included studies.

Some coarctation patients may have been selected for surgi-

cal treatment based on morphology or institutional preference. 

No information on the number of cases selected for surgery was 

available.

Conclusions and recommendations
This systematic review of observational studies concerning CoA 

stenting shows that coarctation stenting in older children and 

adults is effective with regard to immediate relief of obstruc-

tion and the direct lowering effect on blood pressure. However, 

it also illustrates the lack of evidence regarding safety and late 

effectiveness concerning durable blood pressure lowering and its 

potential determinants. Although the immediate effect of CoA 

stenting is excellent, it is uncertain what can be expected in the 

longer term. A careful and prospective follow-up of all CoA 

patients, including systematic periodical assessment of blood 

pressure, is warranted until better long-term evidence on out-

come becomes available. An international multicentre registry of 

the characteristics and outcome of CoA stenting seems the most 

logical approach to improve insight into the durability and out-

come of CoA stenting. If combined with standard MRI or CT 

imaging follow-up, information on the occurrence of aneurysm 

formation or other complications related to stent placement can 

be obtained.

• Locale: dissection, rupture 
de l’aorte 


• Accès: thrombose, 
dissection, faux anévrisme


• Générale: AVC; 
héparinothérapie durant la 
procédure

Hartman Eurointervention 2015; 11: 660-668



Coarctation native vieillie 
chez une malade Turner







Suivi à vie
• accès


• hypertension artérielle persistante


• dilatation aorte ascendante (biscuspidie)


• anévrismes (suivi échographique insuffisant)


• épreuve d’effort


• recoarctation, fracture de stent


• Croissance, recoarctation



Série multicentrique 
rétrospective française



Background

• peu de larges séries sur traitement par cathétérisme de la 
coarctation de l’aorte native chez l’enfant


• résultats immédiats


• complications


• hypertension artérielle


• réinterventions (indications, résultats)



Matériel et méthodes

• Tous les patients pédiatriques (> 1 an et < 18 ans) ayant 
eu un traitement par cathétérisme de coarctation de 
l’aorte native; démographie- données procédures- 
résultats immédiats et complications - follow-up


• facteurs de risques de réintervention


• facteurs de risques d’hypertension artérielle post-
procédure



Résultats

• 9 centres


• 133 patients


• Age moyen au diagnostic: 9,3 ans (1-18 ans)


• Anomalies associées: 59 bicuspidies aortiques


• Indication de traitement: HTA 109; HTA effort: 8; autre 16 
(anévrisme cérébral, CMD…)



Résultats

• Age moyen au Kt: 11,5 +/-3,9 ans


• Poids moyen au Kt: 41 +/-18 kg



Résultats - procédure
• Gradient pré: 28 mmHg pic à pic


• Gradient post: 3 mmHg pic à pic


• Dilatation seule 5


• Dilatation puis stenting 8 (résultat insuffisant ou lésion intimale)


• Stenting:  couvert 37% / non couvert 63%


• Traitement de lésions associées 1 PDA, 1 VCSG, 1 sténose aortique


• Complications locales: non



Résultats: follow-up

• Durée moyenne du follow-up 4,9 ans


• Taux de réintervention: 22% (dilatation 14; stenting 14, 
chirurgie 2)


• Hypertension artérielle 25%


• Imagerie: FU assez variable selon les centres


• Lésions artérielles: 9/133: 3 pseudoanévrismes; 2 
dissections, 2 sténoses et 2 occlusions; 2 chirurgies



Facteurs de risques de 
réintervention

• Analyse multivariée, modèle mixte 


• poids, gradient post dilatation, type d’intervention, 


• gradient résiduel



Facteurs de risque 
d’hypertension artérielle

• Analyse multivariée, modèle mixte 


• poids, gradient post dilatation, type d’intervention


• gradient résiduel



Immediately After Ist Dilation

6 Months After 1st Dilation Immediately After 2nd Dilation
FIGURE 4. Series of four lateral aortograms from patient No. 5. Note area of irregularity in the contrast column's posterior
margin after second dilation.

ports'7 I have implied that balloon dilation angioplasty
may successfully relieve the obstruction of aortic
coarctation, its actual role in the management of pa-
tients with coarctation remains to be established. The
number of patients reported here is too small, and the
duration of follow-up too short, to allow any but the
most tentative conclusions to be drawn. Nonetheless,
certain observations can be made that may prove useful
in directing the further use of this technique.

First, despite the implications of previous reports,4
balloon dilation angioplasty of aortic coarctations is
not a uniformly successful procedure. Three of our

patients had unequivocal evidence of a technically ade-
quate attempt at angioplasty (figure 1), and yet clearly
did not benefit. At this time there is no reason to
suspect that any simple technical modifications would
114

have improved the results in these patients. This obser-
vation raises two further questions. Would the use of
newer angioplasty techniques (e.g., balloons capable
of dilating pressures higher than 10 atm) prove suc-
cessful in the more difficult cases? Which forms of
human aortic coarctation are dilatable with currently
available techniques and which are not?

While the first question is, at present, unanswer-
able, we can at least begin to address the second ques-
tion. Balloon angioplasty was attempted in three in-
fants at a coarctation site that had not been operated on
previously. In all three the procedure was unsuccess-
ful. While these results do not indicate that infantile
aortic coarctations are undilatable under all circum-
stances, they do imply that the native infantile aortic
coarctation can be a very rigid lesion and that a higher
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Balloon dilation angioplasty of aortic coarctations
in infants and children
JAMEs E. LoCK, M.D., JOHN L. BASS, M.D., KURT AMPLATZ, M.D., BRADLEY P. FUHRMAN, M.D.,
AND WILFRIDO CASTANEDA-ZUNIGA, M.D.

ABSTRACT Balloon dilation angioplasty (BDA) was attempted nine times in eight infants and
children with aortic coarctation. In three infants (all with associated ventricular septal defect or

atrioventricular canal and marked hemodynamic instability) dilation was attempted at a site of aortic
narrowing that had not been operated on previously. Although the coarctation gradient fell 40% or more

over the short term in two of the three, there was no angiographic or late gradient evidence of
improvement. All three underwent subsequent coarctation surgery. Five dilations were performed in
four infants and children who had previously undergone coarctation surgery (end-to-end anastomosis,
attempted jump graft, and subclavian flap) and had residual gradients. Dilation was successful in all
five cases, resulting in an increase in the diameter at the coarctation site (4.7 + 2.6 to 7.7 + 4.0 mm, p
< .05) and a decrease in the gradient measured 24 hr after dilation (42.0 + 15.5 to 11.8 + 11.2 mm
Hg, p < .05). In one child with a long area of hypoplasia of the thoracic aorta and similar lesions of the
brachiocephalic vessels, a preliminary attempt to dilate a severely narrowed subclavian artery was
unsuccessful. Postdilation angiography demonstrated evidence of intimal tears in three of five success-

ful dilations. Follow-up (I to 6 months) has demonstrated continued gradient relief in four of five
children. BDA is frequently, but not always, a successful treatment for human aortic coarctation. The
chief determinant of success appears to be the nature of the lesion; short-term changes in coarctation
gradient are unreliable indicators of success of failure. Although BDA was not associated with
mortality or significant morbidity in this group of patients, its role in the management of children with
coarctation is yet to be determined.
Circulation 68, No. 1, 109-116, 1983.

ALTHOUGH the first attempts to relieve congenital
vascular narrowings with catheters were reported near-
ly 30 years ago,' interest in this approach lay dormant
until it was observed that the new generation of dilat-
ing catheters made of polyvinyl or polyethylene could
relieve aortic coarctation in postmortem hearts of new-
borns who had not undergone heart surgery.2 Since
then, several case reports,3-5 and two series of pa-
tients,6' 7 have appeared describing the variable results
of balloon dilation angioplasty of congenitally or oper-
atively narrowed valves and vessels. Along with this
tentative clinical experience, a number of studies in
animals8' 9 and excised specimens'0 have supported the
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notion that certain forms of aortic coarctation may be
amenable to balloon dilation. However, the results of
these studies indicate that high dilating pressures may
be required and that transvascular rupture can occur
with the use of very large dilating balloons8; these
results reinforce the need for caution.

While these preliminary studies may be encourag-
ing, they do not justify the use of dilation angioplasty
in all infants and children with coarctation. In general,
the results of operative management have been excel-
lent, with very low morbidity and mortality rates in
uncomplicated cases.'"'- Nonetheless, there are three
groups of patients in whom traditional operative man-
agement has been less successful: infants with coarcta-
tion and associated cardiac defects,12 children in whom
previous surgery had left a residual gradient,'4' 1' and
patients with long segments of aortic narrowing. 16 We
therefore instituted a clinical trial of balloon dilation:
angioplasty in these types of patients; from July 1981
to December 1982, nine dilations were attempted in
eight children.
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found. The relationship of the brachial–ankle blood pressure
difference and the incidence of hypertension is depicted in
Figure� 2.� A� closer� look� at� this� plot� outlines� that� only� the
normal blood pressure situation, with an ankle measurement
of at least 10 mm Hg greater than the brachial value,
together with a repair without prosthetic material revealed
the best results on hypertension. But even in these patients
with the best results concerning removal of stenosis and
probably with the less-impaired compliance at the isthmus,
hypertension was found in more than 30% of the patients
(Figure�2).

Finally, another analysis was performed discarding the
exercise data and defining hypertension only based on med-
ication and ambulatory blood pressure. Again, the most
important risk factors were the prosthetic material (odds
ratio, 4.27; 95% confidence interval [CI], 2.12-8.62; P !
.0005) and the present age (odds ratio, 1.044/y; 95% CI,
1.014-1.075; P " .004). Sex (P " .064) and residual bra-
chial–ankle blood pressure difference (P " .084) failed to
be significant, as well as age at surgical intervention (P "
.910), type of primary operation (P " .842), reintervention
(P " .609), time period after primary operation (P " .910),
body weight at follow-up (P " .163), body length at
follow-up (P " .497), and body mass index at follow-up (P
" .219).

Discussion
This study showed, in the form of a rather complete and
high-numbered cross-sectional study, that more than half of

the patients after coarctation repair are hypertensive. Be-
cause this could be related to age at follow-up, arterial
hypertension has to be expected in most of the patients with
coarctation in future life. In only a small number of patients,
this hypertension could be contributed to restenosis, cur-
rently usually defined as a systolic brachial–ankle gradient
of greater than 20 mm Hg.

For those patients without obvious restenosis, the most
important risk factor was the use of prosthetic material
either at surgical intervention (tube graft or patch) or at
catheter intervention (stent). There are 2 explanations for
this. First, tube grafts were inserted preferably in patients
in whom the aorta could not be mobilized properly to
perform an end-to-end anastomosis. These patients were
probably those with the most increased aortic stiffness
already at the time of surgical intervention. Second, the
noncompliant prosthetic material might cause early pulse
wave reflection already at the coarctation site and in-
crease pulse wave velocity to the natural reflection area at
the bifurcation of the abdominal aorta. Both effects in-
crease systolic blood pressure and enhance the effects of
the inborn and acquired aortic stiffness seen in patients
with coarctation.

Many�previous�studies21,30� focused�on�the�correlation
of hypertension with the age at surgical intervention;
however, they did not include current age and current
prosthetic material status in their statistical analysis. In
our retrospective study group, age at surgical intervention
had a great influence on the type of operation and
whether prosthetic material was used, which, in the end,

Figure 1. Prevalence of hypertension after coarctation repair.

Figure 2. Prevalence of hypertension (antihypertensive drugs,
hypertension at ambulatory blood pressure measurement, or hy-
pertension at exercise) according to use of prosthetic material to
repair the coarctation and according to the noninvasively mea-
sured systolic brachial–ankle blood pressure difference.
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Coarctation Long-term Assessment (COALA): Significance of
arterial hypertension in a cohort of 404 patients up to 27 years
after surgical repair of isolated coarctation of the aorta, even in
the absence of restenosis and prosthetic material
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Objective: Recent studies have demonstrated that there is a loss of aortic compliance
in patients after coarctation repair. The clinical effect of this and other mechanisms
apart from restenosis on the rate of arterial hypertension is unknown.

Methods: From 1974 through 2000, 404 patients born before January 1, 1985,
underwent surgical intervention for isolated aortic coarctation. From those 382 who
are still alive, 273 patients aged 16 to 73 years (1–27 years after surgical interven-
tion) underwent a structured clinical investigation according to a prospective pro-
tocol, including blood pressure measurement at all limbs, ambulatory blood pressure
measurement, and symptom-limited exercise testing.

Results: Sixty-seven (25%) patients were already taking antihypertensive drugs, and
another 63 (23%) patients had an increased ambulatory blood pressure. Still another
26 (10%) patients had a blood pressure during exercise exceeding 2 standard
deviations of reference values. Only 117 (43%) patients had a normal blood pressure
reaction. From those 156 patients with hypertension, only 21 (13%) had a systolic
brachial–ankle blood pressure difference of greater than 20 mm Hg, suggesting
restenosis. In the patient group without restenosis (n ! 245), independent risk
factors for hypertension were repair with prosthetic material, male sex, a residual
brachial–ankle blood pressure difference, and older age at follow-up.

Conclusions: The majority of patients were hypertensive at long-term follow-up
after coarctation repair. This is caused by restenosis, defined by a gradient of greater
than 20 mm Hg, in only a few patients. Even in those without prosthetic material or
minimal-grade restenosis, there is a substantial incidence of arterial hypertension.

In the past, coarctation of the aorta was regarded as a simple lesion cured by
means of surgical intervention. However, many recent studies have shown that
coarctation of the aorta should be considered a complex cardiovascular syn-

drome�rather�than�an�isolated�narrowing�at�the�aortic�isthmus.1,2

Early elastic fiber fragmentation, fibrosis, and cystic medial necrosis can be
found� in� the�walls�of� the�ascending�and�descending�aorta.3,4� An� increased� rate�of
intracranial� aneurysms5� suggests� that� wall� abnormalities� are� not� confined� to� the
aorta.� They� result� in� an� increased� stiffness� of� the� aorta6-10� and� of� the� carotid
arteries,11� in�a�blunted�baroreceptor� reflex,12,13� and� in�an� increased�brachial�pulse
wave�velocity.14,15

These arteriosclerotic changes are both congenital and acquired. They were
found�in�neonates,4,9� even�distal�to�the�coarctation�site.4� On�the�other�hand,�aortic
stiffness7,10�and�increased�pulse�wave�velocity14�are�more�profound�in�patients�with
late repair and long-standing prestenotic hypertension and in the vessels proximal to
the coarctation.
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Objective: Recent studies have demonstrated that there is a loss of aortic compliance
in patients after coarctation repair. The clinical effect of this and other mechanisms
apart from restenosis on the rate of arterial hypertension is unknown.

Methods: From 1974 through 2000, 404 patients born before January 1, 1985,
underwent surgical intervention for isolated aortic coarctation. From those 382 who
are still alive, 273 patients aged 16 to 73 years (1–27 years after surgical interven-
tion) underwent a structured clinical investigation according to a prospective pro-
tocol, including blood pressure measurement at all limbs, ambulatory blood pressure
measurement, and symptom-limited exercise testing.

Results: Sixty-seven (25%) patients were already taking antihypertensive drugs, and
another 63 (23%) patients had an increased ambulatory blood pressure. Still another
26 (10%) patients had a blood pressure during exercise exceeding 2 standard
deviations of reference values. Only 117 (43%) patients had a normal blood pressure
reaction. From those 156 patients with hypertension, only 21 (13%) had a systolic
brachial–ankle blood pressure difference of greater than 20 mm Hg, suggesting
restenosis. In the patient group without restenosis (n ! 245), independent risk
factors for hypertension were repair with prosthetic material, male sex, a residual
brachial–ankle blood pressure difference, and older age at follow-up.

Conclusions: The majority of patients were hypertensive at long-term follow-up
after coarctation repair. This is caused by restenosis, defined by a gradient of greater
than 20 mm Hg, in only a few patients. Even in those without prosthetic material or
minimal-grade restenosis, there is a substantial incidence of arterial hypertension.

In the past, coarctation of the aorta was regarded as a simple lesion cured by
means of surgical intervention. However, many recent studies have shown that
coarctation of the aorta should be considered a complex cardiovascular syn-

drome�rather�than�an�isolated�narrowing�at�the�aortic�isthmus.1,2

Early elastic fiber fragmentation, fibrosis, and cystic medial necrosis can be
found� in� the�walls�of� the�ascending�and�descending�aorta.3,4� An� increased� rate�of
intracranial� aneurysms5� suggests� that� wall� abnormalities� are� not� confined� to� the
aorta.� They� result� in� an� increased� stiffness� of� the� aorta6-10� and� of� the� carotid
arteries,11� in�a�blunted�baroreceptor� reflex,12,13� and� in�an� increased�brachial�pulse
wave�velocity.14,15

These arteriosclerotic changes are both congenital and acquired. They were
found�in�neonates,4,9� even�distal�to�the�coarctation�site.4� On�the�other�hand,�aortic
stiffness7,10�and�increased�pulse�wave�velocity14�are�more�profound�in�patients�with
late repair and long-standing prestenotic hypertension and in the vessels proximal to
the coarctation.
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SAFETY ENDPOINT. Safety endpoints were death, aortic wall
injury, other procedural complications, and unanticipated
reintervention acutely and at short-term and intermediate
follow-up.

REOBSTRUCTION. A filling defect within a previously
placed stent was considered neointimal proliferation. Reob-
struction of the coarctation repair site was deemed mild
(!10% narrowing of vessel/stent lumen), moderate (11% to
30% narrowing), or severe ("30% narrowing).

POST-OPERATIVE HYPERTENSION. Definition of severe
post-operative/post-interventional hypertension was persis-
tent systolic BP !95% for the patient’s height and weight
lasting "48 h after initial intervention and requiring intra-
venous medical therapy.

CORE LABORATORY ASSESSMENT. All imaging data were
reviewed at 1 of 4 core laboratory centers: Nationwide
Children’s Hospital, Columbus, Ohio; National Children’s
Medical Center, Washington, DC; University of Texas
Southwestern Medical Center, Dallas, Texas; and Penn
State University, Hershey, Pennsylvania.
Statistical methods. To compare patient baseline charac-
teristics among treatment groups, chi-square tests or anal-
ysis of variance along with Tukey’s multiple comparison
tests were used. Association between various patient char-
acteristics and outcomes was assessed using chi-square or
Fisher’s exact tests and analysis of variance. Multinomial
logistic regression was performed to identify factors affect-
ing treatment choices to be used in multivariate adjustment

when comparing outcomes between treatment arms. Logis-
tic and linear regressions were performed to compare
outcomes between treatment groups while adjusting for
confounders. The log-rank test was used to compare time to
unplanned reintervention among the 3 treatment groups.
Subgroup analysis limiting patient age to between 6 and 12
years was conducted to confirm results obtained in larger
samples. Any p value !0.05 was considered statistically
significant, and SAS version 9.2 software (SAS Institute,
Cary, North Carolina) was used for all analyses.

Results

In all, 350 patients were enrolled between June 1, 2002, and
October 31, 2010, from 36 institutions; of those patients,
217 underwent stent, 61 underwent BA, and 72 underwent
surgical repair of their native coarctation segment.
Procedural technique. Seventy-two patients underwent
surgical repair of coarctation. Sixty-three percent underwent
end-to-end anastomosis repair, 17% tube graft interposi-
tion, 14% patch angioplasty, and 6% subclavian flap repair.
Two hundred seventeen patients underwent 236 stent pro-
cedures. Nineteen patients required a second stent, due to
stent migration in 6 patients or to cover the entire coarcta-
tion segment in the remaining patients.
Baseline characteristics. Table 2 compares baseline pa-
tient characteristics among the 3 treatment groups. Patients
undergoing stent treatment were significantly older and
weighed more than those undergoing BA or surgical treat-
ment (p ! 0.001). Stent patients had a significantly smaller

Baseline CharacteristicsTable 2 Baseline Characteristics

Surgery
(n ! 72)

Balloon
(n ! 61)

Stent
(n ! 217)

p Value
(2-Sided)

Age, yrs 10.0 # 9.7 9.0 # 8.0 16.6 # 10.9 !0.001*

Age range, yrs 0.1/58.6 0.4/42.5 2.2/74.3

Weight, kg 35 # 24 30 # 21 55 # 24 !0.001*

Male 69% 64% 69% 0.750

Pre-intervention right-arm SBP, mm Hg 137 # 19 138 # 23 143 # 21 0.061

Pre-intervention ULG 37 # 21 43 # 23 40 # 24 0.399

Pre-intervention catheterization SBP gradient NA 38.7 36.7 0.459

Pre-intervention coarctation measurement, mm/BSA NA 5.8 4.3 0.001*

Coarctation location 0.212

Isthmus 86% 95% 90%

Distal 56% 63% 71%

Proximal 31% 32% 19%

Transverse aorta 7% 2% 8%

Complex 5% 2% 1%

Abdominal/thoracic aorta 0% 2% 1%

Bicuspid aortic valve 40% 46% 40% 0.708

Other CHD diagnosis 13% 5% 9% 0.308

Catheterization laboratory patient volume 0.090

Large 60% 67% 66%

Medium 14% 23% 19%

Small 26% 10% 15%

Values are mean # SD, min/max, and %. *p ! 0.05.
BSA $ body surface area; CHD $ congenital heart disease; NA $ not available; SBP $ systolic blood pressure; ULG $ upper to lower extremity

systolic blood pressure gradient.
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pre-intervention coarctation measurement to body surface area
ratio than the BA patients (p ! 0.001). No coarctation
measurement was available for surgical patients. Catheteriza-
tion laboratory patient volume had no correlation with treat-
ment option. There were no other anatomic, clinical, or
demographic differences among the 3 groups. In a multinomial
logistic regression, age and weight were found to be the only 2
significant confounders (p ! 0.001) of treatment choice.
Pre-intervention coarctation measurement was not entered
into the regression because it was not available for surgical
patients.
Acute hemodynamic and angiographic outcomes. H-
emodynamic outcomes were assessed by the pre-
intervention and discharge ULG measured noninvasively.
All 3 treatment modalities showed a significant decrease in
the pre- versus post-intervention ULG. Table 3 depicts the
mean ULG for the 3 groups, as well as ULG at cut-offs of
10 and 15 mm Hg. A significant difference was observed
between stent and BA groups (p " 0.032). Using a cut-off
gradient of 10 mm Hg, stent remained superior to BA (p "
0.005) and trended toward superiority to surgery in univar-
iate analysis. When controlling for age and weight in
multivariate analyses, the stent group remained superior to
BA in achieving lower gradient (p " 0.008), with no
differences observed between stent and surgery. The post-
intervention catheterization systolic gradient from ascend-
ing to descending aorta was significantly higher in the BA
group than in the stent group (p ! 0.001), with multivariate
analyses confirming the univariate results.

Comparing measurements of the coarctation segment,
significant improvement was observed in both the BA group
and the stent group after intervention. However, the percent
improvement in measurement was significantly higher in

the stent group in both univariate (p " 0.008) and multi-
variate analysis (p " 0.01).
Acute adverse events. No deaths occurred in any group.
Complications associated with BA patients were primarily
related to aortic wall injury. Both the surgical group and BA
group had a greater likelihood of encountering complica-
tions than the stent group (p ! 0.001) (Table 3). Surgical
complications included spinal injury (n " 1), which was
observed in an 8-year-old child with remaining deficits over
3 years out from the procedure, sustained post-operative
atrial fibrillation (n " 2), severe post-operative hypertension
(n " 2), prolonged pleural effusion (n " 3), vocal cord
paralysis (n " 1), and left facial paresis with complete
recovery noted 2 months later. In the stent group, 1 patient
had a large femoral hematoma, and 3 patients experienced
stent migration during the procedure. When comparing the
risk of all complications between treatment arms while
adjusting for confounders, stent was safer than BA (odds
ratio [OR]: 5.72; 95% confidence interval: 1.59 to 20.52;
p " 0.008) and surgery (OR: 11.23; 95% confidence
interval: 3.66 to 34.51; p ! 0.001). Lastly, surgical patients
had a longer mean length of hospital stay as compared with
stent patients.
Follow-up outcomes. The mean follow-up (using the
latest follow-up time) was 1.9 years (range 0.1 to 5.8 years)
in 68% of the stent patients, 2.1 years (range 0.07 to 9.09
years) in 77% of the BA patients, and 1.9 years (range 0.1 to
9.7 years) in 81% of the surgical patients. No deaths were
reported. All patients described in this section underwent
follow-up imaging per study protocol with no clinical
concerns expressed by the attending cardiologist that
prompted the imaging studies.

Acute OutcomesTable 3 Acute Outcomes

Surgery
(n ! 72)

Balloon
(n ! 61)

Stent
(n ! 217)

p Value
(2-Sided)

Post-intervention right-arm SBP, mm Hg 123 # 13 118 # 15 125 # 15 0.002*

Discharge ULG 7.7 # 18.2 10.3 # 12.9 4.9 # 13.2 0.032

Discharge ULG !10 mm Hg 64% 56% 76% 0.011*

Discharge ULG !15 mm Hg 73% 69% 81% 0.101

Post-intervention catheterization SBP gradient NA 12.4 # 12.2 4.8 # 8.6 !0.001*

% Increase in coarctation measurement post-intervention NA 125% 172% 0.008*

Any complications 18.1%† 9.8% 2.3% !0.001*

Aortic wall injury UK‡ 9.8% 0.0% !0.001*

Dissection/intimal tear UK‡ 9.8% 0.0%

Aneurysm UK‡ 0.0% 0.0%

Balloon rupture NA 0.0% 0.5%

Stent migration NA n/a 1.4%

Femoral UK‡ 0.0% 0.5%

Atrial fibrillation 3% 0% 0%

Severe/prolonged hypertension 3% 0% 0%

Length of stay, days 6.4/5.0 3.6/1.0 2.4/1.0 !0.001*

Values are mean # SD, %, or mean/median. *p ! 0.05. †Complications experienced by surgical patients are severe hypertension, atrial fibrillation,
pleural effusion, neurological/spinal cord injury, chylothorax, and vocal cord paralysis. ‡Unknown (UK), as these types of complications are not
routinely evaluated for surgical patients.

Abbreviations as in Table 2.
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Short-term follow-up. We defined short-term follow-up
as any clinical evaluation and/or integrated imaging between
3 and 18 months from the initial procedure. A total of 125
stent, 37 BA, and 52 surgical patients underwent short-term
follow-up evaluations; of these, 78%, 75%, and 50% under-
went integrated imaging, respectively.

HEMODYNAMIC OUTCOMES. There were no significant dif-
ferences in percent of patients with normalized BP at
short-term follow-up among the 3 treatment groups, al-
though the BA group showed a trend toward having the
lowest percent of patients with normalized systolic BP
(Table 4). Patients undergoing stent or surgical repair were
more likely to be taking antihypertensive medications than
BA patients (p ! 0.019). Logistic regression adjusting for
antihypertensive medications showed that BA patients con-
tinued to have the lowest percent with normal systolic BP.
The adjusted difference was significant between BA patients
and stent patients (OR: 0.292; p " 0.011), but not between
BA and surgical patients (OR: 0.365; p " 0.072). Univar-
iate and multivariate analysis showed a significant advantage
of the surgical group and stent group over the BA group in
achieving ULG !10 (p ! 0.001) and !15 mm Hg (p "
0.004) (Table 4).

INTEGRATED IMAGING OUTCOMES. The mean Coarct:Dao
ratio was significantly higher in the surgical patients versus
the BA patients (p " 0.015), with no differences in
achieving Coarct:Dao ratio #0.60 among the 3 groups
(Table 4). Aortic wall injury was significantly greater in the
BA group than in the stent group (21.4% vs. 3.1%; p "
0.004), primarily because of aneurysm formation (Table 5).
In all BA patients, and in all but 1 stent case, the aneurysms
were localized to the area of coarctation. In 1 stent case, the
aneurysm was observed just proximal to the previously
placed stent (Fig. 1A), with progression observed at follow-
up, and was treated with a covered stent (Fig. 1B and 1C).
All other aneurysms post-transcatheter intervention are
small (!5 mm) and localized. Surgical aneurysms were
observed with the subclavian flap and patch onlay tech-
niques and tended to be more diffuse (Fig. 2A and 2B).
Multivariate logistic regression indicated that the stent
group was significantly less likely to encounter aortic wall

injury than the BA group (OR: 0.08; 95% confidence
interval: 0.02 to 0.39; p " 0.002), with no differences
observed between the surgical group and stent groups.

Angiographic reobstruction was noted with equal frequency
in all 3 treatment groups, with BA showing the greatest
propensity toward developing reobstruction at short-term
follow-up (Table 5). Mild stent restenoses were secondary to
stent recoil (EV3 stents) in 2 and moderate restenosis second-
ary to stent fracture (Genesis XD stent) in 1 patient.
Intermediate follow-up. We defined intermediate follow-up
as any clinical evaluation and/or integrated imaging between
18 and 60 months from the initial procedure. A total of 77
stent, 25 BA, and 23 surgical patients underwent intermediate
follow-up evaluation. Of these, 73%, 64%, and 70% underwent
integrated imaging studies, respectively.

HEMODYNAMIC OUTCOMES. There were no significant dif-
ferences in resting hypertension among the 3 groups;
however, the BA group trended toward having higher
percent of hypertension than the stent and surgical groups
(Table 6). Logistic regression adjusting for antihypertensive
medications indicated that BA patients continued to have
the lowest percent of normalized BP. The adjusted differ-
ence was significant between BA and surgical patients (OR:

Short-Term Follow-Up OutcomesTable 4 Short-Term Follow-Up Outcomes

Outcomes
Surgery
(n ! 52)

Balloon
(n ! 37)

Stent
(n ! 125)

p Value
(2-Sided)

Age at follow-up, yrs 12.1 $ 10.9 10.4 $ 9.2 17.2 $ 10.1 !0.001†

Weight at follow-up, kg 41.3 $ 30.6 34.4 $ 22.4 59.3 $ 21.9 !0.001†

Normal SBP* 84.6% 72.2% 87.2% 0.096

Antihypertensive medications 40% 16% 41% 0.019†

Right-arm SBP, mm Hg 114 $ 17 118 $ 14 121 $ 13 0.005†

ULG 1.2 $ 21.5 9.9 $ 16.8 0.9 $ 13.9 0.011†

ULG !10 mm Hg 89% 35% 75% !0.001†

ULG !15 mm Hg 91% 65% 86% 0.004†

Values are mean $ SD or %. *Defined as !97.5 percentile SBP of normal subjects (age and sex adjusted). †p ! 0.05.
Abbreviations as in Table 2.

Short-Term Follow-Up Outcomesby Integrated ImagingTable 5 Short-Term Follow-Up Outcomes
by Integrated Imaging

Outcomes
Surgery
(n ! 26)

Balloon
(n ! 28)

Stent
(n ! 97)

p Value
(2-Sided)

Any complications* 23.1% 32.1% 8.3% 0.003‡

Aortic wall Injury 11.5% 21.4% 3.1% 0.004‡

Dissection/intimal tear 0.0% 7.1% 0.0% 0.062

Aneurysm 11.5% 14.3% 3.1% 0.040‡

Coarct:Dao ratio, mean 0.91 0.73 0.82 0.003‡

Coarct:Dao "0.6 87.0% 79.0% 90.0% 0.247

Any reobstruction 19.2% 32.1% 15.4% 0.057

Mild† 7.7% 17.9% 11.3%

Moderate 7.7% 3.6% 4.1%

Severe 3.9% 10.7% 0%

*Defined as any moderate to severe reobstruction, aortic wall injury (aneurysm, dissection, intimal
tear) or stent fracture. †Mild reobstruction was not considered as a complication in our analysis.
‡p ! 0.05.

Coarct:Dao " narrowest coarctation dimension (mm)/the dimension of the descending aorta at
the level of the diaphragm (mm).
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fracture (Genesis XD stent) in 2 patients. The need for
reintervention both in the BA group and the surgical group
was secondary to recurrent scarring at the coarctation site,
with the majority being treated with stent placement. Mean
Coarct:Dao ratios were calculated for pre-intervention (0.25),
immediate post-intervention (0.66), pre-reintervention
(0.59), and post-reintervention (0.85). Analyses determin-
ing statistical differences between treatment groups were not
performed because most of the reinterventions observed
were planned and the number of unanticipated reinterven-
tion was extremely small.
Subgroup analysis. Subgroup analysis restricting patients’
age to 6 to 12 years was conducted (Table 9). The ULG
measured immediately after the procedure remained signif-
icantly lower in the stent and surgical patients when
compared with BA patients (p ! 0.050). The overall acute
complication rate was significantly higher in BA and surgical
patients (p ! 0.035). When examining short-term follow-up
outcomes, the surgical group remained superior in achieving a
lower ULG compared with the BA group (p ! 0.004). Stent
and surgical repair continued to show a higher percentage of
patients with normal BP when compared to BA patients.
Short-term follow-up complication rates (both overall and
aortic wall) remained lower in the stent group versus the BA

group. No statistically significant differences in short-term
follow-up complication rates were observed between the BA
group versus surgical group or between the stent group versus
surgical group, most likely because of the small sample size.
There was no correlation between age and antihypertensive
medication use observed in this subgroup analysis. Analysis
describing intermediate-term follow-up outcomes are not pre-
sented here because of relatively small sample size.

Discussion

Coarctation of the aorta comprises 4% to 5% of all congen-
ital heart defects. Native coarctation has historically been
treated by surgery. Recently, transcatheter approaches have
been increasingly refined, in part because of increased
operator experience, and also because of improved balloon
and stent technology, which has translated to improved
safety and success of these procedures. As a result, numerous
institutions have reported success with transcatheter treat-
ment of native coarctation (5–7). Controversy has sur-
rounded the growing trend to treat native coarctation of the
aorta by the transcatheter route. Analyzing prior studies to
evaluate a superior treatment to this disease has been
difficult due to the majority of series having low volumes and
inconsistent follow-up. In our review of the literature, there
were only 3 studies that directly compared surgery to BA
(8–10), and none compared surgery to stent treatment of
aortic coarctation. Cowley et al. (9) noted that at follow-up,
the BA group showed a significantly greater propensity for
aneurysm formation and need for reintervention in comparison
to surgery, with our study supporting their contention regard-
ing aneurysm formation but not the need for reintervention.
The remaining comparative studies noted inconsistent follow-
up. Ours is the first multi-institutional observational study that
attempts to answer which treatment option for the treatment
of native coarctation of the aorta in patients weighing "10 kg
is optimal. In our study, surgical and BA patients were
significantly younger and of lower weight than patients under-
going stent treatment, with no other anatomic, clinical, or
demographic differences observed among the 3 groups.

Regarding the surgical group, it was surprising with
regard to the number of patients who underwent tube graft

Intermediate Follow-Up OutcomesTable 6 Intermediate Follow-Up Outcomes

Surgery
(n ! 23)

Balloon
(n ! 25)

Stent
(n ! 77)

p Value
(2-Sided)

Age at follow-up 15.0 # 11.2 12.9 # 6.5 18.3 # 9.8 0.035†

Weight at follow-up 57.4 # 22.4 40.3 # 16.2 60.8 # 18.6 $0.001†

Normal SBP* 96% 72% 82% 0.092

Antihypertensive medications 13% 16% 31% 0.130

Right-arm SBP, mm Hg 115 # 9 122 # 13 123 # 13 0.044†

ULG %1.4 # 13.9 5.5 # 14.3 1.9 # 13.7 0.118

ULG !10 mm Hg 90% 55% 75% 0.032†

ULG !15 mm Hg 95% 82% 85% 0.421

Values are mean # SD or %. *Defined as $97.5 percentile SBP of normal subjects (age and sex adjusted). †p $ 0.05.
Abbreviations as in Table 2.

Intermediate Follow-up Outcomesby Integrated ImagingTable 7 Intermediate Follow-up Outcomes
by Integrated Imaging

Surgery
(n ! 16)

Balloon
(n ! 16)

Stent
(n ! 56)

p Value
(2-Sided)

Any complications* 25.0% 43.8% 12.5% 0.020‡

Aortic wall injury 12.5% 43.8% 7.1% 0.003‡

Dissection/intimal tear 0.0% 6.3% 1.8% 0.598

Aneurysm 12.5% 43.8% 5.4% $0.001

Coarct:Dao ratio, mean 0.98 0.79 0.80 0.011‡

Coarct:Dao ratio "0.6 88% 93% 89% 1.000

Any reobstruction 18.8% 18.8% 14.3% 0.923

Mild† 6.3% 18.8% 12.5%

Moderate 6.3% 0% 1.8%

Severe 6.3% 0% 0%

*Defined as any moderate to severe reobstruction, aortic wall injury (aneurysm, dissection, intimal
tear) or stent fracture. †Mild reobstruction was not considered as a complication in our analysis.
‡p $ 0.05.

Coarct:Dao ! narrowest coarctation dimension (mm)/the dimension of the descending aorta at
the level of the diaphragm (mm).
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fracture (Genesis XD stent) in 2 patients. The need for
reintervention both in the BA group and the surgical group
was secondary to recurrent scarring at the coarctation site,
with the majority being treated with stent placement. Mean
Coarct:Dao ratios were calculated for pre-intervention (0.25),
immediate post-intervention (0.66), pre-reintervention
(0.59), and post-reintervention (0.85). Analyses determin-
ing statistical differences between treatment groups were not
performed because most of the reinterventions observed
were planned and the number of unanticipated reinterven-
tion was extremely small.
Subgroup analysis. Subgroup analysis restricting patients’
age to 6 to 12 years was conducted (Table 9). The ULG
measured immediately after the procedure remained signif-
icantly lower in the stent and surgical patients when
compared with BA patients (p ! 0.050). The overall acute
complication rate was significantly higher in BA and surgical
patients (p ! 0.035). When examining short-term follow-up
outcomes, the surgical group remained superior in achieving a
lower ULG compared with the BA group (p ! 0.004). Stent
and surgical repair continued to show a higher percentage of
patients with normal BP when compared to BA patients.
Short-term follow-up complication rates (both overall and
aortic wall) remained lower in the stent group versus the BA

group. No statistically significant differences in short-term
follow-up complication rates were observed between the BA
group versus surgical group or between the stent group versus
surgical group, most likely because of the small sample size.
There was no correlation between age and antihypertensive
medication use observed in this subgroup analysis. Analysis
describing intermediate-term follow-up outcomes are not pre-
sented here because of relatively small sample size.

Discussion

Coarctation of the aorta comprises 4% to 5% of all congen-
ital heart defects. Native coarctation has historically been
treated by surgery. Recently, transcatheter approaches have
been increasingly refined, in part because of increased
operator experience, and also because of improved balloon
and stent technology, which has translated to improved
safety and success of these procedures. As a result, numerous
institutions have reported success with transcatheter treat-
ment of native coarctation (5–7). Controversy has sur-
rounded the growing trend to treat native coarctation of the
aorta by the transcatheter route. Analyzing prior studies to
evaluate a superior treatment to this disease has been
difficult due to the majority of series having low volumes and
inconsistent follow-up. In our review of the literature, there
were only 3 studies that directly compared surgery to BA
(8–10), and none compared surgery to stent treatment of
aortic coarctation. Cowley et al. (9) noted that at follow-up,
the BA group showed a significantly greater propensity for
aneurysm formation and need for reintervention in comparison
to surgery, with our study supporting their contention regard-
ing aneurysm formation but not the need for reintervention.
The remaining comparative studies noted inconsistent follow-
up. Ours is the first multi-institutional observational study that
attempts to answer which treatment option for the treatment
of native coarctation of the aorta in patients weighing "10 kg
is optimal. In our study, surgical and BA patients were
significantly younger and of lower weight than patients under-
going stent treatment, with no other anatomic, clinical, or
demographic differences observed among the 3 groups.

Regarding the surgical group, it was surprising with
regard to the number of patients who underwent tube graft

Intermediate Follow-Up OutcomesTable 6 Intermediate Follow-Up Outcomes

Surgery
(n ! 23)

Balloon
(n ! 25)

Stent
(n ! 77)

p Value
(2-Sided)

Age at follow-up 15.0 # 11.2 12.9 # 6.5 18.3 # 9.8 0.035†

Weight at follow-up 57.4 # 22.4 40.3 # 16.2 60.8 # 18.6 $0.001†

Normal SBP* 96% 72% 82% 0.092

Antihypertensive medications 13% 16% 31% 0.130

Right-arm SBP, mm Hg 115 # 9 122 # 13 123 # 13 0.044†

ULG %1.4 # 13.9 5.5 # 14.3 1.9 # 13.7 0.118

ULG !10 mm Hg 90% 55% 75% 0.032†

ULG !15 mm Hg 95% 82% 85% 0.421

Values are mean # SD or %. *Defined as $97.5 percentile SBP of normal subjects (age and sex adjusted). †p $ 0.05.
Abbreviations as in Table 2.

Intermediate Follow-up Outcomesby Integrated ImagingTable 7 Intermediate Follow-up Outcomes
by Integrated Imaging

Surgery
(n ! 16)

Balloon
(n ! 16)

Stent
(n ! 56)

p Value
(2-Sided)

Any complications* 25.0% 43.8% 12.5% 0.020‡

Aortic wall injury 12.5% 43.8% 7.1% 0.003‡

Dissection/intimal tear 0.0% 6.3% 1.8% 0.598

Aneurysm 12.5% 43.8% 5.4% $0.001

Coarct:Dao ratio, mean 0.98 0.79 0.80 0.011‡

Coarct:Dao ratio "0.6 88% 93% 89% 1.000

Any reobstruction 18.8% 18.8% 14.3% 0.923

Mild† 6.3% 18.8% 12.5%

Moderate 6.3% 0% 1.8%

Severe 6.3% 0% 0%

*Defined as any moderate to severe reobstruction, aortic wall injury (aneurysm, dissection, intimal
tear) or stent fracture. †Mild reobstruction was not considered as a complication in our analysis.
‡p $ 0.05.

Coarct:Dao ! narrowest coarctation dimension (mm)/the dimension of the descending aorta at
the level of the diaphragm (mm).
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interposition or patch angioplasty of the coarctation seg-
ment. Performing an end-to-end anastomosis with coarc-
tation resection would seem to be the preferred procedure
(11). In this experience, the requirement for tube graft
interposition or onlay patch augmentation of the coarctation
segment increased significantly as the child reached teenage
years. That may be particularly true in circumstances where
long segment coarctation (!5 mm) is present (12–14). Only
42% of the patients !8 years of age, 25% of patients !12
years of age, and none !16 years of age were able to
undergo end-to-end repair of their coarctation segment.
Hemodynamic outcomes. Hemodynamic outcome pa-
rameters were the most difficult metric used to define
success versus failure while developing the study. To date,
no evidence-based criteria for ULG have been established to
define a successful repair. Furthermore, the majority of
studies use recorded gradients immediately after repair,
measured intraoperatively or in the catheterization labora-
tory while under anesthesia, which can lead to underesti-
mating the true gradient. Few people would disagree that an
ULG !10 mm Hg is a success; however, past studies have
arbitrarily defined success as !20 mm Hg systolic gradient
across coarctation segment (8,10). The ultimate aim for any
coarctation repair is the resolution of the ULG, as persistent
hypertension can be observed in as many as 50% of patients
even with a “perfect” repair, particularly if initial repair is
performed after 1 year of age (15–17 ). To complicate
matters further, exercise treadmill testing does not predict

the severity of aortic arch reobstruction (16,17 ). In our
study, stent and surgical groups appeared to have an
advantage over the BA group in achieving lower BP
gradients at acute and short-term follow-up, with these
differences disappearing among the 3 groups at intermediate
follow-up. The preferential use of antihypertensive medica-
tions in surgical patients may be in part related to the
manipulation of the aorta and increased likelihood of
surgical patients encountering post-operative hypertension
as well as increased ULG, both of which resolved over time.
Angiographic outcomes. Review of the literature revealed
no evidence to support the determination of successful
treatment of coarctation of the aorta on the basis of
angiographic outcomes alone. In normal patients, the aortic
isthmus is 80% to 90% of transverse aortic diameter and
similar to descending aortic diameter at level of the dia-
phragm by angiographic imaging (18). The CCISC expe-
rience, consistent with others (19,20), confirmed that the
majority of patients requiring reintervention for recoarcta-
tion had a Coarct:Dao ratio of "0.60. In determining the
definition of clinically significant TAA hypoplasia, we
believe that a ratio of TAA:Dao "0.60, similar to our
experience with Coarct:Dao ratio, would likely require
future intervention and, therefore, should be addressed at
time of coarctation repair.
Complications. The stent group was superior to both the
surgical group and the BA group regarding the incidence of
acute complications in all patients and in the subset of

ReinterventionTable 8 Reintervention

Surgery
(n ! 72)

Balloon
(n ! 61)

Stent
(n ! 217)

Patients with reintervention 4 6 44

Patients with planned procedures 0 2 35

Patients with unplanned procedures 4 4 9

Time to first planned reintervention, yrs NA 1.43 # 1.70 1.14 # 1.15

Time to first unplanned reintervention, yrs 2.24 # 2.23 1.28 # 1.43 2.84 # 1.43

Values are n or mean # SD.
NA $ not available.

Subgroup Analysis, Age 6 to 12 YearsTable 9 Subgroup Analysis, Age 6 to 12 Years

Surgery Balloon Stent p Value (2-Sided)

Acute outcome n $ 23 n $ 23 n $ 57

Age, yrs 8.7 # 2.1 8.6 # 2.1 9.3 # 1.8 0.301

Discharge ULG 2.3 # 12.9 10.1 # 14.3 2.9 # 10.6 0.050†

Any complications 13.0% 13.0% 1.8% 0.035†

Aortic wall complications NA 13.0% 0.0% 0.022†

Short-term follow-up outcome n $ 18 n $ 14 n $ 32

Antihypertensive
medications

44% 0% 28% 0.018†

Normal SBP* 89% 79% 84% 0.728

ULG %4.9 # 14.3 10.2 # 16.5 2.0 # 11.3 0.016†

Any complications 25% 38% 4% 0.010†

Aortic wall complications 13% 31% 0% 0.009†

Values are mean # SD or %. *Defined as "97.5 percentile SBP of normal subjects (age and sex adjusted). †p " 0.05.
Abbreviations as in Table 2.
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A Prospective Observational Multicenter Study of
Balloon Angioplasty for the Treatment of Native and

Recurrent Coarctation of the Aorta

Kevin C. Harris,1 MD, Wei Du,2 PHD, Collin G. Cowley,3 MD, Thomas J. Forbes,2 MD, and
Dennis W. Kim,4 * MD, PHD; On Behalf of the Congenital Cardiac Intervention Study

Consortium (CCISC)

Objectives: Balloon angioplasty (BA) is an important treatment option for coarctation
of the aorta. The congenital cardiovascular interventional study consortium (CCISC)
represents a multi-institutional and multi-national effort to prospectively investigate
congenital cardiac interventions. A prospective observational analysis of the efficacy
and safety of balloon aortic angioplasty was conducted. Methods: Data were collected
prospectively from 36 CCISC sites from 2004 to 2012. One hundred and thirty patients
underwent BA for native (n 5 76) and recurrent (n 5 54) coarctation. Acute, short-term,
and intermediate outcomes are described for BA performed in the setting of native
and recurrent coarctation of the aorta. Outcome measures included residual upper to
lower extremity blood pressure gradient (ULG), use of antihypertensive medications,
aortic wall injury, reobstruction, and need for reintervention. Results: There was no
procedural mortality. Acutely in native and recurrent coarctation, BA achieved an ULG
less than 15 mm Hg in 73–80% and to less than 10 mm Hg in 54–68% of patients,
respectively. At intermediate follow-up, ULG further improved, particularly for those
who underwent initial reintervention for recurrent coarctation. No significant
differences in aortic wall complications were seen and intervention free survival was
similar for both groups. Following angioplasty, there was no significant difference in
aortic wall complications; however follow up integrated imaging decreased over time.
Conclusions: BA is a safe and effective treatment for coarctation of the aorta acutely
and at intermediate term. Although aortic injury occurred in patients with both native
and recurrent coarctation, at intermediate follow-up, aneurysm was noted more often
in those with initial intervention for native coarctation. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Coarctation of the aorta may be found as an isolated
lesion or may be associated with other congenital heart
abnormalities. The incidence of coarctation of the aorta

is approximately 1/3000 to 1/4000 [1]. The most com-
mon defect associated with coarctation of the aorta is a
bicuspid aortic valve, though this may not necessarily
cause hemodynamically significant valvular stenosis.
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Subgroup Analysis by Age

Subgroup analysis was performed to assess the effect
of age on the results. Because entry into the teenage/ad-
olescent years represents a time period where coarcta-
tion stenting has generally been considered acceptable,
we assessed those !12 years in the overall population
compared to those >12 years. As BA may be favored in
younger children over primary stenting, we also
assessed the safety and efficacy of BA for native coarc-
tation in children <7 years compared to those "7 years
to determine the acute efficacy, short-term and
intermediate-term follow-up, and complications. The
most striking finding from the subgroup analysis was
that children <7 years with native coarctation have sim-
ilar rates of acute complications and aortic wall injury
at short- and intermediate-term follow-up. There was a
trend toward fewer young children achieving an ULG
!10 mm Hg (45% in those <7 years compared to 67%
in those "7 years). However, 73% of children <7 years
had an ULG !15 mm Hg acutely, which was identical
to the rate seen in children "7 years. In the overall
cohort there were no significant differences in measures
of success or complication rates between those >12
years and those !12 years. No other statistically signifi-
cant differences were noted.

DISCUSSION

Native and recurrent aortic coarctations are both
amenable to catheter-based intervention. Our results
confirm that native and recurrent coarctation respond
differently to BA. The reduction in the coarctation gra-
dient was greater for patients with recurrent coarctation
both acutely and through intermediate-term follow-up
based on non-invasive BP measurements. In the recur-
rent coarctation group at intermediate-term follow-up,

87% had an ULG< 10 mm Hg and 94% <15 mm Hg
indicating that the effectiveness of this therapy is sus-
tained over time. Our results compare favorably with
previously published data [16,17], although, notably
our definition of recurrent coarctation included patients
who had previous surgical repair or BA before study
enrollment. The historically accepted definition of suc-
cess after BA has been a final gradient <20 mm Hg.
As catheter-based therapies and surgical techniques
have matured, this definition of success may require
re-evaluation. We present data at cut points of 15 mm
Hg and 10 mm Hg BP gradients. Importantly, a trend
of decreasing ULG over time was observed during
follow-up suggestive of ongoing remodeling in the
aorta following BA.

Native coarctation may be successfully treated with
BA; however, these data show that it is more frequently
associated with reobstruction, which is most often mild.
The recent report from the CCISC demonstrated supe-
rior hemodynamic results with stent placement and sur-
gery compared to BA [6]. Furthermore, there was a
lower complication rate with stent placement compared
to BA alone. As such, the current trend seems to be
shifting toward primary stent placement in older chil-
dren and adults while surgery remains favored in young
children [18,19]. BA as a bridge to stent therapy may
be an effective alternative to surgery for young children
who are too small to initially accommodate a stent that
can be serially dilated to adult size. The comparable
safety of BA in children less than 7 years old in our
study population would support this approach.

Persistent hypertension is known to be a continuing
morbidity following treatment of coarctation in up to
half of patients [20]. In our cohort, the use of antihy-
pertensive therapy declined from short-term to
intermediate-term follow-up in children with native co-
arctation (16–12%). This is consistent with the
expected resolution of hypertension over time after
improvement in aortic obstruction. Some patients will
have hypertension that persists and may contribute to
long-term morbidity [20,21]. Notably, the overall use
of antihypertensive therapy at intermediate follow-up
was lower in children under 12 years of age (3%) than
those over 12 years (30%). Although this may be in
part due to age related differences in the tissue recov-
ery and remodeling process, we hypothesize there may
be a bias toward withholding antihypertensive medica-
tions in young children compared to older children. In
addition, under recognition of hypertension in patients
after treatment for coarctation of the aorta may par-
tially explain this observation [22].

Complications seen in the setting of BA may include
aortic wall injury characterized by intimal tear, vascu-
lar dissection, aneurysm formation, femoral hematoma

Fig. 1. Intervention-free survival in native and recurrent co-
arctation. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Background: We report a multi-institutional experience with intravascular stenting (IS)
for treatment of coarctation of the aorta. Methods and Results: Data was collected
retrospectively by review of medical records from 17 institutions. The data was broken
down to prior to 2002 and after 2002 for further analysis. A total of 565 procedures
were performed with a median age of 15 years (mean ¼ 18.1 years). Successful reduc-
tion in the post stent gradient (<20 mm Hg) or increase in post stent coarctation to de-
scending aorta (DAo) ratio of >0.8 was achieved in 97.9% of procedures. There was
significant improvement (P < 0.01) in pre versus post stent coarctation dimensions (7.4
mm 6 3.0 mm vs. 14.3 6 3.2mm), systolic gradient (31.6 mm Hg 6 16.0 mm Hg vs. 2.7
mm Hg 6 4.2 mm Hg) and ratio of the coarctation segment to the DAo (0.43 6 0.17 vs.
0.85 6 0.15). Acute complications were encountered in 81/565 (14.3%) procedures.
There were two procedure related deaths. Aortic wall complications included: aneu-
rysm formation (n ¼ 6), intimal tears (n ¼ 8), and dissections (n ¼ 9). The risk of aortic
dissection increased significantly in patients over the age of 40 years. Technical com-
plications included stent migration (n ¼ 28), and balloon rupture (n ¼ 13). Peripheral
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P < 0.01), and age over 40 (9.5% vs. 3.4%; OR ¼
2.95; P ¼ 0.05) were all significantly related to
encountering an aortic wall complication (Table V).
IS treatment of long segment coarctation (7.3% vs.
3.1%; OR ¼ 2.47; P ¼ 0.06) trended towards encoun-
tering acute aortic wall complications.
Intimal tear. Intimal tears were encountered in 8/

565 (1.4%) of the procedures. In 5/8 procedures, the
intimal tear occurred just proximal to the stent. In one
patient with recurrent post surgical coarctation, an inti-
mal tear was preceded by balloon rupture and stent
migration. A second stent was successfully implanted
at the coarctation site during the same procedure. All
other intimal tears occurring during IS placement were
not preceded by a technical complication, with none
requiring any immediate reintervention.
Aortic dissection. Nine out of 565 procedures

(4.6%) encountered dissection of the aorta/interposition

graft during initial stent placement. In one patient the
development of a dissection was preceded by stent
migration. In the other eight patients, no technical com-
plications were encountered during stent deployment.
Three patients (two aortic stents, one interposition graft
stent patient) were sent emergently to surgery, includ-
ing the one preceded by stent migration. Two of the
three patients suffered severe neurological injuries,
with one expiring the following day (interposition graft
stent) and the other 6 months later (aortic stent). Three
patients underwent successful placement of one, two,
and three covered stents, respectively. The three
remaining patients were managed medically with close
ICU monitoring and aggressive regimen of antihyper-
tensive medications. Resolution of the aortic dissection
was observed at follow-up one month later in one
patient (Fig. 2a–d).
Technical complications. Technical complications

were encountered in 59/565 (10.4%) procedures. Five
procedures had more than one complication, making a
total of 64 technical complications. Technical compli-
cations included: stent migration (n ¼ 28), balloon
rupture (n ¼ 13), and encountering a CVA or periph-
eral embolic event (n ¼ 5). Vascular site hematoma (n
¼ 13) is discussed separately though was also counted
as a technical complication. The majority of technical
complications (90%) encountered were resolved with-
out any clinical sequellae, with seven (10%) proce-
dures being associated with aortic wall injury, CVA,
or peripheral vascular complications. The risk of
encountering a technical complication increased in
patients over the age of 40 years, (23.8% vs. 10.5%;
OR ¼ 2.65; P ¼ 0.01), decreased with the use of anes-
thesia (5.8% vs. 19.8%; OR ¼ 0.25; P < 0.001), and
decreased with a procedure date after January 1, 2002
(6.1% vs. 16.3%; OR ¼ 0.33; P < 0.001) (Fig. 1).
The risk of encountering a technical complication, ei-
ther prior to January 2002 or after January 2002, was
not associated with, weight, type, or location of coarc-
tation, initial coarctation diameter, balloon:coarctation
ratio, mean balloon diameter, the presence of other
associated diagnosis, prestent angioplasty, use of the
BIB balloon, stent type, or institution at which proce-
dure was performed. Cardiac rate controlling measures
were not used in any of the patient’s undergoing stent
placement. Furthermore, in institutions where >40 IS

TABLE V. Complications Split up by Age Group

Age group (yrs) 4–9 10–19 20–29 30–39 >40 Total

Number of patients 74 324 88 37 42 565
All complications 6 (8.1) 44 (13.6) 11 (12.5) 6 (16.2) 13 (31) 81 (14.3)
Aortic wall complication 1 (1) 11 (3.4) 4 (4.6) 2 (5.4) 4 (9.5) 22 (3.7)
Technical complication 9 (10.7) 36 (11.1) 9 (10.3) 6 (16.2) 10 (23.8) 71 (12.1)

Fig. 1. Comparisons of complications, further broken down
into aortic wall and technical complications prior to and fol-
lowing January 1, 2002.
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Cheatham-Platinum, covered and uncovered (NuMED,
Hopkinton, NY) made up the remainder of the stents
used.

Success of Procedure

A successful treatment outcome was achieved in
553/565 (97.9%) procedures. In the successful group,
the peak systolic ascending to descending aortic gradi-
ent decreased from a mean 31.6 6 16.0 mm Hg to 2.7
6 4.2 mm Hg (P < 0.001). The mean diameter of the

coarctation segment significantly increased from 7.4 6
3.0 mm to 14.3 6 3.2 mm (P < 0.001), and the mean
coarctation: descending aortic ratio significantly in-
creased from 0.43 6 0.17 to 0.85 6 0.15 (P < 0.001).
Twelve procedures were unsuccessful as defined pre-
viously. Though the low number of unsuccessful pro-
cedures precluded any meaningful analysis, certain
observations were noted. In two patients who under-
went stent placement of their ascending to descending
aortic conduit, both were unsuccessful, with one hav-
ing acute rupture of his aorta and subsequently expir-
ing. Six each had native and recurrent coarctation of
the aorta. Five of the 12 had a gradient of more than
60 mm Hg across the coarctation prior to stenting.
Two patients (one previously mentioned earlier) had
dissection with subsequent aortic rupture post stent
placement leading to termination of the procedure and
emergent surgery. Success, when defined as a post
stent coarctation systolic gradient !10 mm Hg, was
noted in 92.2% (521/565) patients, with failures being
observed in 7.8% (44/565) patients. The increase in
unsuccessful procedures was felt to be due to planned
staged procedure (n ¼ 10) and transverse arch hypo-
plasia. (n ¼ 22), as in each of these cases the post
stent coarctation:descending aortic ratio was #0.80. In
using <10 mm Hg post stent gradient as our criteria
for success, we performed further sub analysis of the
data. Success was increased in treatment of discrete
versus long segment coarctation (94.6 vs 84.5%; P <
0.001), increased preprocedure coarctation diameter
(7.4 vs 5.4 mm; SD 2.7, P ¼ 0.03), and lower prestent
systolic gradient 29.5 versus 38.1 mmHg; SD 16.9, P
< 0.001). Patients’ age, weight, location of coarctation,
native versus recurrent coartation, and balloon:coarcta-
tion ratio were not associated with successful outcome.

Complications

Complications were encountered in 81/565 (14.3%)
procedures. The complication rate significantly de-
creased in procedures performed after January 2002
(Fig. 1). Complications were further broken down into
Aortic wall and Technical complications for the fol-
lowing analyses. Encountering complications, either in
total or divided into aortic wall and technical was not
related to center volume.
Aortic wall complications. Acute aortic wall com-

plications were encountered in 22/565 (3.9%) proce-
dures. Intimal tears were noted in eight procedures,
aortic wall dissection/rupture was encountered in nine
procedures, and aortic aneurysm was noted in six
procedures. Performing prestent balloon angioplasty,
(11.4% vs. 3%; OR ¼ 4.18; P ¼ 0.001), location of
the coarctation in the abdominal aorta versus the isthmus/
transverse aortic arch (17.4% vs. 3.5%; OR ¼ 5.74;

TABLE IV. Technical Characteristics

Characteristics

General anesthesia used in: n¼ 366 pts 259 (70.8)a

Median of sheath size in Fr 11 [6–16]b

Balloon type: n¼ 423 ptsc

Z-med 118 (27.9)

Cordis 71 (16.8)
Balloon in balloon 188 (44.4)

XXL 19 (4.5)

Other 27 (6.4)

Prestent angioplasty: n¼ 449 pts 79 (17.6)
Balloon dimension: n¼ 565 pts Mean 6 S.D. 15.2 6 3.6 mm

Median balloon:Coarctation ratio 2 [1.1–18]

Initial stent type: n¼ 511 pts

P 8 series/P10 series 170/154
LD 14

EV3 16

Genesis 104
Cheatham-Platinum series 33

Covered stent 14

Others 6

Number of stents used per procedure: n¼ 565
1 stent 517

2 stents 40

3 stents 5

4–5 stents 3

aValues in parentheses indicate percentages.
bValues in square brackets indicate ranges.
cMissing data accounts for the missing percentage.

TABLE III. Characteristics of Coarctationa

Characteristics N

Type of coarctation

Native 296 (52.4)b

Recurrent surgical 228 (40.4)

Recurrent interventional

Post balloon angioplasty 21 (3.7)
Post stent 20 (3.5)

Location of coarctation

Isthmus 341 (81.4)

Distal transverse arch 55 (13.1)
Other 23 (5.5)

Extent of coarctation

Discrete 325 (74.7)

Long segment 110 (25.3)

aMissing data accounts for the missing percentage in each characteristic.
bValues in parentheses indicate percentages.
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the aorta. Five of the 12 had a gradient of more than
60 mm Hg across the coarctation prior to stenting.
Two patients (one previously mentioned earlier) had
dissection with subsequent aortic rupture post stent
placement leading to termination of the procedure and
emergent surgery. Success, when defined as a post
stent coarctation systolic gradient !10 mm Hg, was
noted in 92.2% (521/565) patients, with failures being
observed in 7.8% (44/565) patients. The increase in
unsuccessful procedures was felt to be due to planned
staged procedure (n ¼ 10) and transverse arch hypo-
plasia. (n ¼ 22), as in each of these cases the post
stent coarctation:descending aortic ratio was #0.80. In
using <10 mm Hg post stent gradient as our criteria
for success, we performed further sub analysis of the
data. Success was increased in treatment of discrete
versus long segment coarctation (94.6 vs 84.5%; P <
0.001), increased preprocedure coarctation diameter
(7.4 vs 5.4 mm; SD 2.7, P ¼ 0.03), and lower prestent
systolic gradient 29.5 versus 38.1 mmHg; SD 16.9, P
< 0.001). Patients’ age, weight, location of coarctation,
native versus recurrent coartation, and balloon:coarcta-
tion ratio were not associated with successful outcome.

Complications

Complications were encountered in 81/565 (14.3%)
procedures. The complication rate significantly de-
creased in procedures performed after January 2002
(Fig. 1). Complications were further broken down into
Aortic wall and Technical complications for the fol-
lowing analyses. Encountering complications, either in
total or divided into aortic wall and technical was not
related to center volume.
Aortic wall complications. Acute aortic wall com-

plications were encountered in 22/565 (3.9%) proce-
dures. Intimal tears were noted in eight procedures,
aortic wall dissection/rupture was encountered in nine
procedures, and aortic aneurysm was noted in six
procedures. Performing prestent balloon angioplasty,
(11.4% vs. 3%; OR ¼ 4.18; P ¼ 0.001), location of
the coarctation in the abdominal aorta versus the isthmus/
transverse aortic arch (17.4% vs. 3.5%; OR ¼ 5.74;

TABLE IV. Technical Characteristics

Characteristics

General anesthesia used in: n¼ 366 pts 259 (70.8)a

Median of sheath size in Fr 11 [6–16]b

Balloon type: n¼ 423 ptsc

Z-med 118 (27.9)

Cordis 71 (16.8)
Balloon in balloon 188 (44.4)

XXL 19 (4.5)

Other 27 (6.4)

Prestent angioplasty: n¼ 449 pts 79 (17.6)
Balloon dimension: n¼ 565 pts Mean 6 S.D. 15.2 6 3.6 mm

Median balloon:Coarctation ratio 2 [1.1–18]

Initial stent type: n¼ 511 pts

P 8 series/P10 series 170/154
LD 14

EV3 16

Genesis 104
Cheatham-Platinum series 33

Covered stent 14

Others 6

Number of stents used per procedure: n¼ 565
1 stent 517

2 stents 40

3 stents 5

4–5 stents 3

aValues in parentheses indicate percentages.
bValues in square brackets indicate ranges.
cMissing data accounts for the missing percentage.

TABLE III. Characteristics of Coarctationa

Characteristics N

Type of coarctation

Native 296 (52.4)b

Recurrent surgical 228 (40.4)

Recurrent interventional

Post balloon angioplasty 21 (3.7)
Post stent 20 (3.5)

Location of coarctation

Isthmus 341 (81.4)

Distal transverse arch 55 (13.1)
Other 23 (5.5)

Extent of coarctation

Discrete 325 (74.7)

Long segment 110 (25.3)

aMissing data accounts for the missing percentage in each characteristic.
bValues in parentheses indicate percentages.
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had a large aortic aneurysm noted on the 12-month MRI and 
underwent CCPS placement at 15 months. In preliminary 
follow-up beyond 24 months, 10 additional patients have 
undergone transcatheter reintervention. Seven returned to 
the cardiac catheterization laboratory for re-expansion of the 
CP stent. Of these, 6 had redilation of the existing stent, and 
1 had redilation with an additional bare metal stent placed. 
As noted above, 3 patients were taken to the cardiac cath-
eterization laboratory with the intent to redilate the existing 
stent and had small aortic aneurysms noted during angiog-
raphy, and all 3 underwent CCPS placement and enrollment 
in COAST II. No AWI has been noted as a result of stent 
redilation after initial implantation. Overall freedom from 
reintervention is demonstrated in Figure 5. Among demo-
graphic and procedural variables, AWI, lower patient weight, 

and smaller final stent diameter at initial implantation were 
associated with reintervention (Table 6).

Arterial Access Sites and Lower-Extremity Blood Pressures
As noted in the short-term outcomes study, somewhat seri-
ous procedural access complications occurred in 2 patients, 
with 1 large groin hematoma and 1 femoral arteriovenous 
fistula requiring surgical repair. Although loss of lower-
extremity pulses was not reported and no patient complained 
of symptoms referable to peripheral arterial insufficiency, 
we analyzed differences in lower-extremity blood pres-
sures to assess for subclinical obstructive peripheral arterial 
injury. We defined the development of systolic pressure dif-
ference of 10% to 19% lower in the leg used for stent deliv-
ery compared with the contralateral leg as suspicious for 
mild femoral artery injury and >20% lower as suggestive of 
important arterial injury. With these criteria, 13 patients had 
evidence of pre-existing femoral artery injury, 2 of whom 
appeared to have important arterial injury and 9 of whom 
had smaller blood pressure differences suspicious for arte-
rial injury. At 1 month, 13 patients had what appeared to be 
new arterial injury, with 3 suggestive of important arterial 
injury and 10 suspicious for arterial injury. At 12 months, 
6 of the patients suspected of having new femoral artery 
injury related to stent implantation had stable blood pres-
sure differences between the lower extremities, whereas 
6 others with relatively mild blood pressure differences 
appeared improved, and 1 did not have 12-month measure-
ments available. Apparent arterial injury was not related to 
patient age or to the diameter of the balloon used for stent 
delivery (used as a surrogate for sheath size). Finally, hemo-
stasis was assisted (Perclose, n=8; Prostar, n=5l; or Syvek 
Patch, n=3) in 16 patients (15%), and there was no rela-
tionship between any type of assisted hemostasis and subse-
quently identified femoral artery injury.

Table 4. Factors Associated With Persistent Systemic Arterial Hypertension and 
Antihypertension Medication Use

At 12 mo At 24 mo

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

Factors associated with persistent systemic arterial hypertension

  Male sex 0.72 (0.17–2.98) 0.65 2.42 (0.47–12.40) 0.29

  Age at implantation 0.96 (0.89–1.02) 0.19 1.00 (0.94–1.05) 0.83

  Baseline systolic blood 
pressure

1.06 (1.01–1.12) 0.01 1.04 (1.00–1.08) 0.07

  Residual blood pressure 
gradient

1.07 (1.02–1.12) <0.05 1.05 (1.00–1.09) 0.04

Factors associated with any antihypertension medication use

  Male sex 1.70 (0.54–5.35) 0.37 3.16 (0.81–12.31) 0.10

  Age at implantation 1.06 (1.01–1.11) 0.02 1.08 (1.02–1.13) <0.05

  Baseline systolic blood 
pressure

1.02 (0.99–1.06) 0.16 1.01 (0.97–1.04) 0.74

  Residual blood pressure 
gradient

1.02 (0.99–1.06) 0.16 1.02 (0.98–1.05) 0.39

CI indicates confidence interval.

Table 5. Analysis of Factors Associated with Stent Fracture 
at 24 Months After Implantation

Stent Fracture 
(n=11)

No Stent Fracture 
(n=85) P Value

Age, y 21±10 21±11 0.95

Male sex, % 73 68 0.78

Primary indication, n 0.21

  Native coarctation 4 43

  Recurrent coarctation 7 33

Coarctation minimum 
diameter, mm

9.8±2.0 7.6±2.7 0.01

Minimum stent diameter at 
implantation, mm

16.4±2.6 14.2±2.5 0.01

Maximum stent diameter at 
implantation, mm

17.8±2.7 16.2±2.7 0.09

Minimal to maximal stent 
ratio

0.92±0.06 0.88±0.07 0.07

D
ow

nloaded from
 http://ahajournals.org by on June 16, 2019

1656

Coarctation of the thoracic aorta (CoA) is a relatively 
common form of congenital cardiovascular disease and 

may occur in isolation or in association with more complex 
cardiac malformations. The preferred method of treatment 
of CoA depends on the individual anatomy, patient size, and 
nature of the lesion. In larger children and adults, endovas-
cular therapy with either balloon angioplasty or stent place-
ment is commonly preferred over surgery. Although balloon 
angioplasty typically results in favorable acute results, it is 
associated with a higher rate of both recurrent obstruction 
and aortic wall injury than stent therapy.1,2 As a result, stent 
placement is usually preferred when patient size and CoA 
anatomy are suitable. However, there are no US Food and 
Drug Administration–approved stents for use in the aorta, 
and in this absence, large-diameter stents approved for other 
applications have been used off label. In an effort to fill this 
void, in 1996, NuMED (Hopkinton, NY) began development 
of a platinum-iridium stent intended for use in the aorta. The 
Cheatham Platinum (CP) stent was designed to have rounded 

ends to lessen the risk of aortic wall injury and ≈20% shorten-
ing at a maximal diameter of 22 mm. The Coarctation of the 
Aorta Stent Trial (COAST) began in 2007 and was designed 
to assess the safety and efficacy of the CP stent when used 
in CoA in children and adults with either native or recurrent 
obstruction. Short-term outcomes have been reported.3 We 
report here the follow-up to 24 months and beyond.

Editorial see p 1643
Clinical Perspective on p 1664

Methods
Details of the COAST study design were reported previously.3,4 
Briefly, COAST is a prospective, multicenter, single-arm clinical study 
involving 19 pediatric cardiology centers in the United States (http://
www.clinicaltrials.gov; identification number, NCT00552812). The 
protocol for COAST received approval under an Investigational 
Device Exemption from the US Food and Drug Administration on 
August 3, 2007. The study received Institutional Review Board 
approval from all participating institutions, and subjects provided 
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procedural deaths, serious adverse events, or surgical intervention. All patients experienced immediate reduction in upper- 
to lower-extremity blood pressure difference with sustained improvement to 2 years. Rates of hypertension and medication 
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identified: 5 were successfully treated with covered stent placement, and 1 resolved without intervention. Stent fractures 
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stent diameter was associated with stent fracture. Twelve additional fractures have occurred after 2 years. No fracture has 
resulted in loss of stent integrity, stent embolization, aortic wall injury, or reobstruction. Nine reinterventions occurred in 
the first 2 years for stent redilation and address of aneurysms, and 10 additional reinterventions occurred after 2 years.

Conclusions—The Cheatham Platinum stent is safe and associated with persistent relief of aortic obstruction. Stent fracture 
and progression of fracture occur but have not resulted in clinically important sequelae. Reintervention is common and 
related to early and late aortic wall injury and need for re-expansion of small-diameter stents.
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follow-up evaluation. The average hospital length of stay was 
1.0±0.3 days. There were no procedural deaths or serious 
adverse events. Somewhat serious adverse events occurred in 
8 patients (7%). Immediate postprocedural paradoxical hyper-
tension, which was categorized separately from somewhat 
serious events, occurred in 8 patients (7%).

Mid-Term Follow-Up

Relief of Aortic Obstruction
As noted above and summarized in Table 2, all patients expe-
rienced an immediate reduction in upper- to lower-extremity 

blood pressure difference (from 29±14 to 2±4 mm Hg), with 
an average decrease in blood pressure gradient of 27±14 
mm Hg. There was sustained improvement at the 1-month 
follow-up visit at which 99% had a blood pressure difference 
<20 mm Hg, and 94% were <15 mm Hg. Ninety-four patients 
(89% of those who had a CP stent implanted under the study 
protocol) returned for the 1-year follow-up evaluation, and 91 
(86%) returned for the 2-year evaluation. Sustained improve-
ment in upper-extremity systolic blood pressure and upper- to 
lower-extremity systolic pressure differences was observed at 
12 and 24 months (Table 3). The primary efficacy outcome 
of this study, the mean reduction in systolic blood pressure 
difference from baseline (preintervention) to 12 months, was 
30±22 mm Hg.

Systemic Arterial Hypertension and Antihypertension 
Medication Use
Overall trends in systemic arterial hypertension and antihy-
pertension medication use are given in Figure 3. At baseline 
and in the setting of an average 29-mm Hg pressure differ-
ence from upper to lower extremity, 63 patients (61%) dem-
onstrated a right arm blood pressure meeting the criteria for 
systolic hypertension. An additional 17 patients (16%) had a 
normal blood pressure on ≥1 antihypertensive medications. 
At 12 months, with an average upper- to lower-extremity 
systolic blood pressure difference of −1±15 mm Hg, 19% of 
patients remained hypertensive and 28% continued to receive 
antihypertension medications, proportions that remained 
relatively stable at 24 months. Diastolic hypertension was 
uncommon: 10% of patients at baseline and 1% and 3% at 
12 and 24 months after stent placement. Persistent systemic 
hypertension at 12 and 24 months after implantation was 
associated with higher baseline upper-extremity blood pres-
sure and residual blood pressure difference but not sex or age 
at intervention (Table 4).

At baseline, 40 patients (38%) were on at least 1 antihy-
pertension medication. At 12 months after implantation, 20 
of these patients (50%) had stopped (n=17) or decreased 
the number of (n=3) antihypertension medications, whereas 
10 (25%) remained on the same number of medications, 
6 (15%) were started on medication, and 4 (10%) had a 
new medication added. At 24 months, 5 additional patients 
had either decreased the number of (n=1) or discontinued 
(n=4) antihypertensive medications, and 1 had increased 

Figure 1. Coarctation of the Aorta Stent Trial (COAST) flow 
diagram. AWI indicates aortic wall injury; and CCPS, covered 
Cheatham Platinum stents.

Table 2. Cardiac Catheterization Data Before and After CP 
Stent Placement

Before 
Implantation

After 
Implantation P Value

Ascending aorta systolic pressure, 
mm Hg

109±22 107±20 0.22

Descending aorta systolic pressure, 
mm Hg

80±17 105±20 <0.001

Average ascending to descending 
aorta systolic pressure difference, 
mm Hg

29±14 2±4 <0.001

Average minimal luminal diameter, 
mm

7.9±2.7 14±3 <0.001

Values are mean±SD. CP indicates Cheatham Platinum. 

Figure 2. Aortic angiography before (A) and after (B) Cheatham 
Platinum stent implantation.
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written informed consent. The study includes patients with native or 
recurrent CoA treated by physicians at the participating institutions. 
Table 1 summarizes inclusion and exclusion criteria.

Treatment Protocol
After baseline anatomic and physiological assessment, patients under-
went initial compliance testing and sizing with the use of predilation 
with a low-pressure (2–4 atm) balloon inflation. The nominal diam-
eter of this balloon was selected to dilate the CoA to no more than the 
smaller diameter of the distal transverse arch or the aorta at the dia-
phragm, without exceeding 4 times the minimal CoA diameter. If the 
dilation balloon waist was <80% of the maximum balloon diameter (eg, 
<12 mm waist on a 15-mm-diameter balloon in a patient with a 15-mm 
transverse arch), the aorta was labeled noncompliant, and patients were 
excluded from CP stent implantation. Those not excluded underwent 
implantation of a CP stent delivered on a NuMED balloon-in-balloon 
catheter. Because of the known risk of aortic wall complications dur-
ing CoA intervention, NuMED covered CP stents (CCPSs) were made 
available to study centers for use in the event of aortic wall injury (AWI). 
Data on patients receiving a CCPS are included in this report for safety 
outcomes. These patients were then enrolled in the COAST II trial of 
aortic covered stents (http://www.clinicaltrials.gov; identification num-
ber, NCT01278303) for subsequent evaluation of efficacy and long-
term outcomes. Decisions about AWI, patient safety, and the need for 
CCPS implantation were made by the implanting physician at the time 
of the procedure. Subsequent determinations about the extent of AWI 
during implantation procedures were adjudicated by the core laboratory, 
and final determinations may have differed from those of the implant-
ing physician. Hemostatic mechanisms were not stipulated in the trial 
protocol and were therefore at the discretion of the interventional cardi-
ologist. Similarly, decisions about antihypertension medication admin-
istration and modification were not specified in the study protocol and 
were left to the discretion of the primary physician. Finally, decisions 
about reintervention were at the discretion of the cardiologists caring for 
the patient and were not specified or guided by the trial protocol.

Follow-Up
Follow-up evaluations were performed before discharge and at 1, 6, 
12, 24, 48, and 60 months after the procedure. Magnetic resonance 
imaging (MRI) or computed tomography (CT) imaging was per-
formed at 12- and 24-month follow-up intervals to look for AWI. 
Biplane cine-fluoroscopic examination of the stent(s) was also 

obtained at 12, 24, 48, and 60 months after implantation to look for 
stent fractures. All procedural angiograms, MRIs, and fluoroscopic 
images were reviewed by the core laboratories.

Outcome Variables
Four primary outcome variables were defined: 2 efficacy outcomes 
(reduction in upper-to lower-extremity systolic blood pressure mea-
surements and hospital length of stay) and 2 safety outcomes (occur-
rence of any serious or somewhat serious adverse event attributed to 
the stent or implantation and occurrence of paradoxical hypertension), 
which were defined previously. In each case, outcomes for patients 
treated with the CP stent were compared with prespecified perfor-
mance guidelines derived from studies of patients treated with surgery. 
These initial results have been published.3 In follow-up analysis, we 
also explored the effects of CoA stenting on systemic hypertension 
and antihypertension medication use. Blood pressures were recorded 
as the average of 3 measurements in each extremity, as reported previ-
ously4; ambulatory and exercise blood pressure assessment was not 
performed. Because of a broad range of subject ages, we used sex- 
and age-specific blood pressure norms in patients <18 years of age 
to define a dichotomous outcome of systemic arterial hypertension 
(>95th percentile).5 For patients ≥18 years of age, we used systolic and 
diastolic levels of 140 and 90 mm Hg, respectively, to define hyperten-
sion. In addition, this report includes an analysis of stent fracture and 
integrity. For this purpose, loss of stent integrity was defined a priori 
as a decrease in stent diameter ≥20% in either the maximal or minimal 
measurement in any radiographic projection compared with immedi-
ately after implantation, complete circumferential or longitudinal stent 
fracture, embolization of any portion of the stent, or protrusion of the 
stent through the aortic wall. Other adverse events were classified as 
not serious, somewhat serious, or serious, as previously defined.3

Statistical Analysis
Descriptive statistics are presented as mean±SD or median (min-
imum–maximum). Bivariate comparisons of preimplantation and 
postimplantation catheterization data and subsequent blood pressures 
were performed with the paired t test. Comparison of means or pro-
portions between populations were performed by unpaired t test or 
Wilcoxon rank-sum test based on distribution and the Fisher exact 
test, respectively. Multivariable analysis of dichotomous outcome 
variables was performed with logistic regression. Analysis of time-
dependent occurrences was presented graphically with Kaplan-Meier 
plots and analyzed statistically by the log-rank test. Predictors of 
time-dependent outcomes such as reintervention were obtained from 
Cox proportional hazards modeling.

Results
Between 2008 and 2010, 168 patients provided consent for 
participation in the trial. Of these, 55 were excluded on the 
basis of prespecified criteria. Five were perceived to have AWI 
during predilation, received CCPS, and were transferred to the 
COAST II trial. One patient withdrew consent before his pro-
cedure, and 2 others who were not specifically excluded from 
participation by the protocol were withdrawn because the pri-
mary physician felt that treatment with alternative therapy was 
preferable for safety reasons (Figure 1).

Short-Term Results
Short-term results were published previously and are sum-
marized in Table 2. Of the 105 patients who underwent 
attempted implantation, a CP stent was successfully placed 
across the CoA in 104 (Figure 2). Stent therapy was effec-
tive, with significant improvements noted in CoA pressure 
gradients in the cardiac catheterization laboratory, which was 
confirmed by cuff blood pressure assessment at the 1-month 

Table 1. COAST Trial Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Precatheterization

  Native or recurrent aortic coarctation Age >60 y

  Weight <35 kg Bloodstream infection

    Cuff blood pressure difference 
or catheter-measured systolic 
coarctation gradient of 20 mm Hg

Connective tissue disorders, 
including Marfan syndrome, Turner 
syndrome, or inflammatory aortitis

Prior stent placement

Aortic aneurysm

Pregnancy

Subject lacking ability to consent

Catheterization 

    Coarctation involving the aortic 
isthmus or first segment of the 
descending thoracic aorta

Coarctation involving curved region 
of aorta, transverse arch, or beyond 
mid thoracic aorta

    Coarctation found to be compliant 
on prestent balloon dilation

Anatomic location precluding safe 
stent placement

  Patency of at least 1 femoral artery Complete aortic atresia

COAST indicates Coarctation of the Aorta Stent Trial. 
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the number of medications. Sixty-five patients (74%) 
were receiving no medications, 13 (15%) were receiving 
1 medication, and 10 (11%) were receiving ≥2 medica-
tions directed at blood pressure control. Continued use of 
any antihypertensive medication at 12 and 24 months was 
associated with older age at stent implantation but not sex, 
baseline upper-extremity systolic blood pressure, or resid-
ual blood pressure gradient, Table 4.

Stent Fracture and Integrity
Immediate postimplantation fluoroscopy demonstrated no 
stent fractures. Fluoroscopic imaging at 1 year was obtained 
in 93 patients and identified no stent fracture in 91 (98%). Two 
patients had multiple stent fractures noted without evidence 
of reobstruction or loss of integrity. Fluoroscopic imaging at 
2 years was obtained in 90 patients. Of the 2 patients with 
stent fractures noted at 12 months, both had additional stent 
fractures noted at 24 months, and there were 9 additional 
patients with new stent fractures noted. Three involved frac-
ture of a single strut, whereas 6 involved fracture of multiple 
struts. Factors related to stent fracture included larger CoA 
minimal luminal diameter and postimplantation minimal 
stent diameters. Association with postimplantation maxi-
mal stent diameter and the ratio of postimplantation mini-
mal to maximal stent diameters was weaker and statistically 

nonsignificant, and no association with additional param-
eters, including stent lot number, length, or other clinical 
parameters, was apparent (Table 5). Follow-up imaging 
beyond 24 months is ongoing but remains incomplete. To 
date, a total of 23 stents have had identified fractures. No 
stent fracture has resulted in loss of stent integrity, stent 
embolization, or identified AWI, and stent fracture was not 
associated hemodynamic reobstruction as assessed by blood 
pressure gradients. No patient had stent fracture stated as a 
reason for reintervention.

Aortic Wall Injury
During initial cardiac catheterization, 2 patients developed 
small aortic aneurysms after compliance testing. One of these 
patients received a CCPS. The other had no additional therapy, 
and the aneurysm was not apparent on a CT study the follow-
ing day or on subsequent imaging. Four patients developed 
minor localized vascular injury during compliance testing 
and received a CCPS at the decision of the implanting phy-
sician. These patients were enrolled in the COAST II trial. 
Subsequent review by the core laboratory classified these inju-
ries as confined vascular tears, not dissections or aneurysms. 
One additional patient developed a minor localized vascular 
tear during compliance testing but did not receive a CCPS. 
The tear was monitored and covered by a bare metal CP stent, 
and no subsequent AWI was noted.

Of the 91 patients with comprehensive aortic imaging 
(CT or MRI) at 1 year, 1 was noted to have a large aneurysm at 
the margin of the previously implanted CP stent. This patient 
underwent a repeat cardiac catheterization for implantation 
of a CCPS. Although imaging beyond 24 months remains 
incomplete, 3 patients who underwent planned cardiac cath-
eterization for stent re-expansion at 30, 45, and 50 months 
after implantation were found to have small stent-related 
aneurysms that were not apparent on routine MRI/CT imag-
ing obtained before cardiac catheterization (Figure 4). These 
patients were treated with CCPS implantation and enrolled in 
the COAST II trial.

Reintervention
There were no surgical interventions related to the CoA or 
stent. As discussed above, 5 patients had CCPS implanta-
tions before CP stent implantation. Four patients underwent 
transcatheter reintervention within 24 months after initial 
implantation. Three of these 4 patients underwent re-expan-
sion of the CP stent at 12, 13, and 21 months either as part 
of an intentionally staged approach or to compensate for 
somatic growth. As described above, 1 additional subject 

Figure 3. Trends in systemic arterial hypertension and 
antihypertension medication use. HTN indicates systemic 
arterial hypertension (>95% for age); and MED, the use of any 
medication directed at controlling blood pressure, with + signifying 
a presence and − signifying an absence. For example, HTN+ and 
MED+ is the group of patients who continue to have hypertension 
despite receiving blood pressure medication, and HTN− MED+ is 
the group of patients without hypertension while still receiving 
medication directed at controlling blood pressure.

Table 3. Blood Pressures and Upper- to Lower-Extremity Systolic Pressure Differences 

Baseline (n=104) At 12 mo (n=91) At 24 mo (n=88)

Upper-extremity SBP, mm Hg 140±16 123±12 122±14

Lower-extremity SBP, mm Hg 110±16 123±15 125±16

Systolic blood pressure difference, mm Hg 29±17 −1±15 −3±15

Pressure difference <20 mm Hg, n (%) 82 (90) 85 (90)

Pressure difference <15 mm Hg, n (%) 76 (84) 79 (90)

Values are mean±SD when appropriate. SBP indicates systolic blood pressure. 
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Discussion
Clinical and Hemodynamic Outcomes and 
Reintervention Rates
Short-term reductions in upper- to lower-extremity blood pres-
sure measurements were sustained in later follow-up after CP 
stent implantation, with >90% of patients having pressure differ-
ences of <15 mm Hg. Reintervention does occur. To date, 13% 

(14 of 105) of COAST patients have returned to the catheteriza-
tion laboratory after CP stent implantation for stent redilation; 
however, none required additional therapy because of stent frac-
ture or the development of excessive intimal hyperplasia. Twelve 
of these patients returned to the catheterization laboratory for 
stent redilation as part of a plan for staged therapy or related 
somatic growth, whereas 1 patient returned to the catheterization 
laboratory after routine follow-up MRI indicated the presence 
of a moderate-sized aneurysm. With these acknowledgments, 
the rate of unplanned reintervention in this cohort is lower 
than, but in the range of, the most recent and largest reported 
cohort of coarctation stenting by the Congenital Cardiovascular 
Interventional Study Consortium (CCISC).6 Other reports have 
suggested variable reintervention rates,1,2,7–11 but a more granu-
lar interpretation of these is confounded by heterogeneous sub-
ject populations, incomplete follow-up, and frequently unclear 
distinctions between planned and unplanned reinterventions. 
Similarly, comparison of this rate with historical surgical results 
must include the acknowledgment of selection bias with respect 
to anatomy, age at repair, and many other variables.1 With this 
important caveat, reintervention after surgical repair of CoA 
appears to vary widely, depending on subject size, anatomy, era, 
and technique of repair.12–19 Except in unusual situations, there 
are no planned surgical reinterventions. In contrast, planned 
reintervention on endovascular stents, either as a part of a staged 
approach to severe arch obstruction or as a part of stent ther-
apy in growing patients, is well documented.1,20–24 Second, and 
sometimes third, procedures are considered by some to be part of 
the tradeoff in selected high-risk and younger patients in avoid-
ance of surgery. The prevalence of this practice is unknown, but 
small and probably increasing proportions of published cohorts 
include this population of patients. Appropriate concern has been 
expressed about the use of endovascular stents in smaller patients 
with potential for somatic and aortic growth.25,26 Although stent 
redilation is considered by many to be safe and effective, its role 
in stent fracture7,10 and the limits of safe expansion beyond an 
additional 2 to 3 mm have not been well characterized.20,23,27 In 
addition, the importance of patients lost to follow-up evaluation 
and care takes on added significance when residual or growth-
related reobstruction is ensured by this approach. Forty-three 
of patients (41%) in this cohort had stents implanted at an age 
<15 years or diameters <14 mm, factors that have been associ-
ated with need for redilation owing to somatic growth,2 and 10 
patients had final minimal stent diameters of ≤11 mm. To date, 
10 patients in the present series have returned to the cardiac cath-
eterization laboratory for intended redilation of the CP stent, 3 
of whom had covered stent placement for newly identified AWI 
prior to re-expansion. Inference from this small cohort should be 
done with caution, but neither stent fracture nor new AWI has 
been observed in the short term as a result of stent redilation. The 
long-term outcome of these patients and the remaining cohort 
of patients with smaller-diameter stent implants will need to be 
followed up closely before this practice can be recommended.

Hypertension
The prevalence of systemic arterial hypertension in the general 
population varies on the basis of both genetic and modifiable risk 
factors. As a segment of this broader population, patients with a 
history of CoA are confronted with both these baseline risks and 

Figure 5. Estimated freedom from reintervention with 95% 
confidence intervals (dashed lines). One hundred ten patients 
were initiated along the study protocol. Five received covered 
Cheatham Platinum stents after predilation as a result of 
perceived aortic wall injury. One patient was lost to follow-up 
early; the remainder form the analysis cohort.

Figure 4. Aortic angiograms before (A) and after (B) Cheatham 
Platinum (CP) stent implantation for coarctation of the thoracic 
aorta. Although no aortic wall injury (AWI) was apparent at the time 
of implantation, a portion of the stent is seen protruding against the 
posterior wall of the aorta (arrow). Subsequent cardiac magnetic 
resonance imaging did not conclusively demonstrate AWI (not 
shown); however, at cardiac catheterization for intended stent 
re-expansion, an aneurysm was noted in this area (C). A covered 
CP stent was implanted (D), and the patient was transferred to the 
Coarctation of the Aorta Stent Trial II (COAST II) trial.
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En pratique: stenting dès que l’enfant a un poids suffisant pour mettre
un stent qui peut être redilaté

1

Coarctation of the aorta is a congenital heart disease that 
significantly reduces life expectancy1,2 and is associated 

with increased morbidity even years after successful repair.3,4 
With an incidence of 3 to 4 cases per 10 000 live births,5,6 aor-
tic coarctation accounts for 5% to 8% of all congenital heart 
defects and is frequently associated with other congenital heart 
disease such as bicuspid aortic valve disease.7

After the initial treatment, ongoing monitoring of patients 
is recommended by the American Heart Association and 
European Society of Cardiology to detect relapse of the 
disease, disease progression, and late complications.8,9 Key 
clinical challenges that may persist post repair include reco-
arctation, persisting arterial hypertension, exercise-induced 
hypertension, and subsequent sequelae with atherosclerosis 
and coronary artery disease as major cause of death.10–12

Two transcatheter interventions exist for treatment of 
aortic coarctation, balloon dilatation, and stenting. Balloon 

dilatation involves positioning the deflated balloon across the 
stenotic site and subsequent inflation, stretching the intimal 
and medial layers of the aorta.13,14 This mechanism bears the 
risk of damaging the aortic wall and can lead to aneurysm 
formation. Implantation of a stent across the coarcted segment 
possesses theoretical advantages compared with balloon dila-
tation, including lower risk for aortic wall injuries and more 
sustained relief of the obstruction.7,15 It is not clear whether 
these theoretical advantages hold true, particularly in the long 
term. Aortic wall injuries and restenosis were also seen in 
patients undergoing stent implantation,16 highlighting the need 
to assess the comparative effectiveness of balloon dilatation 
and stenting. Guidelines on the management of patients with 
aortic coarctation from both American Heart Association17 
and European Society of Cardiology9 do not provide rec-
ommendations on the choice of transcatheter interventions. 
Considerations regarding the effectiveness and safety of the 

Background—There is no systematic assessment of available evidence on effectiveness and comparative effectiveness of 
balloon dilatation and stenting for aortic coarctation.

Methods and Results—We systematically searched 4 online databases to identify and select relevant studies of balloon 
dilatation and stenting for aortic coarctation based on a priori criteria (PROSPERO 2014:CRD42014014418). We 
quantitatively synthesized results for each intervention from single-arm studies and obtained pooled estimates for relative 
effectiveness from pairwise and network meta-analysis of comparative studies. Our primary analysis included 15 stenting 
(423 participants) and 12 balloon dilatation studies (361 participants), including patients ≥10 years of age. Post-treatment 
blood pressure gradient reduction to ≤20 and ≤10 mm Hg was achieved in 89.5% (95% confidence interval, 83.7–95.3) 
and 66.5% (44.1–88.9%) of patients undergoing balloon dilatation, and in 99.5% (97.5–100.0%) and 93.8% (88.5–
99.1%) of patients undergoing stenting, respectively. Odds of achieving ≤20 mm Hg were lower with balloon dilatation as 
compared with stenting (odds ratio, 0.105 [0.010–0.886]). Thirty-day survival rates were comparable. Numerically more 
patients undergoing balloon dilatation experienced severe complications during admission (6.4% [2.6–10.2%]) compared 
with stenting (2.6% [0.5–4.7%]). This was supported by meta-analysis of head-to-head studies (odds ratio, 9.617 [2.654–
34.845]) and network meta-analysis (odds ratio, 16.23, 95% credible interval: 4.27–62.77) in a secondary analysis in 
patients ≥1 month of age, including 57 stenting (3397 participants) and 62 balloon dilatation studies (4331 participants).

Conclusions—Despite the limitations of the evidence base consisting predominantly of single-arm studies, our review 
indicates that stenting achieves superior immediate relief of a relevant pressure gradient compared with balloon 
dilatation.  (Circ Cardiovasc Interv. 2016;9:e003153. DOI: 10.1161/CIRCINTERVENTIONS.115.003153.)

Key Words: aneurysm ◼ angioplasty, balloon ◼ congenital ◼ meta-analysis ◼ stent
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1

Coarctation of the aorta is a congenital heart disease that 
significantly reduces life expectancy1,2 and is associated 

with increased morbidity even years after successful repair.3,4 
With an incidence of 3 to 4 cases per 10 000 live births,5,6 aor-
tic coarctation accounts for 5% to 8% of all congenital heart 
defects and is frequently associated with other congenital heart 
disease such as bicuspid aortic valve disease.7

After the initial treatment, ongoing monitoring of patients 
is recommended by the American Heart Association and 
European Society of Cardiology to detect relapse of the 
disease, disease progression, and late complications.8,9 Key 
clinical challenges that may persist post repair include reco-
arctation, persisting arterial hypertension, exercise-induced 
hypertension, and subsequent sequelae with atherosclerosis 
and coronary artery disease as major cause of death.10–12

Two transcatheter interventions exist for treatment of 
aortic coarctation, balloon dilatation, and stenting. Balloon 

dilatation involves positioning the deflated balloon across the 
stenotic site and subsequent inflation, stretching the intimal 
and medial layers of the aorta.13,14 This mechanism bears the 
risk of damaging the aortic wall and can lead to aneurysm 
formation. Implantation of a stent across the coarcted segment 
possesses theoretical advantages compared with balloon dila-
tation, including lower risk for aortic wall injuries and more 
sustained relief of the obstruction.7,15 It is not clear whether 
these theoretical advantages hold true, particularly in the long 
term. Aortic wall injuries and restenosis were also seen in 
patients undergoing stent implantation,16 highlighting the need 
to assess the comparative effectiveness of balloon dilatation 
and stenting. Guidelines on the management of patients with 
aortic coarctation from both American Heart Association17 
and European Society of Cardiology9 do not provide rec-
ommendations on the choice of transcatheter interventions. 
Considerations regarding the effectiveness and safety of the 

Background—There is no systematic assessment of available evidence on effectiveness and comparative effectiveness of 
balloon dilatation and stenting for aortic coarctation.

Methods and Results—We systematically searched 4 online databases to identify and select relevant studies of balloon 
dilatation and stenting for aortic coarctation based on a priori criteria (PROSPERO 2014:CRD42014014418). We 
quantitatively synthesized results for each intervention from single-arm studies and obtained pooled estimates for relative 
effectiveness from pairwise and network meta-analysis of comparative studies. Our primary analysis included 15 stenting 
(423 participants) and 12 balloon dilatation studies (361 participants), including patients ≥10 years of age. Post-treatment 
blood pressure gradient reduction to ≤20 and ≤10 mm Hg was achieved in 89.5% (95% confidence interval, 83.7–95.3) 
and 66.5% (44.1–88.9%) of patients undergoing balloon dilatation, and in 99.5% (97.5–100.0%) and 93.8% (88.5–
99.1%) of patients undergoing stenting, respectively. Odds of achieving ≤20 mm Hg were lower with balloon dilatation as 
compared with stenting (odds ratio, 0.105 [0.010–0.886]). Thirty-day survival rates were comparable. Numerically more 
patients undergoing balloon dilatation experienced severe complications during admission (6.4% [2.6–10.2%]) compared 
with stenting (2.6% [0.5–4.7%]). This was supported by meta-analysis of head-to-head studies (odds ratio, 9.617 [2.654–
34.845]) and network meta-analysis (odds ratio, 16.23, 95% credible interval: 4.27–62.77) in a secondary analysis in 
patients ≥1 month of age, including 57 stenting (3397 participants) and 62 balloon dilatation studies (4331 participants).

Conclusions—Despite the limitations of the evidence base consisting predominantly of single-arm studies, our review 
indicates that stenting achieves superior immediate relief of a relevant pressure gradient compared with balloon 
dilatation.  (Circ Cardiovasc Interv. 2016;9:e003153. DOI: 10.1161/CIRCINTERVENTIONS.115.003153.)
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Impact on daily practice
Coarctation stenting is an effective way to relieve the obstruc-

tion and to lower the blood pressure in the short term, with an 

acceptable complication rate. However, long-term data on its 

effect on blood pressure and on the occurrence of late compli-

cations are lacking. A prospective multicentre follow-up study 

including MRI or CT imaging may provide these clinically 

important data.
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Abstract
Aims: Stent placement as treatment for coarctation of the aorta (CoA) has become a more common choice 

in the last 20 years. Clinical results of CoA stenting are usually reported in small retrospective case series. 

This systematic review provides an overview of clinical experience with stenting for CoA.

Methods and results: A systematic review of the reports published between January 1990 and December 

2014 after stenting a CoA was performed with a focus on relief of obstruction and lowering of blood 

pressure. Study and patient characteristics were extracted, as well as pre- and post-stenting aortic diam-

eter in mm, systolic pressure gradient (SPG) and pre- and post-stenting systolic blood pressure (mmHg), 

periprocedural and follow-up complications. Forty-five articles met the inclusion criteria. Three outcomes 

were extracted from the articles - aortic diameter, systolic pressure gradient and blood pressure. Diameter 

increased from 6.4 mm (5.6, 7.3) to 15.1 mm (14.5, 15.7), pressure gradients decreased from 40 mmHg 

(35, 42) to 4 mmHg (3, 5) and systolic blood pressure decreased from 153 mmHg (148, 158) to 132 mmHg 

(127, 136). Stent migration was the most common periprocedural complication (2.4%), and mortality was 

low (0.4%).

Conclusions: Stenting is an effective treatment with regard to immediate relief of obstruction and direct 

lowering effect on blood pressure. However, there is a lack of evidence regarding late effectiveness con-

cerning durable blood pressure lowering, and limited information on periprocedural and late complications. 

This observation calls for a systematic and longer prospective follow-up of patients after CoA stenting. 

KEYWORDS

• coarctation of the 

aorta

• congenital heart 

disease

• stent

• systematic review
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Considerable heterogeneity was observed, as evidenced by an I2 
test for all variables of at least 88%. Therefore, no further analy-
sis of subgroups was attempted. Visual examination of the Begg’s 
funnel plots suggested no publication bias.

Table 3 shows periprocedural complications and complications 
during follow-up.

Discussion
This systematic review provides an overview of the effectiveness 
of CoA stenting in older children and adults in contemporary clini-
cal practice. It illustrates that CoA stenting results in significant 
relief of aortic obstruction early after the procedure, as evidenced 

by an increase in CoA diameter, and a decrease in systolic blood 
pressure and systolic peak gradient. The complication rate is 
low. In this respect, CoA stenting is indeed effective and safe. 
Unfortunately, since long-term follow-up data on clinical effec-
tiveness are still lacking, we were unable to provide a systematic 
review and meta-analysis of the long-term effect of CoA stenting 
on systolic blood pressure.

FOLLOW-UP BLOOD PRESSURE

The main goal of coarctation stenting is relief of arterial hyper-
tension with a consequent reduction of left ventricular after-
load. However, even after successful relief of the obstruction, 

Exclusion criteria:
} Study design (490)

– review (72)
– case report (297)
– statement (11)
– overview (51)
– editorial (46)
– book (9)
– guidelines (4)

} Irrelevant subject (336)
– only complications (71)
– no measurement of outcome (diameter, SPG or 

blood pressure) (179)
– specific patient characteristics (congenital 

diseases, pregnancies or syndromes) (81)
– redilation of stents (5)

} Age (96)
– neonates (45)
– patient with age <6 or mean age <10 (51)

} <6 patients (24)
} Not available (10)
} Not English (21)
} Conference abstract (56)
} Incorrect data description (10)
} Overlap with other studies (2)

1,071 articles PubMed & Embase
search 01.11.1990-10.12.2014

Exclusion by title and abstract
screening (n=941)

130 articles full text screening

Exclusion by full text screening
(n=85)

Included: 45

Figure 1. Overview of the systematic review.
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EDITORIAL COMMENT

Covered Stents for
Coarctation of the Aorta
Treating the Interventionalist or the Patient?*

Ziyad M. Hijazi, MD, MPH,
Damien P. Kenny, MB, MD

Chicago, Illinois

Interventionalists treating congenital heart lesions are
constantly faced with challenging therapeutic decisions, often
without randomized trials to support one approach over the
other. Indeed, detailed outcome data, particularly outside
of the United States, may lag behind the availability of a
particular device or stent, and therefore, application of a
procedure may be based on rational thought and evolving
clinical experience rather than on published trials. This is
certainly the case with the use of covered stents for endo-
vascular treatment of coarctation of the aorta (CoA). Ther-
apeutic options for native CoA in adults have evolved from
surgical correction through balloon angioplasty in the early
1980s to stent implantation in the 1990s. Concerns regarding
the potential for aortic wall trauma with endovascular arte-
rioplasty evolved following reports describing high aneurysm
rates (7% to 20%) (1,2). Although reported rates of aortic wall
injury with stenting are significantly lower (0% to 4%) (3–5),
scattered reports of aortic wall rupture following stenting

(6,7) have led to the perception that covered stents mitigate
against this, despite the fact that aortic wall disruption
following covered stent implantation has also been reported
(8,9). Therefore, outside of the United States and due to easy
availability, there is a move toward elective use of covered
stents for most aortic coarctation because of the perception
that this is safer for the patient. However, large studies
assessing the outcomes with bare-metal stents have demon-
strated excellent safety profiles. The largest of these studies
demonstrated aortic dissection in 9 of 565 procedures (1.6%)
(5). In general, acute aortic wall injury (3.9%) was

significantly more common in those who underwent pre-
stent balloon angioplasty (odds ratio [OR]: 4.2) and patients
over 40 years of age (OR: 2.95). A follow-up study from the
same group evaluating aneurysm formation with post-pro-
cedural imaging (albeit in only 27% of the cohort) confirmed
the deleterious impact of pre-stent angioplasty (10). Age at
stent implantation in this study was not found to be signifi-
cantly associated with aortic wall injury; however, abnor-
malities increased with a balloon/CoA ratio !3.5 (OR: 1.5).
More contemporary studies with complete follow-up imag-
ing have reported lower indexes of aortic wall injury (0% to
1%) (3,4). Recently, the COAST (Coarctation of the Aorta
Stent Trial) (11) reported on 105 patients with a median age
of 16 years who underwent implantation of a bare-metal
Cheatham-Platinum stent (NuMed Inc., Hopkinton, New
York) for native or recurrent coarctation through 19 centers
in the United States. Of 167 patients screened, 122 partici-
pants had a stent implanted, 17 (14%) of whom had a covered
stent (available under emergency use protocol) due to pre-
existing aortic wall injury, near atresia of the aorta, or phy-
sician preference. Indeed, 4 patients were found to have a
small aortic aneurysm after compliance testing with subse-
quent implantation of a covered stent, which raises further
questions about the risk/benefit ratio of compliance testing
in this setting. Of the 105 bare-metal implants, 1 patient
(1%) developed a localized dissection after stenting that was
not seen with computed tomography the following day,
suggesting that the injury had healed. These studies support
the use of bare-metal stenting for the majority of patients
with CoA, with covered stents reserved for those deemed
to be high risk or with pre-existing aneurysm formation.
The definition of high risk is somewhat empiric but has
evolved from previous reports (5,8,10) and included older
patients (age >40 years), patients with Turner syndrome,
and those with near atresia of the aorta. Hence, variance
of opinion still exists with regard to the place for covered
stents in the setting of endovascular treatment of CoA
with the spectrum ranging from elective use in all patients
to bailout use with aortic wall injury following bare-metal
stenting.

In this issue of JACC: Cardiovascular Interventions, Soh-
rabi et al. (12) contribute significantly to the debate
regarding choice of appropriate stent type in adult pati-
ents with native CoA. This is the first randomized trial
addressing the use of bare and covered stents for the treat-
ment of CoA. They report acute and medium-term results
from 120 patients with a median age of 23.6 years, ran-
domized to receive either bare-metal or covered Cheatham-
Platinum stents. The majority of patients had severe CoA
with mean coarctation diameters of 3.3 mm in both cohorts
(similar measurements in COAST were 7.9 mm). The
protocol outlined an aggressive single-step dilation strategy
with no limitation placed in relation to balloon/CoA ratio
and a goal to achieve dilation up to the diameter of the

See page 416

*Editorials published in JACC: Cardiovascular Interventions reflect the views of
the authors and do not necessarily represent the views of JACC: Cardiovascular
Interventions or the American College of Cardiology.

From the Rush Center for Congenital and Structural Heart Disease, Rush Uni-
versity Medical Center, Chicago, Illinois. Dr. Hijazi has provided consulting services
to NuMed Inc. Dr. Kenny has reported that he has no relationships relevant to the
contents of this paper to disclose.
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Comparison Between Covered and
Bare Cheatham-Platinum Stents for
Endovascular Treatment of Patients With
Native Post-Ductal Aortic Coarctation
Immediate and Intermediate-Term Results

Bahram Sohrabi, MD,* Peiman Jamshidi, MD,*y Alireza Yaghoubi, MD,*
Afshin Habibzadeh, MD,* Yashar Hashemi-aghdam, MD,z Araz Moin, MD,z
Babak Kazemi, MD,* Samad Ghaffari, MD,* Mohammad Reza Abdolahzadeh Baghayi, MD,*
Khalil Mahmoody, MDx

Tabriz and Zanjan, Iran; and Lucerne, Switzerland

Objectives This study sought to evaluate the outcomes of endovascular treatment with covered
versus bare Cheatham-platinum stents (NuMed, Hopkinton, New York) in coarctation of aorta (CoA)
patients.

Background Covered stenting has been newly recognized as a useful therapeutic method for patients
with native CoA, but there has been no study comparing the use of covered stents with bare stents for
treating CoA.

Methods In this randomized clinical trial, 120 patients with a mean age of 23.60 ! 10.99 years (range
12 to 58 years, 79 men), with post-ductal, short-segment, severe native CoA underwent implantation of
bare Cheatham-Platinum (bCP) (n ¼ 60) or covered Cheatham-Platinum (cCP) (n ¼ 60) stents. Patients
were followed clinically at 1, 3, 6, and 12 months after the stenting and yearly thereafter. During
follow-up, multislice computed tomography (64 slices) was scheduled to assess any complications.

Results The procedural success rate was 100% in both groups. Patients were followed for 31.1 !
19.2 months. Although recoarctation was seen only in the bCP group during follow-up, the difference
between groups did not reach statistical significance (6.7% vs. 0%; p¼ NS). Two cases of pseudoaneurysm
(3.3%) occurred in the cCP group, but none was observed in the bCP group (p ¼ NS). Normotensive
status significantly increased during follow-up in both groups (from 15% to 73.3% in the bCP group
and 16.7% to 78.3% in the cCP group, p < 0.001 for each group and not significant between groups).

Conclusions Implanting bCP and cCP stents have very high success rates with remarkable
hemodynamic effects in severe native CoA patients. Patients undergoing cCP stent implantation
experienced a nonsignificantly lower recoarctation rate and a higher occurrence of pseudoaneurysm
formation with respect to bCP stenting during follow-up. These findings indicate that CoA stenting
is a safe procedure. (Endovascular Stenting With Covered CP Stent Compared With Bare CP Stent
for Adult Patients With Coarctation: The Initial and Intermediate-Term Follow-Up Results;
IRCT201012045311N1) (J Am Coll Cardiol Intv 2014;7:416–23) ª 2014 by the American College
of Cardiology Foundation

From the *Department of Cardiology, Cardiovascular Research Center, Tabriz University of Medical Sciences, Tabriz, Iran;
yDepartment of Cardiology, Kantonsspital Lucerne, Lucerne, Switzerland; zYoung Researchers Club, Tabriz Islamic Azad Uni-
versity of Medical Sciences, Tabriz, Iran; and the xDepartment of Cardiology, Zanjan University of Medical Sciences, Zanjan, Iran.
This research was financially supported by Vice Chancellor for Research, Tabriz University of Medical Sciences. The authors have
reported that they have no relationships relevant to the contents of this paper to disclose.

Manuscript received June 2, 2013; revised manuscript received November 11, 2013, accepted November 21, 2013.

J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 7 , N O . 4 , 2 0 1 4

ª 2 0 1 4 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N I S S N 1 9 3 6 - 8 7 9 8 / $ 3 6 . 0 0

P U B L I S H E D B Y E L S E V I E R I N C . h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 / j . j c i n . 2 0 1 3 . 1 1 . 0 1 8

Patients à haut risque uniquement 
Patients >40 ans 

Quasi interruption 
Turner

complication, post-CoA syndrome, or death during the
procedure.

Mean systolic and diastolic BP were significantly reduced in
both groups immediately after the procedure and at 1 month,
3 months, and the end of follow-up from values before
intervention (p < 0.001) (Fig. 3). There were no significant
differences between groups in the mean systolic and diastolic
BP values before and during the follow-up period (p ¼ NS).

Overall, 101 (84.16%) patients (51 in the bCP and 50
in the cCP group) were on antihypertensive medications
before intervention; this was significantly reduced to 29
(24.16%) patients (16 in the bCP and 13 in the cCP group)
during the follow-up (p < 0.001). There was no significant
difference between bCP and cCP in normotensive patients
before (15% vs. 16.7%) and after (73.3% vs. 78.3%) inter-
vention (p ¼ NS); however, in both groups, it was

significantly increased during follow-up (both p < 0.001).
At the last assessment session, 6 patients continued their
antihypertensive drugs with the same dosage; the dosage was
reduced in 24 and discontinued in 50 patients due to the
normalization of the BP.

There was no difference between groups in duration of
hospitalization (3.44 " 2.41 days in the bCP group vs. 3.05
" 0.93 days in the cCP group; p ¼ NS). Table 4 demon-
strates the clinical findings during the follow-up in both
groups. Occurrence of recoarctation was seen only in the
bCP group during follow-up, but the difference between
groups with respect to this complication was not statistically
significant (6.7% vs. 0%; p ¼ NS). The recoarctation cases
included 2 female and 2 male patients (ages 12, 15, 30, and
48 years). All recoarctation cases occurred between 6 and 12
months after stent implantation. They were treated
with covered stents and had no recurrence or complications
during follow-up.

Although more pseudoaneurysm formation was seen with
cCP stenting (0% vs. 3.3%), the difference between groups
was not significant (Table 4). Pseudoaneurysms occurred in
the 12- and 21-year-old patients, 30 and 40 days after initial
stenting (Fig. 4). The presentation of both of these pati-
ents was severe back pain, and immediate CT angiography
showed pseudoaneurysm formation just proximal to the
implanted covered stent. Re-evaluation of the first procedure
revealed prolonged and multiple attempts with different
kinds of guidewires including Terumo hydrophilic wires, in
both patients. The pseudoaneurysms were treated success-
fully with another cCP stent implantation along the previous
stent. They had no other complaints during the follow-up.

Only 1 patient died during follow-up (Table 4), which
was a 20-year-old woman in the bCP stent group, and her
death was not related to the procedure. The patient became
pregnant during follow-up and had successful delivery
12 months after initial stenting. The death occurred
3 months after delivery because of severe heart failure due
to peripartum cardiomyopathy.

Our patients comprised 51 adolescents (#18 years of age)
and 69 adults (>18 years of age). Comparing the clinical
findings during the follow-up between the adolescents and
adults (Table 5), there were no significant differences bet-
ween groups.

Figure 3. Significant Reduction in Mean SBP and DBP Immediately After
the Procedure and at 1 and 3 Months and at the End of the Follow-Up

Significant reduction in mean systolic blood pressure (SBP) (A) and diastolic
blood pressure (DBP) (B) immediately after and at 1 month, 3 months, and
end of the follow-up period is shown. There is no significant difference
between treatment groups.

Table 4. Clinical Findings During Follow-Up Between Groups

Bare CP
(n ¼ 60)

Covered CP
(n ¼ 60) p Value

Recurrent coarctation 4 (6.7) 0 (0) NS

Pseudoaneurysm in aortic segment
at 12-month follow-up

0 2 (3.3) NS

Total mortality 1 (1.7) 0 NS

Values are n (%).

Abbreviations as in Table 2.
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Aortic elasticity after aortic coarctation
relief: comparison of surgical and
interventional therapy by cardiovascular
magnetic resonance imaging
Theresa Pieper1, Heiner Latus2, Dietmar Schranz1, Joachim Kreuder1, Bettina Reich1, Kerstin Gummel1,
Helge Hudel3 and Inga Voges4*

Abstract

Background: Patients after aortic coarctation (CoA) repair show impaired aortic bioelasticity and altered left
ventricular (LV) mechanics, predisposing diastolic dysfunction. Our purpose was to assess aortic bioelasticity and LV
properties in CoA patients who underwent endovascular stenting or surgery using cardiovascular magnetic
resonance (CMR) imaging.

Methods: Fifty CoA patients (20.5 ± 9.5 years) were examined by 3-Tesla CMR. Eighteen patients had previous stent
implantation and 32 had surgical repair. We performed volumetric analysis of both ventricles (LV, RV) and left atrium
(LA) to measure biventricular volumes, ejection fractions, left atrial (LA) volumes, and functional parameters
(LAEFPassive, LAEFContractile, LAEFReservoir). Aortic distensibility and pulse wave velocity (PWV) were assessed. Native T1
mapping was applied to examine LV tissue properties. In twelve patients post-contrast T1 mapping was performed.

Results: LV, RV and LA parameters did not differ between the surgical and stent group. There was also no
significant difference for aortic distensibility, PWV and T1 relaxation times. Aortic root distensibility correlated
negatively with age, BMI, BSA and weight (p < 0.001). Native T1 values correlated negatively with age, weight, BSA
and BMI (p < 0.001). Lower post-contrast T1 values were associated with lower aortic arch distensibility and higher
aortic arch PWV (p < 0.001).

Conclusions: CoA patients after surgery or stent implantation did not show significant difference of aortic elasticity.
Thus, presumably other factors like intrinsic aortic abnormalities might have a greater impact on aortic elasticity
than the approach of repair. Interestingly, our data suggest that native T1 values are influenced by demographic
characteristics.

Keywords: Coarctation of the aorta, Cardiovascular magnetic resonance imaging, Aortic elasticity, Endovascular
stent implantation, T1 mapping
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Background
Surgical repair of coarctation of the aorta (CoA) was first
performed in 1944 and the techniques have evolved over
time with the today preferred surgical method of an
end-to-end anastomosis [1]. In addition, there have been
significant advances in transcatheter therapies including
endovascular stent implantation [2, 3].
Nowadays, early CoA treatment is recommended, and

it has been shown that this minimizes the risk of long-
term complications such as arterial hypertension [4, 5].
However, more recent reports show, that patients after
CoA repair are still at risk for long-term complications,
in addition to the aforementioned, in particular in-
creased aortic stiffness and left ventricular (LV) diastolic
dysfunction [6–8]. Nevertheless, these studies mainly in-
cluded patients after surgical treatment. Stent implant-
ation can alter the compliance of the vessel [9], however,
data of CoA patients who underwent stent implantation
are rare. Babu-Narayan et al. has shown improved aortic
distensibility after stenting [10]. Another recent study
found no difference in aortic stiffness and endothelial
function between CoA patients who were treated with
surgery, balloon dilation, or stent implantation [11].
Cardiovascular magnetic resonance (CMR) imaging is

commonly used in the long-term follow-up of CoA pa-
tients [12]. CMR is typically performed to assess aortic
anatomy and ventricular size and function but also en-
ables to measure aortic bioelasticity parameters [8] and
to characterise myocardial tissue properties [13]. T1
mapping with calculation of the extracellular volume
(ECV) is a newer CMR technique enabling to diagnose
diffuse myocardial fibrosis and interstitial myocardial
disease [13, 14]. Puntmann et al. have demonstrated a
relationship between aortic stiffness, aging and increased
interstitial myocardial fibrosis, respectively [15] but de-
tailed data for CoA patients are not available.
We hypothesized that patients who underwent endo-

vascular stent implantation have different aortic elastic
and LV functional properties compared to patients who
underwent surgical CoA repair. This prospective CMR
imaging study aimed to examine aortic elasticity
markers, LV functional parameters and LV myocardial
tissue properties in patients after endovascular stent im-
plantation and compared them with a group of patients
who had surgical CoA repair.

Methods
Study population
Fifty patients with isolated CoA (median age 19.3 years,
range 4–40 years), who were treated at the Paediatric
Heart Center, University Hospital of Giessen and Mar-
burg and who were scheduled for a routine CMR study,
were included in this study. The patients were divided
into two groups: 1) 32 had surgical CoA repair (29 end-

to-end anastomosis, 1 subclavian flap repair, 1 isthmus
plastic with equine pericardial patch, 1 Dacron graft)
and 2) 18 patients underwent endovascular stent im-
plantation. Eight of them had previous surgical repair (5
end-to-end anastomosis, 1 end-to-side anastomosis, 1
subclavian flap repair, 1 isthmus plastic) but developed
re-coarctation requiring further intervention. Balloon
angioplasty of the aortic isthmus was performed in 8 pa-
tients in the surgical group. Four of them had balloon
angioplasty before surgery. In the stent group 10 patients
underwent balloon angioplasty. Three of them had bal-
loon angioplasty prior to stent implantation, one patient
underwent balloon angioplasty before and after stent im-
plantation and 6 patients underwent balloon angioplasty
only after stent implantation.
Patients were excluded, if: a) they had moderate or se-

vere aortic (mean pressure drop ≥25mmHg) and mitral
valve stenosis (mean pressure drop ≥5mmHg), b) they
had moderate or severe aortic (regurgitant fraction
≥20%) and mitral valve insufficiency (regurgitant fraction
≥20%), and c) they presented with a doppler gradient ≥3
m/s in the aortic isthmus and showed a blood pressure
gradient ≥20mmHg between upper and lower extrem-
ities. In addition, we excluded patients with other con-
traindications to CMR.
In one patient, who underwent CMR for clinical rea-

sons, sedation was performed using propofol and mid-
azolam. Electrocardiogram and blood pressure were
monitored during all studies using a CMR compatible
monitoring system with a cuff placed around the right
arm (PrecessTM, Invivo, Florida, USA). Additional oxy-
gen saturation was measured if necessary clinically.
In children (patients < 18 years) blood pressure per-

centiles were calculated using the fourth report from the
National High Blood Pressure Education Program,
Working Group on Children and Adolescents from the
US National Institutes of Health [16]. In adults (patients
≥18 years) arterial hypertension was defined using the
2013 guidelines from the task force for the management
of arterial hypertension of the European Society of
Hypertension and the European Society of Cardiology
[17].

CMR image acquisition
All patients underwent 3-Tesla-CMR (Magnetom® Verio,
software version syngo, MR B 17, Siemens Healthcare
GmbH, Erlangen, Germany) using two 16-channel
phased array coils. Axial and sagittal gradient echo cine
images were acquired to cover the entire aorta, to meas-
ure aortic cross-sectional areas for distensibility assess-
ment and to measure left atrial (LA) volumes [8]. The
sequence parameters were as follows: field of view
(FOV) 16 to 36 cm, repetition time (TR)/ echo time (TE)
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five patients. Three of those patients were treated for ar-
terial hypertension. The arm-leg systolic blood pressure
difference was for all patients 4.6 mmHg and there was
no difference between the two groups.

Aortic dimensions, distensibility and PWV
Aortic cross-sectional areas at all six positions did not
differ between patients who had surgical CoA repair and
patients who underwent stent implantation (aortic root:
354 mm2/m2 vs. 399 mm2/m2; AAo: 301 mm2/m2 vs.
294 mm2/m2; aortic arch: 177 mm2/m2 vs. 178 mm2/m2,
aortic isthmus: 149 mm2/m2 vs. 155 mm2/m2; proximal
DAo: 159 mm2/m2 vs. 149 mm2/m2; DAo at diaphragm:
159 mm2/m2 vs. 146 mm2/m2; p = 0.26–0.98).
There were also no significant differences in thoracic

aortic distensibility as well as aortic arch and DAo PWV
between the two study groups (Table 2). Aortic root dis-
tensibility correlated negatively with age (r = − 0.5), body
mass index (r = − 0.5), body surface area (r = − 0.6), and
weight (r = − 0.6), respectively (all p < 0.001, Fig. 1).
Compared to own normal values for patients until 30

years of age [24], in 20% (n = 8) ascending aortic disten-
sibility was below the 5th centile. Distensibility of the
DAo at diaphragm level was below the 5th centile in 7
patients (17%). Distensibility of the aortic arch was
below the 5th centile in 17 patients (41%). In 32% of pa-
tients (n = 13) aortic arch PWV was above the 95th cen-
tile for healthy controls.
Measurements of aortic diameters were found to be

substantially reproducible in a previous study from one

of our authors [20]. Furthermore, excellent interobserver
correlation was found for calculation of pulse wave vel-
ocities by another group [25].

LV systolic and diastolic function
LVEDV and LVSV were lower in the surgical group
compared to the stent group (Table 2). There was no
significant difference between both groups for LVESV,
LVEF, LVmass, RVEDV, RVESV, RVEF and RVmass
(Table 2).
LA volumes were lower in patients who underwent

surgery. However, after correction of p-values after mul-
tiple comparisons testing there was no statistical differ-
ence between the study groups (Table 2). LAmax trended
lower in CoA patients after surgical repair. Similarly,
there were no significant differences in LA functional
parameters between the study groups (Table 2).
No correlations were found between ventricular func-

tional and aortic elasticity (distensibility, PWV)
parameters.

T1 mapping
Average native T1 values correlated significantly with
age, weight, BMI and BSA (p < 0.001, Fig. 2) and post-
contrast T1 times correlated with distensibility and
PWV (distensibility, r = 0.66, p < 0.05; PWV, r = − 0.71;
p < 0.05).
There were no significant differences for native aver-

age and native T1 values per slice as well as mid-septal
T1 values between both study groups (Table 3).

Table 1 Group characteristics
Measurements All,

N = 50
Surgery,
N = 32

Stent,
N = 18

p-value

Age at treatment (years) 1.5 (0.0–24.5) 0.4 (0.0–12.6) 6.7 (0.0–24.5) 0.04

Years after treatment 13.2 (0.7–38.7) 17.2 (4–35) 6.6 (0.7–38.7) 0.05

Age at CMR (years) 20.5 ± 9.5 20.5 ± 9.7 20.5 ± 9.5 0.99

Weight (kg) 60.7 ± 22.7 59.9 ± 24.0 61.9 ± 20.8 0.8

Height (cm) 166.0 (111–195) 167.0 (111–195) 166.0 (118–190) 0.86

BMI (kg/m2) 21.6 ± 5.2 21.4 ± 4.7 22.0 ± 6.3 0.73

BSA (m2) 1.7 ± 0.4 1.6 ± 0.4 1.7 ± 0.3 0.7

Diastolic BP (mmHg) 63.1 ± 9.4 62.7 ± 9.4 64.0 ± 9.7 0.65

Systolic BP (mmHg) 117.0 (90.0–165.0) 115.5 (90.0–165.0) 118.5 (96.0–147.0) 0.07

Pulse pressure (mmHg) 55.5 ± 12.5 53.8 ± 12.9 58.5 ± 11.6 0.20

Heart rate (b/min) 74.0 (48.0–110.0) 74.0 (48.0–110.0) 71.5(51.0–91.0) 0.27

Medication

- ACE inhibitor (n) 2 1 1

- ARB ((n) 16 9 7

- Betablocker (n) 12 6 6

- ASA (n) 1 0 1

ACE Angiotensin converting enzyme inhibitor, ARB Angiotensin receptor blocker, ASA Acetylsalicylic acid, BMI Body mass index, BSA Body surface area, CMR
Cardiovascular magnetic resonance, BP Blood pressure
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Post-contrast T1 times and ECV were measured only
in a subgroup of patients (n = 12). There was no differ-
ence for post-contrast T1 times and ECV between the
surgical and stent group (Table 3).

Discussion
Impaired aortic bioelasticity and altered LV mechanical
properties have been found in adults and even children
after surgical CoA repair, but only few data have been
collected so far for CoA patients who underwent endo-
vascular stent implantation. This study compared thor-
acic aortic elasticity and LV functional parameters as

well as LV myocardial T1 times between CoA patients
that were treated either by surgery or catheter interven-
tion. Our data did not demonstrate differences for aortic
elasticity, LV function and myocardial T1 times. Our
study also adds to the current literature that native T1
times in children and young adults are associated with
demographic parameters.

Aortic dimensions, distensibility and PWV
Our study did not show differences in aortic dimensions,
aortic distensibility and aortic PWV between the two
study groups. Compared to healthy controls, many of

Table 2 Comparison of CMR measurements in patients with surgical repair and endovascular stent implantation
CMR data Surgery, N = 32 Stent, N = 18 p-value CI (95)a

LVEDVi (ml/m2) 73.5 (55.4–102.3) 78.7 (60.8–129.6) 0.04 − 13.8 - -0.06

LVESVi (ml/m2) 26.3 (18.2–37.6) 26.5 (20.0–51.7) 0.41 −6.62 – 2.22

LVSVi (ml/m2) 46.7 (35.1–70.6) 51.7 (36.6–77.9) 0.03 − 9.42 - -0.98

LVEF (%) 64.3 (55.1–75.9) 65.9 (56.1–70.7) 0.64 −3.62 – 2.63

LVmass index (g/m2) 57.7 (31.8–75.8) 60.2 (28.1–116.5) 0.23 −17.6 – 3.19

RVEDVi (ml/m2) 74.0 (51.7–109.8) 75.8 (55.4–111.4) 0.59 −8.73 – 5.62

RVESVi (ml/m2) 28.7 (17.1–55.4) 30.9 (19.3–48.2) 0.92 − 5.05 – 5.65

RVSVi (ml/m2) 43.4 (26.5–68.4) 47.3 (9.8–68.5) 0.21 − 7.82 – 3.15

RVEF (%) 60.9 (34.3–69.9) 61.3 (16.9–73.3) 0.59 −5.63 – 3.41

RVmass index (g/m2) 22.1 (15.1–59.1) 24.9 (14.0–51.2) 0.51 − 5.09 – 2.67

LAmax (ml/m2) 30.8 ± 8.7 35.5 ± 7.2 0.06 −9.61 – 0.26

LAmin (ml/m2) 17.0 ± 6.0 19.0 ± 5.7 0.27 −5.52 – 1.60

LAac (ml/m2) 21.8 ± 6.4 22.9 ± 5.1 0.54 −4,70 – 2.49

LAtotemp (ml/m2) 13.8 ± 5.5 16.5 ± 5.0 0.1 − 5.93 – 0.50

LApassemp (ml/m2) 9.0 ± 4.1 12.5 ± 3.9 0.01 −6.04 – − 1.09

LAcontractile (ml/m2) 4.8 ± 2.9 4.0 ± 4.6 0.43 −1.28 – 2.98

LAEFreserve (%) 43.9 ± 12.7 46.6 ± 12.3 0.48 − 10.3 – 4.89

LAEFpassiv (%) 28.2 ± 10.6 35.2 ± 7.5 0.02 −12.8 – − 1.16

LAEFcontractile (%) 47.6 ± 20.7 48.1 ± 18.3 0.93 − 12.6 – 11.51

Distensibility (10− 3 mmHg− 1)

- Aortic root 4.9 ± 2.6 5.4 ± 3.7 0.64 −2.23 – 1.37

- AAo 6.8 ± 4.7 6.0 ± 3.2 0.51 −1.68 – 3.33

- Aortic arch 6.0 ± 3.0 6.2 ± 2.7 0.80 −1.92 – 1.49

- Isthmus 5.1 ± 3.3 4.8 ± 2.6 0.84 − 1.63 – 1.99

- Proximal DAo 5.0 ± 2.5 5.0 ± 2.1 0.89 − 1.31 – 1.50

- DAo at diaphragm 7.4 ± 3.9 6.3 ± 2.5 0.28 − 0.92 – 3.13

PWV (m/s)2

- Aortic arch 3.8 (2.0–10.0) 4.2 (1.9–7.7) 0.63

- DAo 4.4 (2.5–107.3) 4.4 (3.3–14.0) 0.34

Values are mean ± standard deviation or median with range. P values of < 0.005 were indicated as statistically significant
AAo Ascending aorta, CI Confidence interval, Dao Descending aorta, LV Left ventricle, LVEF Left ventricular ejection fraction, LVSVi Left ventricular stroke volume
index, LVEDVi Left ventricular end-diastolic volume index, LVESVi Left ventricular end-systolic volume index, LAmax Maximal left atrial volume, LAmin Minimal left
atrial volume, LAac left atrial volume just before atrial contraction, LAcontr LA contractile volume, LAEFContractile Left atrial contractile emptying function, LAEFPassive
Left atrial passive emptying function, LAEFReservoir Left atrial reservoir emptying function, LApassemp LA passive emptying volume, PWV Pulse wave velocity, LAtotemp

LA total emptying volume, RV Right ventricle
aConfidence intervals are based on the Hodges-Lehman method [23 ]
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influence on aortic elasticity and that intrinsic aortic wall
abnormalities might be mainly responsible for impaired
aortic elasticity [32].

LV function
No significant differences between the study groups for LV
systolic and diastolic functional parameters were found.
Using echocardiography, other groups have shown that

LV diastolic dysfunction is common after CoA repair in
both hypertensive and normotensive patient and may be
related to chronically increased aortic stiffness [6, 7].

Voges et al. demonstrated that reduced LA functional
parameters correlate with increased aortic arch stiffness
in repaired CoA patients and that arterial stiffness is not
limited to the aorta suggesting that CoA is a systemic
disease [8].
In this study we compared two different treatment

groups. Patients who underwent stent implantation were
older at the time of intervention and had a shorter
follow-up duration. Furthermore, 8 patients who under-
went stent implantation had prior surgical repair. Al-
though we did not find a relationship between age at the

Fig. 2 Relationship between native T1 values and anthropometric characteristics

Table 3 Native and postcontrast T1 relaxation times (in ms)
T1 times Surgery, N = 32 Stent, N = 18 p-value CI (95)a

Native T1 values

- Mid-septum 1238.0 (1172.1–1301.7) 1240.9 (828.5–1317.2) 0.94 − 32.8 – 29.9

Average native T1 1262.5 (1206.1–1426.5) 1284.4 (1213.1–1422.1) 0.85 −54.17 – 34.93

Post-contrast T1 values

- Mid-septum 393.4 (285.5–454.3) 441.1 (311.1–597.0) 0.18 − 174 – 28.3

Average post-contrast T1 390.3 (244.5–443.4) 430.5 (311.1–598.7) 0.13 − 192 – 34.5

ECV (%) 39.8 (36.2–63.1) 33.2 (25.0–41.1) 0.41 −44.0 – 43.7

Values are median with range. P values of < 0.005 were indicated as statistically significant
CI Confidence interval, ECV Extracellular volume fraction
aConfidence intervals are based on the Hodges-Lehman method [23 ]
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Fig. 3 Stent implantation in hypoplastic aortic arch. An 18-
year-old female with a history of coarctation of the aorta, for
which she underwent surgical coarctation repair (end-to-end
anastomosis) as an infant. At the age of seven a CP stent
was implanted for re-coarctation. Since she remained hy-
pertensive in the presence of a narrow aortic arch, an ev3
Mega LD stent was implanted in the aortic arch. a,c,d,f Three-

dimensional reconstructionsmade from three-dimensional an-
giography data. a Lateral view before stent implantation.
dCranial view before stent implantation. b and eConventional
two-dimensional fluoroscopy images showing stent implanta-
tion. c Lateral view after stent implantation. fCranial view after
stent implantation

and after stent implantation, which resulted in miss-
ing data. Second, the population size of this study
was quite small. Third, very incomplete data on 24-
hour ambulatory blood pressure measurements were
available. It is well known that this is a more reli-
able technique than office blood pressure measure-
ment and gives a more comprehensive assessment of
the patient’s blood pressure [27, 28]. Finally, although
blood pressure response to exercise would have been
an interesting parameter to examine, only a limited
number of patients underwent exercise testing. Data
on blood pressure response to exercise were therefore
omitted.

Conclusion

The present analysis shows that stenting of the aortic
arch is successful when carried out in a state-of-the-
art manner. It may lead to improved clinical outcome
for this specific patient subset with abnormal aortic
arch anatomy or morphology. Stent placement in
our cohort achieved a direct optimal angiographic
and haemodynamic result. No major complications
occurred during or after the procedure. At short-
to medium-term follow-up a significant decrease in
systolic blood pressure was observed, combined with

a parallel decrease in the use of antihypertensive
medication.

Funding This research received no grant from any funding
agency in the public, commercial or not-for-profit sectors.

Conflict of interest E.G. Warmerdam, G.J. Krings, T.A. Meijs,
A.C. Franken, B.W. Driesen, G.T. Sieswerda, F.J. Meijboom,
P.A.F. Doevendans, M.M.C. Molenschot and M. Voskuil de-
clare that they have no competing interests.

Open Access This article is distributed under the terms of
the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the origi-
nal author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Ringel RE,GauvreauK,MosesH, Jenkins KJ. Coarctation of
the Aorta Stent Trial (COAST): study design and rationale.
AmHeartJ.2012;164:7–13.

2. HamidT,MotwaniM,SchneiderH,etal. Benefitofendovas-
cular stenting for aortic coarctation on systemic hyperten-
sioninadults. ArchCardiovascDis. 2015;108:626–33.

Safety and efficacy of stenting for aortic arch hypoplasia in patients with coarctation of the aorta

Original Article

Neth Heart J
https://doi.org/10.1007/s12471-019-01353-5

Safety and efficacy of stenting for aortic arch hypoplasia in
patients with coarctation of the aorta

E. G. Warmerdam · G. J. Krings · T. A. Meijs · A. C. Franken · B. W. Driesen · G. T. Sieswerda · F. J. Meijboom ·
P. A. F. Doevendans · M. M. C. Molenschot · M. Voskuil

© The Author(s) 2019

Abstract
Background Despite a successful repair procedure for
coarctation of the aorta (CoA), up to two-thirds of
patients remain hypertensive. CoA is often seen in
combination with abnormal aortic arch anatomy and
morphology. This might be a substrate for persistent
hypertension. Therefore, we performed endovascu-
lar aortic arch stent placement in patients with CoA
and concomitant aortic arch hypoplasia or gothic arch
morphology. The goal of this retrospective analysis
was to investigate the safety and efficacy of aortic arch
stenting.
Methods A retrospective analysis was performed in
patients who underwent stenting of the aortic arch at
the University Medical Center Utrecht. Measurements
collected included office blood pressure, use of anti-
hypertensive medication, invasive peak-to-peak sys-
tolic pressure over the arch, and aortic diameters on
three-dimensional angiography. Data on follow-up
were obtained at the date of most recent outpatient
visit.
Results Twelve patients underwent stenting of the aor-
tic arch. Mean follow-up duration was 14± 11 months.
Mean peak-to-peak gradient across the arch de-
creased from 39± 13mmHg to 7± 8mmHg directly
after stenting (p<0.001). There were no major pro-
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cedural complications. Mean systolic blood pres-
sure decreased from 145± 16mmHg at baseline to
128± 9mmHg at latest follow-up (p=0.014).
Conclusion This retrospective study shows that stent-
ing of the aortic arch is successful when carried out
in a state-of-the-art manner. A direct optimal angio-
graphic and haemodynamic result was shown. No
major complications occurred during or after the pro-
cedure. At short- to medium-term follow-up a de-
crease in mean systolic blood pressure was observed.

Keywords Aortic coarctation · Hypertension · Stents

Introduction

Coarctation of the aorta (CoA) accounts for approxi-
mately 5–8% of all forms of congenital heart disease. It
is characterised by a narrowing of the upper descend-
ing aorta, most commonly distal to the origin of the
left subclavian artery near the insertion of the arterial
ligament. CoA can occur as an isolated lesion, but fre-
quently occurs in combination with other lesions such
as a bicuspid aortic valve (50% of patients), ventric-
ular septal defect (15% of patients), or a hypoplastic
aortic arch (13% of patients) [1–4]. Clinical character-
istics depend on the severity of the CoA and may vary

What’s New

! Aortic arch stenting is a safe procedure.
! Aortic arch stenting results in a decrease in sys-

tolic blood pressure.
! Aortic arch stenting results in a decrease in need

for antihypertensive medication.
! We elaborate on important procedural steps nec-

essary for safe and successful stent placement.
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Coarctation néonatale

• Choc cardiogénique: dilatation au ballon
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Abstract Management of native aortic coarctation during

early months of life poses therapeutic challenges, and there
is no consensus among medical professionals regarding a

management plan. Much can be argued about the benefits,

limitations, and/or complications of transcatheter versus
surgical intervention in such cases. Occasionally, the com-

plexity of the lesions limits management options. Therefore,

each patient requires individual management decisions be-
cause there is no one therapeutic plan that satisfies all pa-

tients. In this report, four critically ill infants who had

complex native coarctation are presented. Surgical repair
was not possible because of relative contraindications. The

patients underwent transcatheter stent implantation (six

procedures and seven stents) as a nondefinitive procedure
with acceptable results. Three patients improved. One pa-

tient did not survive, mainly due to other major complica-

tions. Multiple reexpansions of the stents were carried out
when indicated. After amean follow-up of 45months (range,

41–49), the three survivors were doing fine and had gained

an average weight of 9.7 kg (range, 6.6–13.3). At the time of
reporting, the relative contraindications no longer exist and

the final surgical repair can be carried out. Our experience

suggests that in certain situations and in critically ill infants
with complex form of coarctation, stent angioplasty can be

used as a life-saving palliative procedure. Further reexpan-

sions can be done when required. This may serve as a bridge
to major surgical repair in the future.

Keywords Coarctation of the aorta ! Transcatheter
intervention ! Stent angioplasty

Coarctation of the aorta is the fourth most common le-

sion requiring transcatheter intervention or cardiac sur-
gery during the first year of life [5, 12]. Management

options of this lesion are frequently debated during the

neonatal period and infancy. Approximately 50% of pa-
tients who present in infancy are much more likely to

have complex coarctation and demand immediate and

aggressive treatment because of morbidity and mortality
related to left ventricular dysfunction and/or failure. The

surgical mortality rate for infants with complex coarc-

tation ranges from 5 to 15% and is highest for children
with the most complex intracardiac anomalies [14, 17,

24]. The risk factors for the operative mortality and the
long-term outcome in neonates remain controversial.

Balloon angioplasty is an effective alternative to the

standard surgical therapy, but its use and efficacy during
infancy have been debated because of the risks of

restenosis and aneurysm formation. Stent angioplasty for

aortic coarctation has occasionally been performed in
critically ill infants and young children as a palliative

procedure [28, 29] and even in premature low-birth-

weight newborns [18]. Four young children with com-
plex and/or high-risk aortic coarctation with additional

cardiac and noncardiac complicating factors (Table 1)

were considered for palliative stent implantation (six
procedures and seven stents) in our institute as the

optimum procedure for the situation encountered. These

cases are briefly described, with special reference to
indications, clinical course, immediate results, and the

short-term follow-up.
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Take home messages



Coarctation néonatale
                                    première intention: traitement chirurgical


Coarctation native 


                                    thérapie de sauvetage (bas débit, défaillance     


                                    ventriculaire gauche): dilatation (stenting si échec)


                               première intention: dilatation au ballon


Recoarctation


                               stenting très rarement, après discussion avec le chirurgien       




Coarctation de l’enfant  
(< 20kg)

                                    première intention: traitement chirurgical 


Coarctation native


                                     dilatation si CI chirurgicale


            


                                première intention dilatation au ballon


Recoarctation


                                si échec de dilatation ou complication: stenting




Coarctation de l’aorte  
(> 20kg)

Stenting (redilatable à un diamètre d’aorte d’adulte) 


Coarctation native: stent couvert ou nu 


Recoarctation: stent nu



Maladie complexe

• Suivi à vie 


• Dépistage agressif de l’HTA


• Traitement si gradient résiduel de 20 mmHg mais limite à 
changer peut-être; surtout si on évalue le gradient chez 
un patient sédaté


• Multiples options thérapeutiques, discussion multi-
disciplinaire



Questions en suspens

Hypoplasie de l’arc aortique, place du traitement percutané?


Indication de nouvelle intervention percutanée: 


• gradient de 20 mmHg, moins?


• HTA sans gradient clinique mais arc inhomogène?


