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Background: Stent implantation for aortic coarctation (CoA) is associated with anatomical and
hemodynamic advantages. Although the anatomy is corrected after the intervention, patients often still suffer
from hypertension during the follow-up. Its risk factors remain unclear. There are only a few studies on the
long-term follow-up of hypertension after stenting. This study aimed to investigate the factors influencing
systemic hypertension after CoA by transcatheter stent placement.

Methods: A total of 82 patients (native CoA: 37; men: 53) who underwent stent implantation for CoA at
a median age of 123 months (range, 40 days—44 years) between January 2004 and September 2012 were
included in this study. Patients with native or recurrent CoA after surgery, simple CoA or complex CoA
associated with other cardiac anomalies were recruited in this study. Only stents that were expandable to
adult size were implanted. After the initial stent implantation, the patients were followed up for 76.7 months
(range, 6151 months). Those who met the indications for a re-intervention underwent a balloon dilatation
or stent implantation to relieve restenosis and alleviate the hypertension caused by restenosis. Patients with
hypertension were treated with anti-hypertensive agents.

Results: In the initial intervention, 87 stents were implanted in 82 patients. Seventy-two patients (87.8%)
were diagnosed with hypertension before treatment, but only 23 (28.0%) patients had hypertension at
the last follow-up, which is a number significantly lower than that before the intervention (P<0.001). Cox
regression analysis showed that age at stent implantation was significantly correlated with the incidence of
hypertension, which indicates that the younger the patient receiving the intervention, the lower the incidence
of hypertension. Moreover, the incidence of hypertension in follow-up is related to the diagnosis. It was
higher in the patients with simple CoA than those with complex CoA. There was no significant correlation
between native CoA and recurrent CoA.

Conclusions: The incidence of hypertension after CoA stent implantation was significantly lower than
that before the intervention. Age at stent implantation is an essential influencing factor for paradoxical
hypertension after CoA stent implantation. Complex CoA in patients was related to a significantly lower

prevalence of follow-up hypertension.
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Introduction

Aortic coarctation (CoA) is a relatively common congenital
heart disease. The incidence of CoA in live birth infants
is approximately 0.04%, and it accounts for 5-8% of
all cases of congenital heart disease (1,2). In 1944, the
surgical correction of CoA was performed for the first time
by Crafoord in Sweden (3). In the subsequent 40 years,
there have been significant improvements in the surgical
technology, and the cure rate of CoA has increased
significantly (4). Balloon angioplasty was conducted in 1982.
In the early 1990s, stent implantation was performed, which
reduced the frequency of disruption of the aortic wall and
significantly decreased the rate of complications (5,6).

However, despite the optimization of treatment,
hypertension is still a common complication of CoA repair.
Even if postoperative restenosis is relieved, patients can still
develop hypertension. Depending on the age and follow-
up duration, the incidence of postoperative hypertension
ranges from 25% to 45% (7-11). As a result of hypertension,
the long-term incidence of coronary atherosclerotic heart
disease (coronary heart disease), stroke, rupture of the aorta
and cerebral aneurysm, heart failure and sudden cardiac
death in patients after CoA repair is high (12).

The existence of residual obstruction is a main basis for
hypertension, however, many patients with hypertension
have no signs of restenosis. Therefore, the possible cause
of hypertension in this population remains the main issues
of discussed. Abnormal aortic arch geometry, particularly
a hypoplastic or gothic arch, has been reported to be
associated with hypertension (9). In addition, the presence
of a generalised vasculopathy, decreased aortic wall
compliance, impaired baroreceptor sensitivity and altered
blood flow patterns have been considered as susceptibility
factors for persistent hypertension (13-15).

Currently, stent implantation is the main treatment
for CoA, which can effectively reduce the aortic gradient
with pleasant anatomical results. However, there remains
uncertainty about the later impact of stenting on blood
pressure and adverse events of cardiovascular disease.
Up to now, only a limited number of studies have been
conducted on the long-term follow-up after aortic stenting.
In addition, very few case series that focused on aortic stents
included >50 patients.

In this study, all patients with native CoA and
recurrent CoA treated with stent implantation at the
German Pediatric Heart Centre from 2004 to 2012 were
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followed up with until 2017 to evaluate the occurrence
of hypertension and analyze the factors related to
hypertension, for hypertension prevention and risk
prediction. As residual stenosis and restenosis, which is a
clear cause of hypertension, after CoA treatment can cause
hypertension, in our study, patients with restenosis were
re-subjected to the intervention to alleviate restenosis and
rule out hypertension due to this cause. We present the
following article in accordance with the STROBE reporting
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-22-1134/rc).

Methods
Study subjects

We conducted a retrospective analysis of the early- and
long-term outcomes (with a follow-up period of 12 years)
among all patients with stent implantation for CoA at the
German Pediatric Heart Centre between January 2004
and September 2012. There were 88 consecutive patients
included in this study, including patients with native CoA
and recurrent CoA after surgery, simple CoA (without
other cardiac malformations) and complex CoA (with other
cardiac malformations).

The data about all patients who underwent transcatheter
stent implantation, including demographics, systemic blood
pressure (BP), diagnosis, echocardiographic examinations,
interventional procedural data and angiographic images
were retrospectively collected from patients’ archived
records.

Because of the retrospective design, informed consent
was waived. The requirement for ethical approval was
waived by the ethics committee of the Asklepios Clinic
Sankt Augustin, because this study used anonymised
retrospective data. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).

Indications and exclusion criteria

The indications for stent implantation were: a transcatheter
peak systolic pressure gradient of >20 mmHg and/or aortic
narrowing >50% on angiography.

Patients were excluded from the study if they met any of
the following exclusion criteria: (I) had a narrow segment
that was too long for stent implantation; and/or (II)
required a palliative stent.
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Stent implantation

For all the interventions, the patients were placed under
deep sedation with general anesthesia and endotracheal
intubation. Vascular access was obtained from the right
femoral artery, except for a few patients with complex
congenital heart disease, such as hypoplastic left heart
syndrome, in whom one femoral venous line was obtained.
The catheter was placed on the ascending aorta and
withdrawn across the narrowing segment, the pressure
gradient across the coarctation was recorded, and
angiography was performed. The stent dimension was
selected according to the diameter of the distal transverse
arch and descending aorta above the diaphragm at
maximum expansion. The stents included Osypka Baby
Stent, Palmaz Genesis Stent (Cordis), Numed CP Stent
(both covered and not covered) and Atrium stent.

Moreover, aspirin was administered to children (2—
3 mg/kg) and adults (100 mg) daily for 6 months.

Follow-up

The patients were clinically followed up at 1, 3 and 6 months
after the intervention; subsequently, they were followed
up every year. The follow-up examination included arm
and leg BP measurements, chest radiography, standard
echocardiography, and electrocardiography.

A full baseline echocardiographic examination was
performed. The protocol includes parasternal long-axis,
parasternal short-axis and apical 4-chamber views, acquired
in the light of published guidelines.

Continuous-wave Doppler techniques were used to
measure maximum peak systolic blood flow velocity at the
former coarctation site or stented aorta, and peak gradients
were recorded. Diastolic run-off was defined as a continuous
forward flow throughout the whole diastole.

Follow-up data were obtained from the pediatric cardiac
clinic or other specialized centers via fax or letter.

Patients with the following findings were scheduled for a
catheter examination: (I) a brachial-ankle systolic BP (SBP)
gradient >20 mmHg; (II) systemic arterial hypertension; and
(III) maximum blood flow velocity at the former stent site
>3 m/s or the presence of diastolic run-off in the descending
aorta. Additionally, all growing children, underwent a
catheter examination 3 years after the stent placement.

If invasively measured gradients were found across the
stented area, balloon dilatation or stenting was performed.
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BP measurements and hypertension diagnosis

Resting BP was measured in the extremities before cardiac
catheterisation and after the intervention, as well as at
each follow-up examination before physician review. BP
was measured using an automatic oscillometric device
(CARESCAPE V100 Monitor, General Electric Company)
after at least 5 min of rest in the supine position. The
extremities were measured to ensure the proper cuff size.
The mean of at least 3 measurements of SBP, diastolic BP
(DBP), pulse pressure, and brachial-ankle SBP gradient
were used as the casual BP measurement. In adults,
hypertension was defined as SBP >140 mmHg and/or DBP
>90 mmHg, and in children, it was defined as the mean SBP
and/or DBP > the 95th percentile for sex, age and height on
at least 3 separate occasions (16). Patients were considered
normotensive if they did not use anti-hypertensive drugs or
presented with no current hypertension according to the BP
measurement at the last follow-up examination.

Patients with hypertension were treated with anti-
hypertensive drugs. The following anti-hypertensive drugs
were commonly used: B-receptor blockers, angiotensin
II inhibitors [angiotensin-converting enzyme inhibitors
(ACEIs)], angiotensin II receptor antagonists (ARBs),
calcium channel blockers, and diuretics. The patients were
treated with 1-4 anti-hypertensive drugs according to their
condition.

Statistical analysis

The normally distributed continuous data are expressed
as the mean = standard deviation and the non-normally
distributed data are expressed as the median (range). The
differences between pre-intervention and follow-up were
compared using a paired bilateral 7-test or non-parametric
test (Wilcoxon rank test). The risk factors for hypertension
were analysed using Cox regression analysis, an estimated
odds ratio, and the 95% confidence interval. A P value
<0.05 was considered to indicate a statistically significant
difference. All reported P values are two-sided. Statistical
analysis was accessed by SPSS (version 15.0).

Results
Characteristics of the study population

The demographic data and diagnoses of the patients are
summarized in Tuble 1.
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Table 1 Patient characteristics Table 2 Age and frequency of interventions for patients
Characteristics Values (n=82) . Age median  Age min. Age max.

Interventions (months) (months) (months)
Male sex, n (%) 53 (64.6)
Total (n=82 11517 1.32 28.
Age, median (range) 123 months (40 days—44 years) otal (n=82) 5 8 528.89
1 (n=17, 20.79 187.24 107.54 425.92
Weight (kg), median (range)  36.5 (3.6-98.0) (n=17,20.7%) 8 07.5 59
— o)
Hypertension 72 (87.9) 2 (n=33, 40.2%) 124.86 413 330.12
— [v)
Age group, n (%) 3 (n=18, 22.0%) 66.05 1.32 528.89
— 0,
0-5 years 19 (23.2) 4 or more (n=14, 17.1%) 48.50 2.61 194.31
Min., minimum; max., maximum.
6-10 years 23 (28.0)
11-15 years 24 (29.3)
>16 years 16 (19.5) the intervention, the ratio of CoA diameter to diameter at
Diagnose, n (%) the diaphragm llevel 1ncreased.fro.rr% 0.51 (0.1.2—0.86) to 1.00
(0.90-1.75); this value was significantly higher than that
Simple CoA 49(59.8) before treatment (P<0.001).
Complex CoA 33 (40.2) The invasive peak systolic gradient after the intervention
VSD 5 was significantly reduced from an average of 2812 to
) 7+6 mmHg after the intervention (P<0.001).
VSD + arch hypoplasia 3

AVSD
Arch hypoplasia
Left heart obstruction

Supra-AV stenosis and LPA
stenosis

LPA and RPA stenosis
TOF
TGA
DORV
SV repair (including HLHS)
Native CoA, n (%)
Recurrent CoA, n (%)

1 (Down syndrome)
3
5 (1 Shone syndrome)

1 (Williams syndrome)

1 (Williams syndrome)
1

2

3

8

37 (45.1)

45 (54.9)

CoA, coarctation; VSD, ventricular septal defect; AVSD,
atrioventricular septal defect; AV, aortic valve; LPA, left
pulmonary artery; RPA, right pulmonary artery; TOF, tetralogy
of Fallot; TGA, transposition of the great arteries; DORV, double
outlet right ventricle; SV, single ventricle; HLHS, hypoplastic left

heart syndrome.

Intervention

A total of 87 stents were implanted in 82 patients. Due to a
long stenosis segment or stent displacement, 5 patients were
implanted with 2 stents, and all the remaining patients were
implanted with 1 stent.

Based on aortography measurements before and after
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Follow-up

The average follow-up duration was 76.7 months (range,
6-151 months). One patient (1.2%) died and 5 patients
were lost during the follow-up period. Ultimately,
82 patients were enrolled in this study.

Restenosis and re-intervention

During the follow-up period, catheterisation was scheduled
for 65 patients; moreover, re-dilatation was required
103 times, and a second stent implantation was required
13 times. For these patients, 13 second stent implantations
and 15 new stents were used. During the last follow-up,
17 (20.7%) of the 82 patients (11 men and 6 women) had
not received interventional therapy, whereas 33 (40.2%),
18 (22.0%) and 14 (17.1%) had received interventional
therapy 2, 3 and >4 times respectively (see Table 2). The
most frequent indications for re-dilation were a residual
gradient >10 mmHg, and/or a relative narrowing within the
stent of >20%. As shown in Table 2, the younger the age at
stent implantation, the higher the number of interventions
performed.

Complications of intervention

In total, 198 interventions included initial stent
implantation, balloon dilatation and stent re-implantation.
Complications occurred in 6 (3.0%) patients. Aortic
aneurysms occurred in 3 patients. Among these 3 patients,
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Figure 1 Prevalence of hypertension in the 4 age groups before

the intervention and the last follow-up. Y, years.

Table 3 Cox regression analysis of factors related to hypertension
B P OR (95% Cl)
0.085 0.412(0.151, 1.129)

Variables

Native or recurrent CoA -0.886
Simple or complex CoA 1.077  0.044 2.935 (1.032, 8.347)

Age 0.653 0.003 1.921 (1.241, 2.975)

OR, odds ratio; Cl, confidence interval; CoA, coarctation.

the aortic aneurysms occurred during the stent implantation
in 1 patient and during the balloon expansion at the
follow-up examinations in 2 patients. These patients were
treated with covered stent implantation. In 1 case, the
stent migrated to the distal part; it was then inflated in
the abdominal aorta and remained in place. Another stent
was successfully implanted at the coarctation. The other
2 patients had pseudoaneurysms of the femoral artery,
which were treated with surgical resection.

Hypertension

Overall, 72 (87.8%) patients were diagnosed with
hypertension before treatment, and only 23 (28.0%)
patients were diagnosed with hypertension at the last
follow-up, which is a number significantly lower than that
before the intervention (P<0.001).

Hypertension was diagnosed in 11 (of 37 patients,
29.7%) in the native CoA groups, 12 (of 45 patients, 26.7%)
in the recurrent CoA groups; 15 of 49 (30.6%) in the simple
CoA group, 8 of 33 (24.2%) in the complex CoA groups at
the last follow-up.

At the last follow-up, in the 0-5 years age group, 3 of
19 patients had hypertension; in the 6-10 years age group,
6 of 23 patients had hypertension; in the 11-15 years
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age group, 8 of 24 patients had hypertension; and in the
>16 years age group, 6 of 16 patients had hypertension
(15.8%, 26.1%, 33.3% and 37.5%, respectively). The
comparison results in terms of the incidence of hypertension
between the first stent implantation and the latest follow-up
for the four age groups are shown in Figure 1.

On multivariable Cox analysis, the diagnosis (simple
CoA or complex CoA) and age at stenting were associated
with the last follow-up hypertension (odds ratio 4.01,
95% confidence interval: 1.30-12.41, P=0.016; and odds
ratio 1.81, 95% confidence interval: 1.15-2.84, P=0.01;
respectively; see Table 3). The younger the age at the first
stent implantation, the lower the incidence of hypertension

during the follow-up (see Tables 3).

Anti-hypertensive medication

Overall, 23 patients with hypertension at the last follow-
up were treated with anti-hypertensive agents as follows:
16 patients were treated with 1 agent (8: B-receptor
blockers; 7: ACEIs and 1: ARBs), 4 patients were treated
with 2 agents, 2 patients were treated with 3 agents, and
1 patient was treated with 4 agents. Finally, 12 patients
(14.6%) were not satisfied with BP control during the
follow-up period.

Standardized BP curve

To clarify the patient’s long-term changes in BP after stent
implantation, standardized SBP curves were established.
The standardized SBP of the children was calculated as their
SBP divided by the normal SBP (in the 95th percentile for
sex and age and height) multiplied by 140. The standardized
SBP of adults was the actual BP of patients.

Each curve was classified according to the number of
interventional treatments. As very few patients underwent >4
interventional treatinents, only the curves for 1-3 interventional
treatments were drawn (patients who did not attend regular
follow-ups or with incomplete follow-up data were excluded).

Figure 2 shows the follow-up SBP curve of patients who
underwent the intervention. As shown in Figure 2, most
patients had hypertension before the intervention and their
BP significantly decreased after the stent implantation;
moreover, most patients’” BP remained stable at the last
follow-up. However, at the last follow-up, the BP of a few
patients had increased.

Figures 3,4 show the patients who received the intervention
twice and thrice. Most patients had hypertension before
treatment, and their BP decreased after treatment but
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Figure 3 Standard curve of systolic BP for patients who received

the intervention twice. BP, blood pressure.

increased again before the next treatment, and decreased
after the intervention, which further confirmed that
restenosis can cause hypertension. Subsequently, their BP
decreased after treatment. Therefore, regular follow-ups
and timely examinations are required in such patients to
detect restenosis and conduct the treatment.

Discussion

Stents have been widely used in the treatment of native
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CoA and recurrent CoA after surgery. Stent implantation
is minimally invasive and has a high success rate and low
complication rate. This can be used instead of surgery
among patients with appropriate anatomical conditions.

Recent studies found that hypertension is still extremely
common in patients even after the complete elimination
of the obstruction (17-19). Further, despite early catheter
and surgical interventions, life expectancy continues to
decline. Among patients who underwent CoA correction,
hypertension was proven to be related to the occurrence
of left ventricular hypertrophy. It is also an important
risk factor for coronary events, stroke, rupture of aortic
and cerebral aneurysms, heart failure, and sudden cardiac
death (12).

Some studies have found that the incomplete relief
of stenosis can lead to hypertension (20,21); thus, it is
recommended that clinical and imaging evaluations of CoA
should be conducted in a timely manner. Any obstruction
that meets the intervention criteria should be resolved
immediately. However, in clinical settings, it was found
that a considerable number of patients with hypertension
after coarctation repair had no residual obstruction (22).
This highlights the complexity of the pathophysiology
of paradoxical hypertension, which is related to various
mechanisms, including abnormal aortic arch geometry
(9,23,24), aortic arch dysplasia (10,25,26), changes in arterial
function (27-29), overactivation of the renin-angiotensin
system (30) and attenuation of the baroreflex (31,32).

Our study comprised patients who underwent stent
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implantation for CoA at the German Pediatric Heart
Centre. The patients were regularly followed up after their
stent implantations. During the follow-up examinations,
the BP of 4 limbs was measured. Patients with restenosis
were treated in time to relieve the stenosis and the residual
obstructing factor was removed. At the last follow-up,
23 patients had hypertension.

To determine the incidence of hypertension after
stent implantation, we analyzed age at the initial stent
implantation, native or recurrent CoA after surgery, and
simple or complex CoA. In between-group comparison,
we found that the incidence of hypertension did not
differ significantly between the native and recurrent CoA
during the follow-up period. However, the incidence of
hypertension in complex CoA was lower than that in simple
CoA; this finding is consistent with the finding reported
in Giordano’s study (33). In Giordano’s study, the subjects
were patients who had undergone surgery, and we obtained
the same results in patients with stent implantation. This
suggests that the difference in the incidence of hypertension
between the simple and complex CoA groups is not related
to the type of surgical approach alone. Furthermore,
we hypothesize that the lower rate of late hypertension
in patients with complex CoA could be due to reduced
stimulation of the baroreceptor reflex in the pre-stenotic
area due to decreased systemic blood flow and pressure
before the intervention, which is not true for patients with
simple CoA, as previously shown (34,35).

We also found that the incidence of hypertension
increased with age at the initial stent implantation. The Cox
regression analysis revealed that age was the main factor
affecting paradoxical hypertension after the intervention.
Thus, consistent with the findings of other studies
(13,18,36), we suggest that coarctation should be treated as
soon as possible.

The administration of medication to patients with
hypertension after coarctation repair can not only control
BP but can also improve arterial stiffness, endothelial
function, and ventricular stiffness. Commonly used anti-
hypertensive drugs include B-receptor blockers, calcium
channel blockers, thiazide diuretics and ACEIs. When
a single-agent treatment is ineffective, 2 or more agents
should be combined. In the present study, 23 patients used
anti-hypertensive medications; of these, 11 patients were
able to maintain normal BP after medication administration.

We drew the standardized curve of SBP. The BP of most
patients who underwent the intervention once decreased
after stent implantation, whereas the BP of patients who
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underwent the intervention twice or thrice decreased after
the first intervention but increased after restenosis. After
the next intervention, the BP decreased again with the
disappearance of restenosis. This strongly supports the
necessity of long-term follow-up, BP monitoring and timely
detection of restenosis and treatment. However, after a
period of being normotensive, a few patients’ BP increased
again, but without restenosis. This further emphasizes
the significance of long-term follow-up examinations.
Hypertension needs to be detected at an appropriate time,
and restenosis should be ruled out and anti-hypertensive
medications should be started as soon as possible.

Stent implantation for CoA was first applied to
adolescents and adults. As the metal stent is hard and
cannot grow with the body, the sheath required for stent
implantation in children is thicker for the femoral artery.
Only permanent stents should be used in implantations for
infants and young children. Recent stent designs allow for
stents to gradually expand to an adult size in stages, and the
maximum sized stent does not need to be implanted at the
time of implantation (37,38). In our study, the stents used
for the infants were the Osypka Baby Stent and Palmaz
Genesis Stent (Cordis), including PG1910 and PG2910,
and the stents used for the children and adults were the
Palmaz 308, Numed CP, and Atrium. As children grow and
develop, stent restenosis is common, and the stent may need
to be re-expanded or a new stent may be needed. Our study
found that the younger the age at stenting, the more re-
interventions are required.

Among the 198 interventions, 6 patients developed
complications (3.0%). Studies have proven that multiple
balloon dilatation and stent implantation are safe and
effective.

In our study, patients with hypertension complicated with
restenosis underwent balloon dilatation or another stent
placement to reduce the gradient. The remaining patients
with hypertension were treated with anti-hypertensive
drugs. Finally, 12 patients were dissatisfied with BP control
(14.6%). We also found that the treatment of coarctation
is a continuous process. Long-term regular follow-up
examinations after treatment and BP monitoring and timely
treatment are essential.

Limitations and additional statement

Regarding the treatment of CoA, surgery for infants and
stent implantation for adults and adolescents are generally
recommended. In our study, the age of patients at stent
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implantation was below the recommended standard. This
was largely because the patients were not able to undergo
surgery owing to cardiac insufficiency, serious complications
or residual coarctation early after surgery and consent of
the surgeons was obtained.

Conclusions

Hypertension in patients with CoA stent implantation
involves a complex pathophysiological process. Early
treatment of CoA could reduce the incidence of hypertension.
Moreover, timely expansion of restenosis is necessary to
control hypertension. CoA needs a long-term treatment
process, which not only requires surgical or interventional
treatment to relieve anatomical malformations but also the
medication management of BP, thereby requiring lifelong
follow-up examinations.
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