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Chapter 1

1. Outline of the thesis

Surgical repair has long been the only type of management available for coarctation of 
the aorta, since the first coarctectomy was performed in 1945. Balloon angioplasty was 
introduced as an alternative type of management for selected patients in the 1990s. 
The aim of this thesis was to evaluate the long-term results of invasive management 
of this condition by various techniques at various ages, in order to assess preoperative 
and peroperative predictors of long-term outcome and to subsequently compare 
these results between different techniques. The purpose thereof was to define the 
proper indication for these types of intervention. Long-term study findings indicated 
ongoing risk of arterial hypertension, recoarctation and aneurysm formation, 
despite initial success of management. To elucidate whether the clinical condition of 
these patients was associated with unfavourable vascular characteristics, aortic flow 
properties of such patients were compared by various techniques and compared to 
matched controls. The studies of this thesis, included in chapters 2 to 9, are introduced 
in this chapter. Chapter 10 summarizes all studies and discusses future perspectives 
of additional research.

2. Diagnosis, incidence and genetics of 
aortic coarctation

Coarctation of the aorta is defined as a hemodynamically significant narrowing of the 
descending thoracic aorta, usually just distal to the left subclavian artery where the 
ligamentum arteriosum originates.1 The local stenosis can be associated with isthmus 
hypoplasia, defined as isthmus diameter (portion of the aorta between the left 
subclavian artery and the patent ductus or ligamentum arteriosum) of less than 40% 
of the diameter of the ascending aorta and/or associated arch hypoplasia, defined as 
a proximal or distal transverse arch diameter less than 60% or 50% respectively of the 
diameter of the ascending aorta.1 Aortic hypoplasia will facilitate the diagnosis to be 
made in infancy, whereas the isolated type of coarctation can have an asymptomatic 
course and can be missed in hypertensive subjects.2,3 The incidence of coarctation 
is about 4/10.000 live births, constituting 7% of moderate and severe forms of 
congenital heart disease.4 Among other left ventricular outflow tract malformations, 
coarctation of the aorta has substantial evidence for a genetic component. The relative 
risk for first-degree relatives in this group was 36.9, with a heritability of 0.71-0.90. 
Data support a complex but most likely oligogenic pattern of inheritance.5

3. Pathophysiology & role of exercise

The altered hemodynamics of coarctation are characterized by a disturbed cushioning 
function of the aorta and the upper body arteries, while the conduit function of the 
arterial system is preserved by collateral vessels.6 Unusually high-pressure fluctuations 
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are generated in the proximal aorta and upper body arteries by normal left ventricular 
ejection. Changes in the contour of the arterial pressure wave in aortic coarctation 
have been demonstrated in both experimental, acute coarctation7 and patients.8 As 
a result of repeated high pulsatile stresses, degenerative changes are found in the 
aorta and proximal arteries. These changes are similar to those seen with aging and 
hypertension, but occur at a much earlier age.6,9 The arterial degeneration and cardiac 
hypertrophy that result from coarctation are therefore not explained on the basis of 
longstanding essential hypertension of equal severity. The presence of coarctation per 
se is now generally considered as an indication for invasive management, which is not 
influenced by coexisting hypertension.6,10,11 Although surgical repair and angioplasty 
are advocated and performed as soon as the diagnosis is made,12 arterial damage and 
dysfunction are found in long-term follow-up of patients in whom coarctation had 
been repaired at infancy.13 This finding led to the suggestion that coarctation may 
be a manifestation of a generalised vascular abnormality,12,14 constituting a diffuse 
cardiovascular disease. Exercise plays a crucial role in the assessment of patients 
with both native, uncorrected coarctation and with invasively managed coarctation. 
Aortic impedance was used to calculate that, with mild supine exercise in a 9-year-
old-patient, a pressure wave with an amplitude of 135 mmHg and a peak systolic 
pressure of over 230 mmHg in the ascending aorta are generated.6,15 Taylor and 
Donald demonstrated dramatic increases in brachial artery pressure that occur during 
exercise in patients with aortic coarctation.16 In addition, these pressures exceed those 
seen in patients with severe essential hypertension, with values for which urgent 
therapy and restriction of activity would be considered. The same authors stress 
the usually asymptomatic, although potentially damaging, nature of these pressure 
changes, which occur with moderate exertion only.16 As was recently pointed at by 
Vriend et al., a hypertensive reaction on exercise is found in a considerable number 
of post-coarctectomy patients (20-35%) who are normotensive at rest.12 This finding 
could not be explained by significant residual aortic stenosis in several studies.17-19 
Although attributed to abnormalities in aortic arch geometry, to primary baroreceptor 
alteration and to persistent structural and functional abnormalities of the arterial 
system proximal to the former coarctation, the exact mechanism of this phenomenon 
is not yet fully understood. Nevertheless, it seems clear that, whether determined by 
anatomy exclusively or influenced by neurohumoral factors also, clinical assessment 
and definition of a “successful” coarctation repair should take place in the context 
of both the patient’s resting studies and of functional exercise response, as has been 
advocated before.17 Blood pressure gradient between upper and lower extremities 
exceeding 20 mmHg has been a widely used indicator of recoarctation.20 However, 
it has been shown that after coarctation repair, the arm–leg blood pressure difference 
may not represent the hemodynamic significance of restenosis.21,22 Echocardiographic 
measurements have been investigated as indicators of restenosis subsequently. 
Although highly specific, the detection of angiographically significant recoarctation by 
a peak systolic gradient exceeding 40 mmHg, assessed echocardiographically, yields a 
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relatively low sensitivity in children.23 This figure could not be improved to more than 
80% by diastolic measurements, including peak diastolic gradient and maintenance of 
flow in diastole. Recently, MR criteria have been proposed as more accurate measures 
of recoarctation.21 The possible mechanisms in the process of recoarctation related to 
different surgical techniques consist of inadequate growth of the anastomosis, active 
fibrosis and narrowing at the anastomotic site, thrombosis at the suture line, and 
retention of abnormal, possibly ductal, tissue.24 Localised recoarctations following 
angioplasty, located at the site of the former coarctation ridge, may be caused by the 
impossibilty to remove this material by this technique.

4. Invasive management by surgical repair or 
angioplasty

Data on the natural history of coarctation have become scarce,25,26 since various types of 
management have become available and proved successful after Crafoord’s publication 
of surgical treatment of coarctation in 1945.27 The rationale of detection and early 
repair of coarctation is the significant mortality in untreated patients, in whom survival 
seems to be as low as 10% at the age of 50 years.25 It has been recognised for many 
years however, that coarctation repair cannot prevent an increased risk of premature 
mortality. A mean life expectancy of only 38 years of age has been reported in patients 
who underwent repair in late childhood or young adult life.10,28 Nevertheless, even at 
older age treatment of coarctation seems to be beneficial by lowering blood pressure 
and probably reducing cardiovascular events.29-32 Surgical correction has been the only 
available treatment of coarctation until balloon angioplasty was introduced in 1982 
by Lock et al..33 Surgery is widely accepted and applied for coarctation management at 
the current time, especially in neonates and small infants, since frequently associated 
arch and/or isthmus hypoplasia render these lesions less favourable for transcatheter 
interventions.34-37

4.1. Surgical techniques
Throughout the years several surgical techniques for the repair of coarctation 
have been applied. Literature on these techniques has focused on various early 
and late outcome variables following these techniques. These outcomes, discussed 
consecutively, comprise operative mortality, recoarctation, aneurysm formation and 
persistent systemic hypertension. 

Mortality
Postoperative death is generally related to the presence of associated cardiac lesions.38-40 

Reported actuarial survival probabilities at 5 years range from 80% to 98% in isolated 
coarctation, from 62% to 94% for patients with associated VSD and from 15% to 
60% for those with associated complex cardiac anomalies.38-40 Different strategies 
have been advocated to reduce mortality in the latter group of patients. The one-stage 
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repair was reported to be a safe and effective approach in the preceding decade,38 but 
has not clearly been proven to be favourable by others.41

Recoarctation
The primary focus in most studies investigating risk factors for recurrent arch 
obstruction after early coarctation repair is the relationship between the technique 
of repair and recoarctation. The type of surgical repair may influence the prevalence 
of residual or recurrent coarctation by incomplete resection of ductal tissue, suture 
material and the width of the anastomosis. The possible mechanisms in the process 
of recoarctation related to these surgical factors consist of inadequate growth of the 
anastomosis, active fibrosis and narrowing at the anastomotic site, thrombosis at the 
suture line, and retention of abnormal, possibly ductal, tissue.24 In the absence of a 
large, randomized study, superiority of one technique over another is less likely to 
be demonstrated. On the whole, studies demonstrate no difference in recoarctation 
incidence between resection and end-to-end anastomosis and subclavian flap 
repair,39-40 although the probability of recoarctation appears to be higher after simple 
patch aortoplasty, when patch material was Dacron or is unspecified.41,42 To investigate 
the differences between surgical techniques more thoroughly, long-term results of 
polytetrafluoroethylene (PTFE) patch aortoplasty and end-to-end anastomosis for 
coarctation of the aorta in the Wilhelmina Children’s Hospital were evaluated for a 
period up to 28-year of follow-up. Predictors of long-term outcome, including age at 
surgery, associated cardiac defects and type of surgical technique used, were focused 
on. The results are included in chapter 4.
A younger age has been suggested to predispose to recoarctation following PTFE patch 
repair.43 The age at operation has been found to be strongly related to the development 
of recoarctation.24,44 In contrast, the risk of persistent systemic hypertension seems to 
be related to age in an inverse manner. Brouwer and associates determined the optimal 
age for elective aortic coarctation repair, for the infant with isolated aortic coarctation 
who is symptom-free, to be 1.5 years.45 The risk for recoarctation drops rapidly and 
levels off at 1.5 years of age and the risk for late hypertension and premature death 
increases progressively after that age range.10,45 It has been pointed out that the age 
of 1.5 years may be rather conservative, since recoarctation rates drop below 5% in 
current surgical experience with repair performed at age < 1 year,46 and chronic 
hypertension developing in as much as 60% of patients thereafter in other studies.47 
The combination of residual ductal tissue and diminished aortic wall compliance are 
responsible for the occurrence of late hypertension in this group. These phenomena 
may also play a role in recoarctation, in long-term follow-up. This may explain the 
disproportional hazards for recoarctation that were found after 5 years following 
different types of repair.
Several reports demonstrated that the anatomy of the aortic arch was a predictor of 
reintervention for recurrent obstruction after repair.24,45,48 The question can be raised 
how this finding should direct optimal surgical treatment. A conservative approach 
towards the hypoplastic arch seems to be justified in most cases, since Siewers et 
al. have suggested that when the ratio of transverse aortic arch to ascending aorta 
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exceeds 0.25, the arch can be expected to grow normally without obstruction and 
that extended resections should be reserved for those with ratios less than 0.25.49 
Follow-up should consequently be directed towards early detection and management 
of recoarctation in these patients. 

Aneurysm formation
Aneurysms have been encountered following all surgical techniques described. The 
interval from repair to aneurysm formation can vary from 2 to more than 30 years, 
thereby warranting a lifelong follow-up.50 The risk of aneurysm formation seems 
especially high following patch aortoplasty, incidence varying between 2% and 
51%,51-53 both using Dacron54-55 and, to a lesser extent, PTFE-material.43 To illustrate 
these figures, a patient with an aortic aneurysm, detected 25 years after Dacron patch 
aortoplasty for native coarctation, is presented in chapter 6. In addition to the material 
being used, a factor of influence in performing patch aortoplasty seems to be excision 
of the coarctation ridge. This was associated with aneurysm formation in experimental 
and clinical series.54,56 The relation between age and development of aneurysms seem 
to be less strong than for recoarctation and appears to be inverse, as far as patch 
aortoplasty is concerned. Prosthetic patch aortoplasty is discouraged especially in 
adolescence and adulthood, because high incidence of aneurysm formation was 
found with advanced patients’ ages. Tubular interpositioning grafting and patch 
aortoplasty using autogenous arterial wall are proposed as viable alternatives.52,57,58 
Arch hypoplasia is demonstrated to be another risk factor for aneurysm formation, 
although the surgical technique applied, may also play a role here. Bogaert et al. have 
identified transverse arch hypoplasia as a condition being highly related to aneurysm 
formation following patch aortoplasty.59 They suggest that narrowing of an aortic 
segment leads to blood flow acceleration and poststenotic turbulence, which may 
induce aneurysm development in the distal aortic segments. Since aneurysm formation 
has been encountered following resection and end-to-end anastomosis,60 in which the 
coarcted segment is fully resected and no “abnormal” patch material is present, wall 
abnormalities by themselves cannot be (solely) responsible for aneurysm formation, 
despite statements in several reports.52,56,60 Abnormal flow patterns originating in a 
concomitant hypoplastic arch may have a similar influence on resection and end-to-
end anastomosis and patch aortoplasty.59

Persistent systemic hypertension
The occurrence of persistent systemic hypertension is strongly influenced by age at 
repair, varying between 10-60% depending on duration of follow-up, hypertension 
rates increasing at longer follow-up.10,28,45 Late hypertension can even occur despite 
early repair, as was demonstrated in patients repaired at age 2-3 months, of whom 
28% was hypertensive at rest at 7-16 years of follow-up.13 Persistent systemic 
hypertension therefore cannot be prevented completely by early repair. It is neither 
explained satisfactorily by the presence of residual aortic arch gradients, which 
is only found in a minority of hypertensive patients.13 As was pointed out in the 
section on recoarctation before, the risk for recoarctation appears to drop rapidly 
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at or even below 1.5 years of age and the risk for late hypertension and premature 
death increases progressively after that age range.10,45 Cure of hypertension (patients 
no longer requiring any medication to treat hypertension) was reported in a review 
of 6 series of adult patients in 13% to 76% (mean 64%).47,61  The one series with the 
lowest cure rate (13%) was in a significantly older cohort of patients with a mean 
age of 54 years.62 The type of repair could play an additional role in the occurrence of 
postoperative hypertension. Patch aortoplasty involves less resection of ductal tissue, 
compared to resection and end-to-end anastomosis, which may induce persistent 
hypertension. On the other hand, circumferential anastomosis is not involved in this 
type of surgery, which may be beneficial by preserving aortic wall compliance.

4.2. Angioplasty
Since 1982,33 balloon angioplasty for coarctation has been added as a viable alternative 
to surgery for treatment of coarctation and is currently considered as a safe and effective 
treatment.63,64 It was performed as the primary treatment of coarctation of the aorta 
in 30 children, managed for this condition in during a period of 10 years from its 
introduction in the Wilhelmina Children’s Hospital in 1990. Chapter 2 describes the 
results. Angioplasty for coarctation has been used as treatment for both children and 
adults.64-66 Successful stenting of native coarctation was first described in an infant with 
hypoplastic left heart syndrome in 1993.67 Implantation of stents in older children 
and adults in whom the aorta size has attained adult size is not problematic, but it 
may be problematic in infants and children, whose aorta is not totally developed. In 
practice, the indications for stent implantation are not clearly defined yet. 68 Possible 
indications are long segment coarctation and tortuous coarctation. Practically, two 
possible mechanisms of recurrence include elastic recoil of tissue after angioplasty 
and the presence of long segment narrowing. Stents provide support to recoil of the 
dilated segment.69 In addition, the stents used for coarctation were designed to provide 
a framework for endothelial cell growth and, perhaps, reduce the complication of 
aneurysm formation.11 Although stenting may protect against immediate recoil, this 
effect may be counterbalanced by intimal hyperplasia, leading to recurrence during 
follow-up. In-stent restenosis due to intimal proliferation within the stent, stent 
fracture, or stent recoil indeed was encountered in an intermediate follow-up study 
of 578 patients from 17 institutions.70 Apart from the specific types of endovascular 
or surgical complications, including wound infection and stent fracture, the most 
important long-term complications overlap. These are reviewed subsequently.

Mortality and immediate success 
Periprocedural mortality is seldom encountered in balloon angioplasty. Generally, 
elective procedures are performed in the subgroup of patients with isolated coarctation, 
without severe coexisting intracardiac defects. Patients of that category often are 
managed by a simultaneous, surgical approach. Immediate success percentages 
vary from 80 to 95% in procedures for isolated, discrete coarctation.63,64,71 As for 
surgical repair, the question can be asked what exactly constitutes a successful result 
of angioplasty. In general, a pressure gradient reduction to 20 mmHg or less is 
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considered as such. Gradient reduction ranging from 31-35 mmHg in children63,64,71,72 
and from 34-57 mmHg in adults65,73,74 have been reported for successful procedures. 
It should be noted that this pressure gradient reduction can underestimate a true 
relief, because of contributing collateral flow. Instead thereof, the angiographic result, 
although subject to interobserver variability, provides a collateral-independent result. 
Additional information is provided by the presence of a “waist” in the aortic contour, 
which is available instantaneously without catheter manipulation.

Recoarctation
As for surgical repair, recoarctation is the prevailing long-term complication after 
angioplasty. Especially in children and infants recoarctation rates after angioplasty 
may range from 15-30%.68,72 For this reason angioplasty is generally not performed 
in infants younger than 3 months, in whom the risk of recoarctation is unacceptably 
high. 63.68 In part, these adverse results may be caused by associated arch and/or 
isthmus hypoplasia in this infant population. The presence of aortic hypoplasia usually 
increases the left ventricular obstruction created by the coarctation, thus raising 
signs and symptoms before the age of 3 months in most patients. Consequently, 
the age minimum of 3 months overlaps with the exclusion of patients with aortic 
hypoplasia.
Recoarctation is less common in adults so that the risk of recoarctation decreases 
gradually with increasing age,63,72,75,76 probably secondary to the different build up 
of the vessel wall with decreasing elasticity. Excellent results for angioplasty in adults 
were reported by Fawzy et al. and they suggested that advanced age at dilatation could 
explain the low incidence of coarctation recurrence.77 These different reports lead to 
the question whether the management of coarctation in children and adults should 
be different. The performance of angioplasty in different aged patients was therefore 
evaluated in chapter 3, including those of angioplasty for recoarctation.

Aneurysm formation
 Aneurysm formation at the dilatation site has remained a long-term concern, although 
a gradual decrease in the incidence of aneurysm formation has been reported. Early 
studies noted a significant incidence of 50%,78 which decreased significantly, varying 
from 0-6% in later studies. 79-81 All age groups appear to have a comparable low 
incidence of aneurysm formation. This finding would coincide with Ritter et al., 
who postulate that the incidence of formation of aneurysms is similar in children 
and adults.79 No indication exists that the natural history of aneurysms occurring 
after balloon dilatation of coarctation in adults is different from that in children. 
Media tearing and cystic medial necrosis have been postulated as a cause of aneurysm 
formation.82 Sohn et al. demonstrated remodelling of dilated vessels.80 It has been 
suggested that aneurysm development may be due to use of an overstressed balloon79 
or to an inappropriate balloon size.64   This probably explains the decrease in aneurysm 
formation over time. The larger the balloon, the better the gradient relief, but the 
higher the probability of medial tear. The issue of acute and late aneurysm formation 
in this technique is addressed more extensively in chapter 7. The long-term results of 
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balloon angioplasty in adolescents and adults are discussed with reference to those of 
stenting of the aorta also.

Persistent systemic hypertension
Reduction in blood pressure might be expected to be smaller and take longer if the 
procedure is carried out at increasing age.83 In a review of 16 reports, endovascular 
treatment of coarctation led to a cure of hypertension (patients no longer requiring 
any medication to treat hypertension) in 18% to 88% (mean 61%), although four 
authors did not report their eventual effect on the patient’s blood pressure.61

4.3. Comparison of management types 
Several remarks should be made on comparing surgical repair to balloon angioplasty. 
First, as was pointed out by Hanley,84 a comparison cannot be directed towards a 
single ideal form of therapy, considering the complex physiologic and morphologic 
variability of this lesion. Instead, better defined indications for either surgery or 
angioplasty should be established. Secondly, individual studies span different time 
periods, focusing on particular age groups and particular morphologic subsets, 
which undermine a meaningful comparison between different techniques. Thirdly, 
controversy about an ideal type of surgical repair continues to exist, impairing 
comparison of balloon angioplasty with surgery in general.
Therefore, variability in age and morphology has to be compensated for when 
comparing both management types. The number of studies comparing balloon 
angioplasty with surgical repair is limited. Shaddy et al. reported a prospective, 
randomized study including 36 patients in 1992.85 Long-term results were reported 
in 2005.86 A higher incidence of aneurysm formation and possibly a higher risk of 
restenosis after angioplasty were found in these studies. Johnson et al. presented a review 
of the literature on treatment of native coarctation in infants with both techniques 
in 1993.87 Although the early mortality rate was similar, balloon angioplasty revealed 
a much higher rate of recoarctation (57%) in infants as compared to those who 
underwent surgical repair (14%). Subsequent experience appears more favourable 
for angioplasty, recoarctation rates being comparable to surgical repair in more recent 
reports.64,85 Another review of the literature was provided by Carr in 2006.61 He 
concluded that results of primary angioplasty or stenting, performed at an average 
age of 22 years in the series reviewed, were similar, but they were not associated 
with less morbidity than surgical repair. Relief of hypertension was provided by 
both therapies with similar efficacy, at least in the short-term. Aneurysm formation is 
encountered after both balloon angioplasty and all types of surgical repair, not solely 
after endovascular intervention. Rates of aneurysm formation51,88 and recoarctation46 
that have been encountered following surgical repair appeared to be comparable 
to endovascular treatment in reports before 2000. However, lower restenosis and 
recoarctation rates have been reported in more recently published surgical series.29,30,89 
Except for those of Carr et al, these promising results were accomplished during 
intermediate-term follow-up, with a maximum of 5 years. Because the mechanism of 
recoarctation might differ between techniques, involving immediate recoil of the vessel 
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following angioplasty, additional long-term results are needed. Chapter 5 comprises 
a comparison of both modalities for the specific group of patients between 3 months 
to 16 years of age with an isolated, discrete type of coarctation. The follow-up in this 
study averaged 7.2 years following surgical repair and 5.4 years following balloon 
angioplasty. As was pointed out earlier, a caveat in comparing different management 
types is a different build up of patient groups. Primary balloon angioplasty may be 
performed more frequently at a higher age. Patients that are managed surgically have a 
long-segment coarctation or associated heart defects more frequently. A simultaneous 
surgical repair may be preferable. Angioplasty appears to be more favourable with 
respect to costs.90 Shaddy et al. calculated angioplasty to be 58% less costly than 
surgical repair.85 The length of hospital stay appears to be mainly responsible for this 
difference. An additional advantage of percutaneous management is of course its 
less invasive character. Besides cosmetic aspects, this may minimize the psychic and 
emotional aspect of this management for both the patient and parents. In conclusion, 
the relative advantages of the less invasive character and the shorter hospital stay might 
tip the balance in favour of balloon angioplasty in this patient category. However, a 
thorough and informative counselling of patients or their parents on this topic in this 
situation is obligatory to obtain informed consent.

4.4. Management of long-term follow-up complications

Recoarctation
Satisfactory results have been reported on angioplasty for recoarctation in both 
children and adults.91,92 It has a low mortality, low morbidity, and good results at 
follow-up. Although some concern has existed concerning the possible increased risk 
in young children, the procedure does not carry a higher risk for those children 
below the age of 1 year.71 Furthermore, it seems to have the same rate of success 
in children below or above the age of one year.91 Associated cardiac malformations 
and transverse arch hypoplasia (defined as an arch dimension < 2 SD below the 
mean for age), both appear to be predictors of the need for reintervention following 
angioplasty for recoarctation91,92 Since repeat angioplasty carries a low risk, this 
procedure may be a good alternative for surgical correction of recurrent recoarcation. 
This was demonstrated in 200 patients with a mean age of 7 years in a multicentre, 
prospective study.93 The decision on type of management will depend on individual 
preferences and specific patient characteristics. Since the adult aorta would be expected 
to have less elasticity than the growing aorta, the adult restenosis may have a stiff and 
fibrotic aortic wall. Nevertheless, no data are available that indicate a different result 
of angioplasty for recurrent coarctation at adult age.

Aneurysm formation 
Conventional management of large thoracic aneurysms after aortic coarctation repair 
has been comparable to the surgical treatment of nonspecific aneurysms; however, 
hypothermic circulatory arrest has been more frequently required because of 
reoperations. Placement of endovascular stent grafts is a less invasive approach for 
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these patients, provided there is no residual coarctation or arch hypoplasia. Reported 
results are promising and mandate further investigation.94

Persistent hypertension
Drug therapy is indicated in children with secondary hypertension.95 In a report on 
transcatheter intervention in adults, 33% of patients showed persistent hypertension 
during long-term follow-up. Meticulous clinical follow-up is mandatory, including 
an exercise test to monitor eventual blood pressure increase and to assess effort 
tolerance.96 In adult post-coarctectomy patients, maximal exercise systolic blood 
pressure was found to be independently associated with mean daytime systolic blood 
pressure at ambulatory blood pressure monitoring by Vriend et al.. 97 In this study 
no independent predictive value of maximal exercise systolic blood pressure for left 
ventricular mass could be demonstrated.

5. Surveillance following successful initial 
management

Adult patients after surgical coarctation repair have impaired endothelial function in 
the forearm circulation, increased intima/media thickness, decreased distensibility in 
the carotid arteries and increased levels of proinflammatory cytokines and adhesion 
molecules in comparison with healthy controls.98 Although these alterations may have 
an important clinical impact and may precede major adverse outcomes, their detection 
requires sophisticated instruments and measurements. Consequently, routine follow-
up shall be focused on the long-term complications discussed above. The follow-
up routine generally includes clinical evaluation, blood pressure monitoring during 
rest and exercise, cardiac and angiographic MR, and echocardiographic Doppler 
ultrasound studies. In addition, invasive angiography and CT may be performed in 
specific patients. Applanation tonometry may be one of the more novel supplementary 
techniques that may be of value in the surveillance of the coarctation patient after 
initial management. The specific role in this surveillance and its contribution to the 
assessment of vascular function of the coarctation patient are discussed for some of 
the aforementioned imaging modalities.  

5.1. Blood-pressure monitoring
Blood pressure gradients between upper and lower extremities equal to or more than 
30 mmHg are considered to correspond with recoarctation requiring reintervention 
in practically all long-term follow-up studies and guidelines.99 Nevertheless, these 
gradients have lost much of their diagnostic value with respect to recoarctation 
with the advent of cardiac MR. Araoz et al. demonstrated poor correlation between 
blood pressure gradients and aortic diameter because collateral circulation obscured 
recoarctation in part of their patients.21 Besides recoarctation, ambulatory blood 
pressure monitoring has been described as a diagnostic tool to identify patients 
with elevated mean daytime blood pressure, independently associated with mild 
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residual descending aortic narrowing.100 These patients may benefit from adjunctive 
antihypertensive therapy and probably even require correction of residual aortic 
obstruction.

5.2. Ergometry 
The mechanism for exercise systolic hypertension after a “good” surgical repair of 
coarctation of the aorta has been elaborated on extensively. This is justified by the 
finding that all successfully operated patients, who are normotensive at rest, are at risk 
for developing end organ damage due to incipient mild hypertension, documented 
by ambulatory blood pressure monitoring.101 Several factors have been implicated 
in the adverse exercise response, including an altered renin-angiotensin system,102 
an augmented sympathetic discharge at peak exercise103 and poor compliance of 
the arterial tree proximal to the coarctation site.22,104,105 Studies on exercise blood 
pressure response have been undertaken only in patients following surgical repair. To 
our knowledge, no data have yet been established focussing on the follow-up after 
balloon angioplasty. The etiology of exercise-induced hypertension may, for a certain 
part, be independent of the preceding management strategy. Nevertheless, balloon 
angioplasty has several potential advantages, compared to surgical management in 
respect to development of exercise-induced hypertension. Aortic innervation and 
reactivity may be expected to be less impaired by the controlled tear within the aortic 
intima and media resulting from balloon angioplasty, compared to the resection and 
end-to-end anastomosis that involves a transvessel section. Additionally, the surgical 
anastomosis may result in inadequate growth of the anastomosis and narrowing at the 
anastomotic site in the growing aorta, despite a successful result immediately.37,106 This 
particular problem has not been encountered following successful balloon angioplasty. 
On the contrary, remodelling and normalization of the aorta after successful balloon 
angioplasty of aortic coarctation have been suggested to allow optimal growth of 
the aortic segments.107 The primary focus of most studies evaluating various surgical 
techniques and balloon angioplasty for aortic coarctation has been the development 
of long-term complications, including aneurysm formation and recoarctation. Few 
of these studies include exercise testing in regular follow-up evaluation.108,109 On 
the grounds mentioned above, we think that persistence of structural and functional 
abnormalities of vessels after repair of aortic coarctation should be investigated by 
monitoring systolic blood pressure during exercise or other high-cardiac output state, 
as was suggested before.103 If one limits assessment of structure and hemodynamics 
to resting studies alone, aortic arch abnormalities thought to be minor at rest, may be 
mistakenly underestimated as important hemodynamic determinants of hypertension 
during periods of increased cardiac output, e.g., exercise. 

5.3. Echocardiography 
Echocardiography plays a central role in the screening for recoarctation due to its low 
cost and widespread availability. When optimal imaging is feasible, as is the case in 
infants and children, the literature supports combined two-dimensional and Doppler 
colour flow echocardiography to image the aortic arch, isthmus, and coarctation site. 



Introduction and outline of the thesis

21

Echocardiography may be more sensitive and specific at lower patient’s ages, but even 
in the follow-up of an adult poplulation, a sensitivity of 97% for recoarctation can 
be achieved echocardiographically.110 Local evaluation of the morphology and flow at 
the coarctation site can be assessed by Doppler echocardiography directly. Especially 
in the young patient population, echocardiography will be informative enough in 
deciding to perform reintervention for recoarctation. Furthermore, the contribution of 
collateral vasculature may be determined by combining echocardiography with arm/
leg pressure gradients in these patients. On the other hand, echocardiography has been 
described to potentially fail in detecting recoarctation, tubular hypoplasia and aortic 
kinking in adult patients.111 Additionally, the coarctation diameter measured by two-
dimensional echocardiography appears to be poorly predictive of the angiographic 
severity, as was demonstrated by Simpson et al. in a series of 15 children.112 These 
limitations apply to transthoracic, including suprasternal, echocardiographic imaging. 
Cross-sectional imaging of the coarctation seems possible with transesophageal 
investigation, presumably enhanced by biplane or 3D-imaging. Transesophageal 
echocardiography may play a limited but additional role in monitoring angioplasty 
procedures and appeared to be superior in detecting intimal dissection to computed 
tomography in this setting.113

5.4. Magnetic Resonance Imaging
MR imaging has been advocated as a superior modality for both pre- and posttreatment 
evaluation of patients with aortic coarctation.111,114 Because it adequately provides 
detailed composite views of the aortic arch and coarctation, including patients with 
poor echocardiographic windows, it seems especially attractive for adolescents and 
adults, in whom sedation is not necessary to facilitate the procedure.111 Furthermore, 
MR imaging was identified as the most cost-effective follow-up procedure.110 Spin-
echo MR, gradient-echo MR, velocity-encoded cine measurements and gadolinium-
enhanced 3D angiography are the proposed components of an appropriate MR 
protocol.111,114 Spin-echo imaging can be used to effectively evaluate the morphology 
of the coarctation, depicting the location and degree of narrowing. Gradient echo 
pulse or balanced fast field echo sequences may be used to visualize the flow void 
immediately distal to the coarctation site, with which its severity can be estimated.112 
Additionally, cardiac and valvular function can be assessed by this technique. 
Although coarctation severity may be estimated by peak jet velocity and peak flow 
measurements using velocity-encoded cine MR,115 yielding accurate estimates of 
pressure gradients across coarctation,116 more recently coarctation severity has been 
related to quantification of collateral blood flow.21,117 Today, 3D MRA is considered the 
technique of choice to visualize the malformation. It yields imaging with excellent 
correlation to conventional angiography and provides subtle details of the aortic 
wall that may be missed with reconstruction techniques such as maximum intensity 
projection (MIP).114,118 Integration of the subsequent parts of this protocol may result 
in new insights, as was demonstrated by Ou et al..119 They found a specific pattern of 
aortic geometry, the so-called Gothic-shaped, angular aortic arch, to be associated with 
increased systolic wave reflection, as well as increased central aortic stiffness and left 
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ventricular mass index in subjects after coarctation repair. These findings demonstrate 
that future surveillance of coarctation patients may be extended to modification of 
accelerated atherosclerosis of coarctation patients and not be limited to detection 
of major adverse outcomes such as recoarctation and aneurysm formation. To 
identify flow characteristics that may be responsible for premature vascular damage, 
encountered by adults after successful coarctation management, proximal and distal 
aortic properties were measured with magnetic resonance in these patients. This study 
has been described in chapter 9.

5.5. Applanation tonometry
Aortic pulse wave velocity, central blood pressure and augmentation pressure or 
index can be derived from the analysis of the aortic and/or peripheral arterial pulse 
waveform. These variables are associated with the presence of cardiovascular disease 
or risk factors. Pulse wave velocity and augmentation index predict cardiovascular 
outcome in general and various cardiovascular target populations.120-123 O’Rourke and 
Cartmill demonstrated that experimental coarctation caused characteristic alterations 
in invasively derived central aortic pressure pulse contour.8 That finding indicated 
impaired arterial function in the “cushioning” of pulsatile flow from the heart. 
Hemodynamic changes were demonstrated in the proximal aorta, and were held 
responsible for the different spectrum of complications and worse prognosis of this 
condition than simple hypertension of equal severity. The early return of the pressure 
wave reflection and augmented ascending aortic pressure wave were demonstrated in 
patients after coarctation repair, more than three decades later, by means of cardiac 
catheterization, echocardiography and MR imaging respectively.124-126 Applanation 
tonometry is an alternative, simple, non-invasive and generally available technique 
by which peripheral arterial pulse waveform can be recorded and mathematically 
transformed to approximate the aortic waveform.127 This technique thereby provides 
insight in structural and functional properties of the arterial tree. Although its use has 
not yet been described in the assessment of this specific patient group, the abnormalities 
in vascular function and structure of the aorta, including the precoarctation segment, 
may well be identified using applanation tonometry in patients with a successfully 
repaired aortic coarctation. Pulse waveforms of 11 patients following successful initial 
coarctation management were therefore analysed using applanation tonometry. Results 
were compared to those in 14 matched controls. Chapter 8 includes the methods and 
results of this study.
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Abstract

Objective:
Evaluation of the results of balloon dilatation in coarctation of the aorta in children. 

Design:
Retrospective. 

Methods:
In the years 1990-1999 30 patients with a congenital coarctation of the aorta were 
treated with balloon angioplasty in the Children’s Heart Centre of Utrecht University 
Medical Centre, the Netherlands. The group comprised 5 girls and 25 boys, with a 
mean age of 4.8 years (range 1 month-16 years) without severe associated congenital 
heart defects or a long segment coarctation. Follow-up included Doppler echocardio-
graphy and MRI within the first 6 years after the procedure. The fall of the pressure 
gradient was assessed with Student’s t-test for paired observations and the reinterven-
tion period was calculated by the Kaplan-Meier method. 

Results:
No children died. Of 30 procedures performed, 28 (93%) were considered successful. 
Mean pressure gradient was reduced from 36.2 mmHg (SD: 12.7) to 13.1 mmHg 
(SD: 9.3) (p < 0.001). Mean follow-up was 4.1 years; the follow-up of 11 patients 
was longer than 5 years. Four patients (13%) developed a recoarctation. No aneurysm 
formation was encountered (n = 14). 

Conclusion:
Balloon angioplasty for the treatment of native coarctation of the aorta in children 
may be an efficient and not very damaging solution for this selected group of pa-
tients.
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Samenvatting

Doel:
Beschrijven van het resultaat van ballondilatatie wegens coarctatio aortae bij kinde-
ren.

Opzet: 
Retrospectief.

Methode:
In de periode 1990-1999 waren 30 patiënten met een primaire coarctatio aortae 
behandeld door middel van ballonangioplastiek in het Kinderhartcentrum van het 
Universitair Medisch Centrum Utrecht. Het betrof 5 meisjes en 25 jongens, met een 
gemiddelde leeftijd van 4,8 jaar (uitersten: 1 maand-16 jaar), zonder ernstige aange-
boren hartafwijkingen of een langsegmentcoarctatie. Bij de follow-up hoorden dop-
pler-echocardiografie en MRI binnen 6 jaar na de ingreep. Succes werd gedefinieerd 
als de afwezigheid van een vernauwing bij angiografie direct na de behandeling. De 
daling van de drukgradiënt werd beoordeeld met de Student-t-toets voor gepaarde 
waarnemingen en de reïnterventievrije periode werd berekend met de Kaplan-Meier-
methode.

Resultaten:
Er overleden geen kinderen. De dilatatie was bij 28 van de 30 patiënten (93%) suc-
cesvol. De gemiddelde drukgradiënt over de coarctatie was gereduceerd van 36,2 
mmHg (SD: 12,7) tot 13,1 mmHg (SD: 9,3) (p < 0,001). De follow-up bedroeg 
gemiddeld 4,1 jaar; van 11 patiënten waren gegevens beschikbaar van meer dan 5 
jaar na de ingreep. Er ontwikkelde zich bij 4 patiënten (13%) een recoarctatie. Aneu-
rysmavorming trad niet op (n = 14). De kans op reïnterventies was in de eerste paar 
jaar groter dan daarna.

Conclusie: 
Primaire ballonangioplastiek voor coarctatio aortae op de kinderleeftijd was voor een 
geselecteerde patiëntengroep een efficiënte en weinig schadelijke behandeling.
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Introductie

In 1979 publiceerden Sos et al. als eersten een verslag van de behandeling van aange-
boren coarctatio aortae met behulp van ballonangioplastiek bij een reeds overleden 
kind.1 Verschillende experimentele onderzoeken bevestigden deze mogelijkheid.2,3 
Sindsdien heeft ballonangioplastiek in diverse centra ingang gevonden als primaire 
behandeling van de aangeboren coarctatio aortae, maar ook na 20 jaar ervaring is 
deze behandeling nog steeds controversieel.
De conventionele behandeling van aangeboren coarctatio aortae bestaat uit een opera-
tie. Daarbij wordt de aorta doorgaans via een laterale thoracotomie in de intercostale 
ruimte benaderd, waarna coarctectomie plaatsvindt, gevolgd door een ‘end-to-end’-
anastomose, of er wordt een allogene patch geplaatst ter hoogte van de vernauwing. 
Deze techniek heeft zowel primair als tijdens de follow-up gunstige resultaten; in 
grote onderzoeken worden een lage sterfte en morbiditeit aangegeven.4

Ballonangioplastiek wordt tegenwoordig door een aantal auteurs als de behandeling 
van voorkeur aangewezen;5-9 anderen zijn terughoudend vanwege een mogelijk ho-
ger risico van recoarctatie en aneurysmavorming dan na operatie.10,11 In dit artikel be-
schrijven wij een retrospectief onderzoek naar het resultaat van 10 jaar ballondilatatie, 
waarin wij het effect evalueerden van behandeling en het optreden registreerden van 
mogelijke complicaties, zoals aneurysmavorming en recoarctatie.

Patiënten en methode

Patiënten
In 1990 werd ballonangioplastiek als primaire behandeling bij coarctatie van de aorta 
in het Kinderhartcentrum van het Wilhelmina Kinderziekenhuis ingevoerd. In de pe-
riode 1990-1999 waren 30 patiënten behandeld met behulp van ballonangioplas-
tiek: 5 meisjes en 25 jongens met een gemiddelde leeftijd van 4,8 jaar (uitersten: 1 
maand-16 jaar; 13 kinderen waren jonger dan 1 jaar). De ernst van de vernauwing 
varieerde. Met de coarctatio samenhangende hartafwijkingen waren aanwezig bij 17 
patiënten (57%; tabel). 

tabel 1. Andere hartafwijkingen bij 17 van de 30 patiënten met een coarctatio aortae die 
behandeld waren met ballonangioplastiek in het Kinderhartcentrum van het Universitair Medisch 
Centrum Utrecht, 1990-1999

bicuspide aortaklep en/of aortaklepstenose 6 
aortaklepstenose en ventrikelseptumdefect 2 
aortaklepstenose en mitraliskiepinsufficiëntie 2 
aortaklepstenose en persisterende ductus arteriosus 1 
ventrikelseptumdefect (klein) 3 
persisterende ductus arteriosus 2 
atriumseptumdefect (klein) 1 
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In dezelfde periode waren 120 patiënten met een coarcatatio aortae geopereerd we-
gens ernstige bijkomende cardiale problemen of een langsegmentcoarctatio. Ook pa-
tiënten jonger dan 3 maanden werden in principe chirurgisch behandeld, wegens 
een vergroot risico van recoarctatie in deze groep.12

Techniek van ballonangioplastiek 
Alle interventies werden uitgevoerd onder totale anesthesie. Na percutane punctie van 
de A. femoralis en heparinisatie (100 IE/kg lichaamsgewicht) werd door een holle 
katheter een drukkatheter opgevoerd waarmee de drukken in de aorta descendens 
en ascendens werden gemeten. Direct daarop vond angiografie plaats vanuit de aorta 
ascendens ter visualisatie van de coarctatio en de verdere aorta. De diameter van de 
aorta ter hoogte van het diafragma werd gemeten. Vervolgens werd bij de dilatatie 
een ballonkatheter (type Tyshak; NuMED Inc., Hopkinton, NY, USA) gebruikt van 
dezelfde diameter, die de omvang van de aorta ter hoogte van het diafragma met niet 
meer dan 2 mm overschreed. De ballon werd over een voerdraad opgevoerd en in 
de aorta ascendens gepositioneerd. Na ontluchting werd de ballon gepositioneerd 
ter hoogte van de coarctatie en vervolgens met verdund contrast opgeblazen tot de 
insnoering ter plaatse van de coarctatie geheel was verstreken. Deze procedure werd 3 
of 4 keer achter elkaar herhaald. Vervolgens werd de ballon vacuüm gezogen en werd 
de katheter voorzichtig over de voerdraad teruggetrokken. Over dezelfde voerdraad 
werd daarna een katheter opgevoerd tot in de aorta ascendens en werd er opnieuw 
een angiogram gemaakt en een drukgradiënt bepaald door middel van een terugtrek-
curve. Bij onvoldoende resultaat werd de dilatatie herhaald met behulp van een ballon 
met een grotere diameter (figuur 1).

vernauwing ballon

catheter

figuur 1. Röntgencontrastopnamen 
rondom een ballonangioplastiek wegens 
coarctatio aortae: (a) de toestand voor 
dilatatie met een duidelijke vernauwing 
en collateraalvorming: (b) de opgeblazen 
ballon; (c) het resultaat: de vernauwing 
is grotendeels opgeheven. De afstand 
tussen de puntjes bedraagt 10 cm, 
zodat deze als ijkpunten dienen om 
diameters op het angiogram te bepalen 
(bijvoorbeeld de diameter van de ballon).
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Definitie van succes
De ingreep werd als succesvol beschouwd als op het angiogram geen vernauwing 
meer zichtbaar was en de drukgradiënt lager was dan 30 mmHg.

Follow-up 
Follow-upgegevens werden verkregen door retrospectief statusonderzoek. Hierin wer-
den betrokken de bloeddrukken van arm en been en het doppler-echocardiogram. De 
daarbij gemeten dopplergradiënt over het coarctatiosegment werd als pathologisch 
beschouwd indien er een sterk verhoogde antegrade snelheid, gecombineerd met 
antegrade stroom tijdens de diastole, werd vastgelegd. Om eventuele aneurysmavor-
ming uit te sluiten, was de aorta descendens echocardiografisch in beeld gebracht. 
Bovendien was binnen 6 jaar na dilatatie een aanvullend MRI- of angiografieonder-
zoek verricht.

Statistische analyse
De Student-t-toets voor gepaarde waarnemingen werd gebruikt om drukgradiënten 
voor en na ballonangioplastiek te vergelijken. Een verschil met een p-waarde < 0,05 
werd als statistisch significant beschouwd. Een Kaplan-Meier-curve werd geconstru-
eerd om de kans op geen nieuwe interventie na de dilatatie te voorspellen.

Resultaten

Angioplastiek was uitgevoerd met een ballondiameter variërend van 5 tot 25 mm. De 
opnameduur bedroeg in alle gevallen 48 uur.

Direct resultaat 
Bij 28 van de 30 patiënten (93%) was na de behandeling angiografisch geen vernau-
wing meer zichtbaar, zodat de behandeling als ‘direct succesvol’ werd beschouwd (zie 
figuur 1). De gemiddelde drukgradiënt over de coarctatie was gereduceerd van 36,2 
mmHg (SD: 12,7) vóór de behandeling tot 13,1 mmHg (SD: 9,3) erna (p < 0,001) 
(figuur 2). Dit komt overeen met een gemiddelde daling in drukgradiënt van 23,1 
mmHg (SD: 11,7). Bij 2 patiënten was de dilatatie niet succesvol. Van hen was de één 
een maand later succesvol geopereerd met resectie en end-to-endanastomose en de 
ander 3 maanden later alsnog met succes opnieuw gedilateerd.

Follow-up
De follow-upduur bij de 30 patiënten varieerde van 1 maand tot 9 jaar (gemiddeld: 
4,1 jaar). Van de 28 patiënten die in eerste instantie een geslaagde dilatatie ondergin-
gen, had zich bij 4 (14%) opnieuw een coarctatie ontwikkeld na 15-29 maanden; van 
hen waren er 2 geopereerd en 2 nogmaals met dilatatie behandeld. In de follow-up 
van deze patiënten (15-84 maanden) was geen recoarctatie vastgesteld. Van 11 pati-
enten (37%) waren gegevens van meer dan 5 jaar na de angioplastiek beschikbaar. 
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De follow-upduur bedroeg gemiddeld 6,8 jaar (uitersten: 5,0-9,1). Bij geen van deze 
patiënten was aneurysmavorming of recoarctatie vastgesteld.

Reïnterventievrije periode
De kans op geen reïnterventie in de loop van de tijd is uitgedrukt in de Kaplan-Meier-
curve (figuur 3). Het 95%-betrouwbaarheidsinterval van een reïnterventievrije peri-
ode was 6,1-8,8 jaar.
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figuur 2. 
Drukgradiënten over de 
coarctatio aortae voor en 
na ballonangioplastiek 
bij 30 kinderen in 1990 
-1999 in het Kinderhart-
centrum te Utrecht. Van 
de gestippelde lijnen 
wordt de drukgradiënt 
niet goed weergegeven 
door een aortaklepste-
nose. 
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figuur 3. 
Kaplan-Meier-curve van 
de kans op het reïnterven-
tievrij blijven na primaire 
ballondilatatie wegens 
coarctatio aortae van 30 
kinderen in 1990-1999 
in het Kinderhartcentrum 
te Utrecht. De kans op 
reïnterventie was in de 
eerste jaren groter dan op 
langere termijn. 
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Complicaties
Tijdens de behandelingen hadden zich geen ernstige complicaties voorgedaan. Bij 1 
patiënt was arteriesectie noodzakelijk om toegang te verkrijgen tot de A. femoralis. 
De katheterisatieprocedure kon verder zonder problemen worden voltooid. Een an-
dere patiënt kreeg ten gevolge van occlusie van de A. femoralis verminderde pulsaties 
in de lies, maar de aanwezigheid van goede collaterale circulatie maakte ingrijpen 
niet noodzakelijk. Bij verdere groei trad geen beenlengteverschil op. Van de eerste 14 
(47%) patiënten waren gegevens beschikbaar van MRI-onderzoek van de aorta des-
cendens. Bij geen van deze patiënten was aneurysmavorming aangetoond.

Beschouwing

Initieel succes
In de door ons onderzochte groep patiënten was het initiële succes 93%, hetgeen 
overeenkomt met de resultaten van eerder gepubliceerde onderzoeken, waarin per-
centages van 80 tot 95 genoemd worden.5,6,13 Dit is des te opmerkelijker omdat voor-
heen aangenomen werd dat het dilateren van recoarctaties veel meer kans van slagen 
had dan het primair dilateren van coarctaties.14 Wel had ons onderzoek een aantal 
beperkingen. De grootte van de onderzoeksgroep is gering. Verder was het onderzoek 
retrospectief en was de follow-up niet volgens een protocol. 
Van de 2 patiënten in onze onderzoeksgroep bij wie dilatatie geen succes had, was 
één kind 1 maand oud. Er was tot ballondilatatie besloten mede omdat de slechte toe-
stand van het kind op dat moment een chirurgische interventie leek uit te sluiten. Bij 
angiografie bleek er een langsegmentcoarctatio te bestaan, die niet dilateerbaar was. 
De patiënt was na een maand van stabiliserende therapie alsnog succesvol chirurgisch 
behandeld. De andere patiënt had het syndroom van Turner. Hiervan is bekend dat de 
coarctatio aortae die hiermee gepaard kan gaan, moeilijk behandelbaar is vanwege 
een fragiele vaatwand.15 Dit kan het slechte resultaat bij de eerste dilatatie wellicht 
verklaren. In tweede instantie was dilatatie wel succesvol.
Bij 2 andere patiënten bestond naast de coarctatio aortae een ernstige aortaklepste-
nose. Tijdens één behandeling waren beide stenosen met ballondilatatie opgeheven. 
Hierbij kon over de coarctatio geen reële gradiënt worden gemeten, omdat de waarde 
hiervan werd beïnvloed door de aortaklepstenose (zie figuur 2). Op grond van het 
angiogram kon de dilatatie van de coarctatio als succesvol worden beschouwd.

Aneurysmavorming
Verschillende onderzoekers hebben gewaarschuwd voor het risico van aneurysmavor-
ming na een ballonangioplastiek. Cooper et al. beschreven als eersten in 1984 aneury-
smavorming bij 3 van de 7 patiënten bij wie dilatatie was verricht.16 In tegenstelling 
tot deze bevinding beschreven Lababidi et al. 27 patiënten bij wie zij in de follow-up 
na dilatatie geen bewijs voor aneurysmavorming vonden,17 en ook Wren et al. vonden 
bij slechts 1 van de 15 patiënten bij wie zij dilatatie uitvoerden, een aneurysma.18 In 
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het enige, overigens kleine, gerandomiseerde onderzoek waarin ballonangioplastiek 
en chirurgie werden vergeleken, werden geen statistisch significante verschillen ge-
constateerd wat betreft aneurysmavorming en restenose.19 
Verschillende factoren kunnen oorzaak zijn van aneurysmavorming, waaronder een te 
grote diameter van de katheter een belangrijke plaats inneemt.6 In ons onderzoek was 
steeds een katheter gebruikt die maximaal de diameter had van de aorta ter hoogte 
van het diafragma of 2 mm groter was indien een tweede ballon werd gebruikt. Dit 
heeft mogelijk bijgedragen aan het uitblijven van aneurysmavorming.

Recoarctatie
Recoarctatie is een andere, frequent optredende complicatie. Het percentage bij onze 
groep patiënten bedroeg 14, andere publicaties vermelden percentages van 14-31.5,6,20 
Hoge percentages recoarctatie kunnen voorkomen als op te jonge leeftijd gedilateerd 
wordt. Rao et al. beschreven een percentage van 83 bij dilatatie van kinderen jonger 
dan 1 maand.6 Ons gunstige effect is ten dele te danken aan het feit dat wij patiënten 
met een coarctatio op een leeftijd onder de 3 maanden in principe niet voor primaire 
ballondilatatie in aanmerking lieten komen, maar direct voor chirurgische behande-
ling voordroegen. Wij werden in dit beleid bevestigd door een eerder gepubliceerd 
onderzoek waarbij bij pasgeborenen onder de 3 maanden een coarctatio gedilateerd 
werd en recoarctatie binnen 1 jaar optrad bij 70%.5

Vergelijking met chirurgie
Ook bij chirurgie treden aneurysmavorming en recoarctatie als complicaties op. Voor 
zowel aneurysmavorming,21,22 als recoarctatie,23 worden percentages beschreven die 
vergelijkbaar zijn met die van ballonangioplastiek. Een onderliggend gevaar bij het 
vergelijken van deze gegevens is dat de patiëntengroepen niet vergelijkbaar zijn: pri-
maire ballondilatatie wordt vaker verricht bij patiënten met een hogere leeftijd; pa-
tiënten die geopereerd worden, hebben doorgaans een langsegmentcoarctatie en/of 
andere ernstige hartafwijkingen die in ieder geval chirurgie noodzakelijk maken en 
bij hen wordt gepoogd beide afwijkingen in een keer te herstellen. Wanneer dit te 
belastend zou worden, kiest men er soms voor om de coarctatie apart te dilateren. 
Als de kosten van chirurgie en angioplastiek vergeleken worden, blijkt angioplastiek 
goedkoper uit te vallen.24 Shaddy et al. berekenden dat ballonangioplastiek 58% goed-
koper is dan chirurgie.19 Dit verschil wordt voornamelijk bepaald door het verschil 
in opnameduur.
Tenslotte kan gesteld worden dat ballonangioplastiek veel minder ingrijpend is dan 
chirurgie, letterlijk en figuurlijk. Het cosmetisch resultaat is fraaier en de psychische 
en emotionele impact voor zowel de patiënt als de ouders is bij ballonangioplastiek 
geringer.
Primaire ballonangioplastiek voor coarctatio aortae op de kinderleeftijd is voor een 
geselecteerde groep patiënten een efficiënte en weinig schadelijke behandeling geble-
ken en vormt daarom een goed alternatief voor chirurgie bij vergelijkbare patiënten.
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Abstract

Background: 
Differences in indication and outcome of balloon angioplasty for coarctation in 
children and adults have not been elucidated sufficiently. Results of balloon angioplasty 
for coarctation are compared between pediatric and adult age groups.

Methods:
Balloon angioplasty for coarctation of the aorta was performed in 85 patients, 
classified according to age and native / recoarctation. Groups A (n=32) (<16 years) 
and B (n=17) (>16 years) included native coarctations. Groups rCoA A (n=33) 
(< 16 years) and rCoA B (n=3) (>16 years) included recoarctations. Follow-up 
included 2D Doppler echocardiography and additional angiography or MRI. Gradient 
reductions in groups were compared using independent-samples T-test. Kaplan-Meier 
and Logrank analyses were performed to compare long-term outcome.

Results:
No mortality occurred. Immediate success was equal in groups A, B and rCoA A 
(94%). Dilatation was unsuccessful in two patients in group rCoA B. Pressure gradients 
decreased 23 mmHg in group A, 31 in B, 18 in rCoA A and 11 in rCoA B. Pressure 
gradient drops, compared between groups A and B, showed a significant difference 
(p<0,001). Hospital stay ranged from 12-48 hours. Follow-up ranged from 6 months 
to 12 years (mean 4,9 years). Kaplan-Meiercurves of groups A and B are not different 
as determined by log rank analysis. No aneurysm formation was encountered.

Conclusions:
Results of balloon angioplasty for native coarctation in both selected children and 
adults are excellent. In recoarctation, we recommend balloon angioplasty in the 
pediatric age. 
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Introduction

In 1945 surgery was first described as treatment for coarctation of the aorta,1 and 
various surgical techniques have been advocated and proved successful since then. 
Since 1982,2 balloon angioplasty for coarctation has been added as viable alternative 
to surgery for treatment of coarctation of the aorta and it is currently considered as a 
safe and effective treatment for coarctation.3-5

Balloon angioplasty for coarctation has been used as treatment for both children and 
adults, in the literature as well as in our clinical setting.4,6-9 Whether indication for 
and outcome of this treatment are the same in these different age groups remains to 
be elucidated more thoroughly. This study is explicitly limited to the comparison of 
results and follow-up of balloon angioplasty for coarctation in children and adults 
to test our hypothesis that the role of balloon angioplasty in pediatric and adult 
coarctation can be the same. 

Methods
Patients
Balloon angioplasty for coarctation of the aorta was performed in 85 patients in 
our institute from April 1988 to July 2000. Native coarctation was treated in 49/85 
patients (37 males and 12 females; age 3 months to 67 years; median 8,3 years). 
Recoarctation was treated in the other 36/85 patients (22 males and 13 females; 
age from 3 months to 43 years; mean 8,1 years). All patients with a localized type 
of coarctation or recoarctation and older than 3 months were included. We classified 
the patients with native coarctation in 2 groups according to age 16 years. Group A 
comprised 32 children (mean age 5 years, range from 3 months to 15 years). Group 
B included 17 adults (mean age 36 years, range from 16 to 67). The age of 16 years 
was chosen according to the patient population in two centers within our institute. 
24/49 patients (49%) had associated heart defects (table I).

table i. Associated heart defects in patients with native coarctation of the aorta, classified in two 
groups according age, treated with balloon angioplasty (n=49).

Group A: patients < 16 years old (n=32)
Bicuspid aortic valve and/or aortic valve stenosis 6
Aortic valve stenosis and mitral valve insufficiency 2 
Aortic valve stenosis and PDA 1
VSD (hemodynamic insignificant) 3
Isolated PDA 2
ASD (hemodynamic insignificant) 1
Group B: patients > 16 years old (n=17)
Bicuspid aortic valve and/or aortic valve stenosis 6
VSD 2
Aortic insufficiency 1

ASD = atrial septum defect, PDA = patent ductus arteriosus, VSD = ventricle septum defect
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Additionally, we classified the 36 patients with recoarctation angioplasty in a similar 
fashion. Group rCoA A included 33 patients (mean age 6,1 years; range from 3 month 
to 15 years) and rCoA B included 3 patients (mean age 30 years; range from 23 to 43 
years). 30/36 patients (83%) had associated heart defects (table II). 

table ii. Associated heart defects in patients with re-coarctation of the aorta, classified in two 
groups according age, treated with balloon angioplasty (n=36).

Group rcoA A: patients < 16 years old (n=33)
Bicuspid aortic valve and/or aortic valve stenosis 9  
VSD (hemodynamic insignificant) 7
VSD and PDA 5
Isolated PDA 1
ASD (hemodynamic insignificant) 2
TGA (associated with VSD and/or PDA) 3
Mitral valve stenosis 2
Group rCoA B: patients > 16 years old (n=3)
VSD 1

ASD = atrial septum defect, PDA = patent ductus arteriosus, TGA= transposition of the great 
arteries, VSD = ventricle septum defect

Primary management consisted of surgery in 34/36 patients, in whom the period 
in between primary and secondary intervention ranged two months to 17 years, 
median being 5 years. Balloon angioplasty was primary treatment in 2/36 patients, 
intervention free period following, being 3 and 15 months.
Technique balloon angioplasty. Balloon angioplasty was carried out under complete 
anesthesia. The technique used for percutaneous balloon angioplasty was described 
previously.10 There were no important differences in technique or equipment over the 
12-year period. Aortic arch angiography was performed and the aortic diameter at 
the level of the diaphragm was measured. The balloon catheter was advanced up to 
the aortic arch, de-aired and then retracted until the balloon crossed the coarctation. 
Inflation with diluted contrast was performed until the waist in the balloon 
disappeared. This procedure was performed 3 times, to optimize the final result. To 
measure aortic pressures and perform an angiogram a catheter was passed over the 
guide wire. This procedure was repeated using a larger balloon diameter when the 
result was unsatisfactory. The size of the balloon was chosen depending on the aortic 
diameter as measured at the level of the diaphragm, in such a way that the balloon 
would not exceed that diameter initially, and not by more than 2 mm in a secondary 
stage, performed when necessary.
A different technique was used in 3 patients in group B with a local occlusion at the 
coarctation site, in whom the brachial, anterograde route was chosen and in which 
after perforation of the vessel with a stiff (coronary) probe, angioplasty with a 4 mm 
coronary angioplastic balloon was performed. In 1 patient (group B) an 18-mm wall-
stent was deployed. 



Angioplasty for coarctation in different aged patients

47

The immediate result of angioplasty was considered successful if angiography showed 
no residual stenosis, indented vessel walls, and the intra-vascular pressure gradient 
was reduced to less than 20 mmHg. In those cases in which the angiographic result 
was satisfactory but pressure gradient lower than 20 mmHg could not be reached, 
procedures were considered successful consequently. 

Follow-up
Follow-up included clinical evaluation and echocardiographic Doppler ultrasound 
studies, in which a gradient of 30 mmHg and a registered continuation of flow 
in diastole, with blood pressure gradients between upper and lower extremities 
exceeding 20 mmHg were considered to correspond with recoarctation requiring 
reintervention. Local evaluation of the coarctation site by Doppler echocardiography 
assessed the aortic flow and morphology directly. Consequently, in deciding to perform 
reintervention, echocardiographic results were considered informative in addition 
to arm/leg pressure gradients, determining the influence of collateral vasculature. 
Additional angiography or MRI was performed to exclude possible aneurysm 
formation. Vascular complications were accounted for by clinical evaluation, including 
local palpitation and auscultation. A vascular surgeon was consulted and peripheral 
Doppler performed following all dubious findings.

Statistical analysis
Due to a limited number of patients in group rCoA B, statistical comparison was 
limited to groups A and B. Decreases in pressure gradients before and after dilatation 
of the native coarctation between groups A and B were compared using independent-
samples T-test (2-tail, unequal variances). A p-value < 0,05 was considered significant. 
Chi-square test was performed to compare recoarctation rates between groups. 
Kaplan-Meier analysis was performed to display the incidence of reintervention after 
balloon angioplasty. Logrank analysis was used to compare time to reintervention 
between child and adult populations. Two patients in whom aortic valve stenosis 
was encountered, were excluded from the independent-samples T-test. The patient 
in group B who received a stent was excluded from statistical analysis as indicated 
above.

Results

Immediate results
The peak to peak systolic gradient across the coarctation decreased from 37 (13 SD) 
to 12 (9,5 SD) (p<0.001) in group A, from 50 (22 SD) to 5,4 (8,6 SD) (p<0.001) 
in group B. Independent-samples T-test (2-tail, unequal variances) determined a 
significant difference in decrease of pressure gradients between both groups (p<0,001). 
Although no gradient reduction was encountered in some patients, angioplasty was 
considered successful on basis of angiography. Since registered pressure gradients are 
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meaningless addressing immediate success in patients with aortic valve stenosis, these 
values are excluded in the analysis. These two patients are depicted by dotted lines in 
the first figure (figures 1,2).
In 46 patients (94%), treatment was considered immediately successful. Three patients 
(6%) had an unsuccessful immediate result: two patients in group A. One of these 
children had a successful surgical repair after 1 month and the other was successfully 
redilatated after 3 months. One procedure was only partial successful in group B, low 
pressure gradient and a satisfactory clinical presentation in follow-up prevented re-
intervention. Hospital stay varied from 12 to 48 hours for all patients. 
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figure 1. Peak to 
peak systolic gradient 
across coarctation 
site before and after 
balloon angioplasty 
for native coarctation 
in 32 children. The 
two dotted lines 
represent patients with 
an associated aortic 
valve stenosis. Several 
lines overlap.

0

10

20

30

40

50

60

70

80

90

100

pr
es

su
re

gr
ad

ie
nt

(m
m

H
g)

pre post

figure 2. Peak to 
peak systolic gradient 
across coarctation 
site before and after 
balloon angioplasty 
for native coarctation 
in 17 adults. The 
dotted line represent 
the patient who 
received a stent. 
Several lines overlap.
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Mean pressure gradient decreased from 27 (20 SD) to 9,5 (8,9 SD) (p<0.001) in 
group rCoA A and from 35 (13 SD) to 17 (6,1 SD) (p<0,05) in group rCoA B. 
Associated aortic valve stenosis prevented the registration of a meaningful gradient in 
one of the patients in group rCoA A. This patient is represented by a dotted line, these 
pressures were not included in analysis (figures 3,4).
Treatment was considered immediate successful in 31 (94%) patients in group 
rCoA A and failed to occur in two patients (6%). These both patients were managed 
surgically; a patch angioplasty was performed in both.
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figure 3. Peak to peak 
systolic gradient across 
coarctation site before and 
after balloon angioplasty 
for recoarctation in 33 
children. Several lines 
overlap. A number of 
patients in this group 
had developed extensive 
collateral vasculature 
which leads to a 
misrepresentation of the 
initial pressure gradients 
and the pressure gradient 
drop during balloon 
angioplasty.
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One of 3 procedures turned out successful immediately in group rCoA B. In 1 patient 
resultant pressure gradient exceeded 40 mmHg. This patient was managed with patch 
angioplasty successfully. Low pressure gradients and a satisfactory clinical presentation 
in follow-up prevented re-intervention in the other patient after an insufficient 
angiographic result initially.
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figure 5. Graph 
showing re-intervention 
free survival after 
balloon angioplasty 
for native coarctation 
of the aorta in children 
and adults. No re-
intervention took 
place in group B, the 
adult group. The child 
population is depicted 
by the lower line: A. 
In this group, the ratio 
of 78% at 2,5 years 
remained intervention 
free throughout 9-year 
follow-up period.
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Follow-up
Results are summarized in an organogram (figure 7). 
Follow-up of all 85 patients ranged from 6 months to 12 years (mean 4,9 years). 
Neither diastolic flow nor a pressure gradient exceeding 30 mmHg were registered 
in echocardiographic study in patients free from reintervention in follow-up. Of 
the 46 patients treated successfully initially in groups A and B, four (9%) developed 
a recoarctation. All recoarctations developed in the 30 patients (13%) who were 
immediate successful in group A. No recoarctations were encountered in group B. 
Patients with recoarctation underwent surgery (2 patients), or balloon angioplasty 
(2 patients). These reinterventions were all successful. Chi-square test for restenosis 
yielded no significant difference between groups A and B. The probabilities of 
reintervention after balloon angioplasty in groups A and B are depicted in Kaplan-
Meier curves. The curves of groups A and B are not significantly different as determined 
by log rank analysis (p = 0,089) (figure 5).
One patient (3%) was treated for hypertension at angioplasty in group A, but 
after angioplasty blood pressure normalized and medication could be reduced. In 
group B, 13 patients (68%) were treated for hypertension at the time of balloon 
angioplasty. In 6 patients (46%) anti-hypertensive medication could be stopped, in 
1 the medication was reduced and in another 6 (46%) anti-hypertensive medication 
had to be continued.
One of the 31 patients treated successfully in group rCoA A developed recoarctation 
in follow-up. Patch angioplasty was performed successfully in this patient. The 
probability of reintervention after balloon angioplasty in group rCoA A is depicted in 
a Kaplan-Meier curve (figure 6). 

Aneurysms
All patients in groups A and B had ultrasound investigations, 17 (35%) had MRI, 19 
(39%) conventional chest-röntgengraphy, 7 DVI (14%) and 8 (16%) had angiographic 
studies in follow-up. In groups rCoA A and rCoA B, all patients had ultrasound studies, 
16 (44%) had MRI, 22 (61%) conventional chest-röntgengraphy and 9 (25%) had 
angiographic investigations in follow-up. No aneurysm formation was encountered. 

Mortality
One death occurred in group rCoA A, not related to the angioplastic procedure. A 
Waterhousen-Friedrigsen sepsis developed in this patient 3 months after balloon 
angioplasty for re-coarctation. 

Complications
Complications occurred in 2 of the 49 patients in groups A and B. In 1 patient artery-
section was required to get access to the femoral artery. The second patient developed 
femoral artery occlusion, sufficient collateral circulation prevented further treatment 
and no difference in length of the legs was noted in follow-up.
No complications occurred in groups rCoA A and rCoA B. In 3/36 procedures balloon 
rupture occurred without consequences for the patients.
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Discussion

Balloon angioplasty has proven to be an alternative for surgery in coarctation of the 
aorta in a selected group of patients, although concerns exist on the long-term follow-
up in regard to recurrent or residual aortic coarctation. A number of investigators 
have suggested that age has an important impact on outcome. Some series have 
shown an increased risk of recurrence in very young patients.4,11 Hellenbrand et al. 
however suggested that the age at angioplasty was inversely related to adequacy of 
angioplasty.12 We propose that long standing aortic obstruction could be associated 
with increased fibrotic change in the aorta and therefore better results were to be 
obtained in younger patients in this series. Excellent results for angioplasty in adults 
were reported by Fawzy et al. and they suggested that advanced age at dilatation could 
explain the low incidence of coarctation recurrence.8 These different reports evoke 
the question whether the management of coarctation in children and adults should 
be different.

Immediate results
 In attributing success to procedures, angiography was considered more important 
than the resulting pressure gradient. Different from gradients post dilatation, 
angiographic results cannot be underestimated in the presence of extensive collateral 
vasculature. Furthermore, the decision to perform reinterventions could not be based 
on temporarily excessively high gradients, as were encountered in some of the patients 
in our series. Instead thereof, in those cases in which the angiographic result was 
satisfactory but the pressure gradient remained over 20 mmHg, the procedures were 
considered successful and were not repeated with a larger balloon in the absence of 
remaining waist which could be dilated further. These decisions proved to be justified 
by the follow-up studies in which no further residual gradients were encountered in 
these patients, probably secondary to remodelling, as proposed by Ebels.13 Gradient 
reduction ranging from 31-35 mmHg in children3,4,11 and from 34-57 mmHg in 
adults8,9,14 are reported. Significantly larger pressure gradients decreases after balloon 
angioplasty in adults (44 mmHg), compared to children (23 mmHg) were also 
encountered in this study. The existence of both higher gradients before, as well as 
lower gradients after dilatation, enhances the pressure gradient drop in adults. This is, 
at least partially, caused by higher blood pressures in adults, so that percent reduction 
is limited. The resulting lower gradients after dilatation may be explained by the larger 
absolute surface gain that is obtained in adults in the angioplasty procedure, which 
can be attributed to the elastic recoil of the aortic wall, occurring predominantly in 
children and less in adults who have probably more fibrotic tissue in the aortic wall. 

Recoarctation
Recoarctation is the prevailing long-term complication after angioplasty and surgical 
repair. Especially in children and infants recoarctation rates after balloon angioplasty 
may range from 15-30%. For this reason we excluded this procedure in infants 
younger than 3 months, in whom the risk is unacceptably large.3,4 This resulted in an 
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overall recoarctation rate of 14% in our population. But even when this precaution 
is taken, recoarctation is less common in adults, in whom no recoarctations were 
encountered in follow-up. This is in accordance with several studies reporting that 
the risk of recoarctation decreases gradually with increasing age,3,11,15,16 probably 
secondary to the different build up of the vessel wall with decreasing elasticity. 
A number of patients in this category had developed extensive collateral vasculature 
which leads to a misrepresentation of the initial pressure gradients and the pressure 
gradient drop during balloon angioplasty. 

Aneurysm formation
Aneurysm formation at dilatation site has remained a long-term concern, although 
a gradual decrease in the incidence of aneurysm formation has been reported. Early 
studies noted a significant incidence of 50%,17 which decreased significantly, varying 
from 0-6% in later studies.7,18,19 No aneurysm was encountered in the follow-up. 
Accordingly, all groups appear to have comparable low incidence of aneurysm 
formation. This finding would coincide with Ritter et al., who postulate that the 
incidence of formation of aneurysms is similar in children and adults.20

No indication exists that the natural history of aneurysms occurring after balloon 
dilatation of coarctation in adults is different for that in children. Media tear and 
cystic medial necrosis have been postulated as cause of aneurysm formation.6 Sohn et 
al. demonstrated remodeling of dilated vessels. 21 It has been suggested that aneurysm 
development may be due to use of an overstressed balloon.18 This probably explains 
the decrease in aneurysm formation over time. The larger the balloon, the better the 
gradient relief, but the higher the chance on medial tear. We therefore use a catheter 
of which the size was chosen depending on the aortic diameter as measured at the 
level of the diaphragm, in such a way that the balloon would not exceed that diameter 
by more than 2 mm. 

Hypertension
Reduction in blood pressure will be smaller and take longer if the procedure is carried 
out at increasing age.22 This has been illustrated evidently in our series. Hypertension 
persisted in none of the children, whereas medication had to be continued in 6 out 
of 18 adults (33%). Systemic hypertension postoperatively, in the absence of residual 
coarctation, appears to be related to the duration of preoperative hypertension, which 
can be explained by an insufficient resetting of the baroreceptor postoperatively.

Treatment for recoarctation
Satisfactory results have been reported on angioplasty for recoarctation in adults.23 
Nevertheless, angioplasty failed in adult recoarctation in our patient population, which 
included 3 patients who underwent surgery. Trying to explain this failure, we could think 
of two unfavorable conditions, compromising balloon angioplasty in these patients: We 
hypothize that the adult restenosis has a stiff and fibrotic aortic wall, since the adult 
aorta would be expected to have less elasticity than an growing aorta. Additionally, 
scarring is probably more extensive following surgery, compared to angioplasty. 
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Patients with a recoarctation after primary angioplasty underwent surgery (2 patients), 
or secondary angioplasty (2 patients). The choice for either surgery or balloon 
angioplasty was based upon the gravity of stenosis: patients with a severe restenosis 
were operated on, while in less prompt and severe restenoses, patients underwent 
angioplasty. Both surgery and angioplasty turned out successful in long term follow-
up. Although we did not obtain data on this subject, we propose that severe restenosis 
should be managed surgically, like a long-segment coarctation indicates surgical 
management in native coarctation.

Stent-implantation
Two possible mechanisms of recurrence include elastic recoil of tissue after 
angioplasty and the presence of long segment narrowing. Stents provide support to 
recoil of the dilated segment.24 Implantation of stents in older children and adults in 
whom the aorta size has attained adult size is not problematic, although such may 
be problematic in infants and children, whose aorta is not totally developed. The 
indications for stent implantation are not clearly defined.25 Possible indications are 
long segment coarctation and tortuous coarctation. We used 1 stent in an adult patient 
on request of the referring physician only. 
One child developed femoral artery occlusion. This may be associated with intimal 
trauma as the balloon is withdrawn from the femoral artery. Care during the 
intervention will minimize this complication.

Limitations of the study
This study has several limitations: the small number of patients, the retrospective 
nature of this study and a limited mean follow-up of 4,9 years. Two patients in group 
rCoA A were excluded from balloon angioplasty because of severe restenosis, thereby 
introducing selection of patients in this group.

Conclusions
 Balloon angioplasty for native coarctation works with a similar technical approach 
equally well in children and adults and warrants its role as first-choice therapy for 
this diagnose group. Balloon angioplasty in recoarctation can only be recommended 
in the pediatric age group. 
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Abstract

Objectives: 
Although aneurysm formation and recoarctation following Dacron patch aortoplasty 
have been reported on extensively, less is known about these outcomes following 
polytetrafluoroethylene patch repair, which was compared to resection and end-to-
end anastomosis in this study.

Methods:
262 children had surgical repair of coarctation of the aorta by either resection and end-
to-end anastomosis (n=137, mean age 1.85 ± 3.1 years) or polytetrafluoroethylene 
patch aortoplasty (n=118, mean age 1.09 ± 1.9 years) during a 28-year period. 
Coarctation was isolated in 109 (41.6%), associated with VSD in 77 (29.4%) and 
with complex intracardiac anomalies in 76 patients (29.0%). Follow-up ranged from 
2 days to 29.3 years (median 11.9 years). 7 patients were lost to follow-up. Kaplan-
Meier survival curves were estimated and multivariable Cox regression analysis was 
performed for several outcome variables. 

Results:
Mortality was 8.2% and was associated with intracardiac pathology in all cases. 
Recoarctation occurred in 53 patients, 23 following resection and anastomosis and 
30 following patch repair, not differing statistically (log rank, p=0.4). Aneurysm 
formation occurred in 8 patients following patch repair, that included ridge resection 
in 7/8 patients. Late hypertension occurred in less patients (n=3) following resection 
and anastomosis than following patch repair (n=8) (log rank test, p<0.03). Arch 
hypoplasia (p<0.01) and age < 1 month (p<0.001) were found to be independent 
risk factors for recoarctation.

Conclusions:
Polytetrafluoroethylene patch repair including coarctation ridge resection was found 
to be a risk factor for aneurysm formation and late hypertension. Arch hypoplasia and 
young age must be considered to predispose to recoarctation.
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Introduction

Aneurysm formation following Dacron patch aortoplasty for coarctation of the 
aorta has been reported on extensively, in as much as 51% of patients.1 However, 
aneurysm incidence following repair with polytetrafluoroethylene (PTFE) appears 
to be comparable to other techniques.2 Among a variety of surgical techniques, we 
have continued to perform patch aortoplasty with PTFE as patch material in the 
recent past. The objectives of this retrospective review were threefold. Our first intent 
was to evaluate the immediate results and long-term follow-up regarding mortality, 
recoarctation, aneurysm formation and late hypertension following coarctation 
repair in all age groups with resection and end-to-end anastomosis (RETE) and patch 
angioplasty (PA). The second goal was to compare those results for both surgical 
techniques, to identify the ideal form of surgical management or specify indications 
for these techniques. The third and final objective was to identify risk factors for 
various outcomes, on which our surgical management can be based.

Patients and methods

Patients 
Between 1973 and 2000 262 children had surgical repair of coarctation of the aorta 
by either RETE or PTFE patch aortoplasty. Of the total, 163 were males and 99 females. 
Diagnoses included isolated coarctation of the aorta in 109/262 (42%) (group 1), 
coarctation of the aorta and VSD in 77/262 (29%) (group 2) and coarctation of 
the aorta with complex intracardiac anomaly in 76/262 (29%) patients (group 
3). Associated cardiovascular anomalies and non-cardiac anomaly syndromes are 
summarized in Table 1. 
The mean age at the time of surgery was 1.85 ± 3.1 years for RETE (n=137) and 
1.09 ± 1.9 years for PA (n=117). Percentages of female patients were 39% (55/141) 
for RETE and 64% (44/121) for PA. Percentages of group 2 and 3 pathology were 
31 (44/141) and 25 (35/141) for RETE and 27 (33/121) and 34 (41/121) for PA 
respectively. Associated isthmus hypoplasia was defined as isthmus diameter less than 
40% of diameter of ascending aorta.3 Arch hypoplasia was defined as proximal or 
distal transverse arch diameter less than 60% or 50% respectively of the diameter of 
the ascending aorta.3 Isthmus and/or arch hypoplasia was present in 25/109 (23%) 
patients in group 1, 36/77 (47%) in group 2 and 23/76 (30%) in group 3. Age at 
presentation ranged from birth to 15.4 years (median 41 days) in group 1, from birth 
to 12.0 years (median 21 days) in group 2 and from birth to 11.0 years (median 
22 days) in group 3. Method of diagnosis included blood pressure measurement 
and echocardiography in all patients. Additionally, catheterization was performed in 
patients in group 3 and in patients in whom echocardiography was not conclusive.
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Surgical management
During the study period, two surgeons performed the vast majority of surgical 
procedures. Repair-operative approach was left thoracotomy in group 1 and in 
patients with a staged repair in groups 2 and 3. Median sternotomy was the approach 
for complete repair in groups 2 and 3. A one-stage repair was undertaken in 16/153 

table 1. Associated cardiovascular anomalies and non-cardiac anomaly syndromes 

Associated cardiovascular anomalies No. (rate)

None (Group 1) 111 (41%)
VSD (Group 2) 80 (30%)
   Perimembranous 45 (56%)
   Muscular 18 (23%)
   Outlet 9 (11%)
   Multiple 5 (6%)
   Inlet 1 (1%)
   Apical 1 (1%)
   Doubly committed 1 (1%)  
   Complex anomalies (Group 3) 78 (29%)
   Aortic stenosis 25
    + VSD 3
   Mitral valve anomaly 18
   Transposition of great arteries 6
   + VSD 9
   AVSD 5
   Double outlet right ventricle 1
   + VSD 4
   Single ventricle 2
   + VSD 2
   Unspecified 3
Non-cardiac anomaly syndromes
   Multiple congenital malformations, unspecified 4
   Down’s syndrome 4
   DiGeorge’s syndrome 3
   Schizis 2
   VATERR-association 2
   Turner’s syndrome 2
   Microphtalmia, micrognatia 1
   Brown’s syndrome 1
   Williams-Beuren’s syndrome 1
   Multiple skeletal malformations, unspecified 1
   CHARGE-association 1

VSD = Ventricular septal defect, AVSD = atrioventricular septal defect, VATERR = vertebral 
defects, imperforate anus, tracheoesophageal fistula, and radial and renal dysplasia; CHARGE 
= coloboma, heart disease, atresia choanae, retarded growth and development and/or central 
nervous system anomalies, genital hypoplasia, and ear anomalies and/or deafness.
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(10%) patients in groups 2 and 3. The initial procedure in all other patients consisted 
of aortic arch repair; close follow-up with echocardiographic monitoring indicated the 
need and timing of a subsequent procedure. Repair consisted of resection and end-to-
end anastomosis in 137/262 (52%) patients and PTFE patch aortoplasty in 125/262 
(48%) patients. A combination of both techniques in one procedure was performed 
in 4/262 (1.5%) patients. This combined technique was performed in patients in 
whom a primarily performed resection and end-to-end anastomosis did not relieve 
the aortic gradient satisfactory. Patch aortoplasty was performed subsequently within 
one session. These four procedures were considered primary failures of resection and 
end-to-end anastomosis. The technique of repair that was used, varied according 
the surgeon’s preferences predominantly. The coarctation ridge was excised in the 
performance of patch aortoplasty until 1991. All surgical procedures until mid 1980’s 
were performed with continuous 6-0 polypropylene suture, while continuous 6-0 
and 7-0 monofilament non-absorbable suture were used thereafter. Cardiopulmonary 
bypass, performed with circulatory arrest and cooling, was restricted to complete 
repair in groups 2 and 3. 
The immediate results of surgery were considered satisfactory if a pulsatile flow in the 
descending aorta was registered by palpation after surgery and the resultant pressure 
gradient between upper and lower limb was less than 20 mmHg.

Follow-up
Length of follow-up ranged from two days to 29.3 years (median 11.9 years). Seven 
patients were lost to follow-up: 4 patients following RETE and 3 following PA. Follow-
up was limited by death in 26 patients. Follow-up ranged from 1-10 years in 115/262 
(44%) patients, from 10-20 years in 102/262 (39%) patients and exceeded 20 years 
in 45/262 (17%) patients. Follow-up included clinical evaluation every three months 
in the first year after intervention and yearly thereafter. Arm and leg cuff pressures 
were registered and chest radiography and 2D / continuous-wave echocardiographic 
Doppler ultrasound studies performed. Follow-up catheterization and angiography 
were performed in patients suspect for aneurysm formation or recoarctation. An 
aneurysm was defined as an aortic ratio > 1.5, measuring aortic diameters at the 
coarctation repair site and thoracic aorta at the level of the diaphragm. A gradient 
of 20 mmHg and a registered continuation of flow in diastole in echocardiographic 
Doppler ultrasound studies or blood pressure gradients between upper and lower 
extremities exceeding 20 mmHg were considered to correspond with recoarctation, 
requiring reintervention. MRI was performed in patients suspect for aneurysm 
formation. Recoarctation was treated with repeat surgery or balloon angioplasty after 
additional angiography. 

Statistical methods 
Test results with a p-value < 0.05 were considered significant in all statistical 
analyses. Kaplan-Meier survival curves were estimated to determine intervention 
free probabilities for various groups. Cumulative probabilities in these groups were 
compared against guidelines using the log rank test. Multivariable Cox regression 
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analyses were performed for the various outcomes for which sufficient events were 
encountered. Potential risk factors in these analyses included aortic arch and/or 
isthmus hypoplasia, era (‘73-’87 versus ‘88-’00), age (less than one month, one 
month until one year, age from one year) and type of repair (PTFE patch aortoplasty 
versus RETE). 

Results

Follow-up of all patients is summarized in figure 1.

Immediate Results 
Hospital stay varied from six to 22 days (median 11 days). Complications not 
resulting in death were encountered following 17/255 procedures (6.7%) and 
included persistent hypertension in 6/255 patients (2.3%). In two of these patients 
this persistent hypertension could not be treated satisfactory at long-term follow-
up, persistent hypertension thereby transferring to late hypertension. False aneurysm 
formation (two patients), bleeding, arrythmia, chylothorax (two patients), stroke (two 
patients), atelectasis and thrombus formation in the left atrium were encountered in 
the rest of these patients.

Mortality  
Mortality is specified in table 2. 

table 2. Mortality specified (n=21/255).
Following primary coarctation repair 20
   Postoperatively, following simultaneous correction of  VSD 5
   Postoperatively, following simultaneous aortic valvuloplasty 2
   Postoperatively, following unrelated cardiac surgery 9
   Arrhythmia during follow-up 1
   Pneumonia during follow-up 2
   Sepsis during follow-up 1 
Following secondary coarctation repair 1
Total 21

Overall mortality was 21/255 (8.2%). Seven patients died of post-operative 
complications after primary repair of CoA. This procedure was RETE in 3/7 patients 
and patch aortoplasty in 4/7 patients. Kaplan-Meier analysis for survival was 
performed, differentiating groups 1,2 and 3. The cumulative survival probability at 
10 years follow-up was 96.8 ± 1.8% for patients in group 1, 87.0 ± 4.4% in group 2 
and 80.6 ± 4.9% in group 3. Log rank test revealed a significant difference between 
these groups regarding mortality (p=0.001) (figure 2). 
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Recoarctation
Recoarctation occurred in 53/255 (21%) patients of whom 23/53 (43%) had 
an RETE and 30/53 (57%) had a patch graft angioplasty. Log rank test revealed 
no significant difference between both techniques regarding reintervention for 
recoarctation (p=0.4) (figure 3). 
Transverse arch hypoplasia was present in 32/255 (12.5%) patients, isthmus 
hypoplasia in 36/255 (14.1%) and both conditions in 18/255 (7.1%) patients. Of 
both conditions, arch hypoplasia was the only for which a significant difference in 
reintervention was found (log rank test, p=0.030) (figure 4). 

recoarctation
n = 23

late hypertension
n = 3

resection and end-to-end anastomosis
n = 137

recoarctation
n = 30

late hypertension
n = 8

aneurysm formation
n = 8

polytetrafluoroethylene patch aortoplasty
n = 118

Surgery for native coarctation of the aorta
n = 255

figure 1. Flow diagram of all patients (n=255), managed in a 28-year period. Patients lost-to-
follow-up (n=7) are not included.
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Repair was performed at age less than one month in 105/255 (41%) patients, 
between one month and one year of age in 75/255 (29%) patients and after one year 
of age in 75/255 (29%) patients. Recoarctation rates were 35/105, 11/75 and 8/75 
respectively. A significant difference was found between these age groups regarding 
recoarctation (log rank test, p<0.001) (figure 5). 
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Reintervention was performed in all patients with recoarctation. Two patients received 
RETE, 18 PA and 32 were treated with balloon angioplasty. Re-recoarctation occurred 
in two patient who had been operated on, these patients underwent secondary 
balloon angioplasty and RETE. Age less than one month at repair and the presence of 
transverse arch hypoplasia were the only predictors for recoarctation in multivariable 
Cox regression analysis. A relative risk of recoarctation for patients less than month 
of age compared to patients more than one year of age of 6.3 (95% CI: 2.8-14) 
(p<0.001) was found. No difference between patients from one month to one year of 
age compared to patients from one year of age was found. The relative risk associated 
with arch hypoplasia was 2.4 (95% CI: 1.3-4.5) (p=0.006). On the contrary, type of 
repair, the presence of isthmus hypoplasia, era of repair (‘71-’87 versus ’88-’00) and 
associated cardiac pathology were not significant risk factors.

Late hypertension 
Late hypertension, defined as blood pressure exceeding 150/90 mmHg in the right 
arm, measured at regular follow-up assessment, was encountered in 11/255 (4.3%) 
patients. Late hypertension was encountered in 5/176 (2.8%) patients younger than 
1 year of age and in 6/75 (8.0%) patients older than one year of age. Preceding 
type of coarctation repair had been RETE in 3/11 (27%) and patch aortoplasty in 
8/11 (73%). All of these 11 patients needed medication to control this hypertension. 
Recoarctation had been encountered in 6/11 (55%) patients with late hypertension 
at any time during follow-up at the time of this review. Hypertension persisted 
following management of recoarctation in these 6 patients. Age and late hypertension 
were not found to be related. Patch aortoplasty was associated with a higher rate of 
late hypertension (log rank test, p<0.03). 
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Aneurysm formation
Aneurysm formation was encountered in 8/255 (3.1%) patients, all following patch 
aortoplasty (figure 6). 
The interval to aneurysm formation varied from four days to 18.6 years (median 
12.3). The actuarial 15-year probability of freedom from aneurysm formation 
following patch aortoplasty was found to be 93 ± 3.1%. The aneurysm that 
developed within four days postsurgically, was identified to be a false aneurysm. All 
other aneurysms developed opposite the patch along the medial aspect of the aorta. 
All these aneurysms developed following procedures involving coarcation ridge 
resection, performed before 1991. Transverse arch hypoplasia was present in one 
and both arch and isthmus hypoplasia in two of these patients. Patients in whom 
aneurysm formation was encountered, underwent successful aneurysm resection and 
patch graft interpositioning. Neither age, nor transverse arch / isthmus hypoplasia 
were predictors of aneurysm formation. 

Discussion

Immediate results are satisfactory in this series. Few complications were encountered 
and early mortality occurred in 7/262 (2.7%) patients after primary coarctation 
repair. The presence of associated cardiac lesions was related to postoperative death in 
this series. Similar findings have been reported by several authors.4-6 Reported actuarial 

Length of Follow-up (years)

0 2 4 6 8 01 21 41 61 81 02 22

Fr
ee

do
m

 fr
om

 A
ne

ur
ys

m
 F

or
m

at
io

n
1.1

1.0

.9

.8

.7

.6

.5

.4

.3

.2

.1

0.0

RETE 94 67 47 42 22

PA 99 85 68 35 21        

RETE

PA

figure 6. Kaplan-Meier 
curves for probability of 
freedom from aneurysm 
formation in patients 
with native coarctation, 
managed with resection 
and end-to-end anas-
tomosis (RETE, n=133) 
and patch graft angio-
plasty (PA, n=118). 
Length of follow-up is 
truncated at 22 years, 
with 5 and 7 patients 
and risk for RETE and 
patch repair respectively. 
The numbers of patients 
available for follow-up 
at 5-year-intervals are 
depicted below the 
graphs.



Comparison of dif ferent types of coarctation repair

69

survival probabilities at 5 years ranges from 80% to 98% in isolated coarctation, 
from 62% to 94% for associated VSD and from 15% to 60% for associated complex 
cardiac anomalies.4,6 The actuarial survival probabilities we present for patients 
with associated complex cardiac anomalies are remarkably high. Different strategies 
have been advocated to reduce mortality in this group. Our mainstream strategy 
for coarctation with associated cardiac lesions has been the two-stage repair, with 
primary correction of the coarctation in 77/93 (83%) patients in groups 2 and 3. 
16/93 (17%) patients were managed by a one-stage repair in these groups. Because 
the one-stage repair was reported to be a safe and effective approach in the preceding 
decade,4 we introduced it experimentally at the end of the study period. However, we 
did not abandon the two-stage repair, since the one-stage repair has not clearly been 
proven to be favorable.7 

Recoarctation and late hypertension 
Echocardiography played a central role in the screening for recoarctation of our 
patients. When optimal imaging is feasible, being the case in infants and children, 
the literature supports combined two-dimensional and Doppler color flow 
echocardiography to image the aortic arch, isthmus, and coarctation site. A sensitivity 
of 100% for recoarctation can thus be achieved by echocardiography and clinical 
visit, as was pointed out by Therrien et al..8 The primary focus in this and most other 
studies investigating risk factors for recurrent arch obstruction after early coarctation 
repair, is the relationship between the technique of repair and recoarctation. Type of 
surgical repair may influence the prevalence of residual or recurrent coarctation by 
incomplete resection of ductal tissue, suture material and the width of the anastomosis. 
The possible mechanisms in the process of recoarctation related to these surgical 
factors consist of inadequate growth of the anastomosis, active fibrosis and narrowing 
at the anastomotic site, thrombosis at the suture line, and retention of abnormal, 
possibly ductal, tissue.9 In the absence of a large, randomized study, superiority of one 
technique over another is less likely to be demonstrated. On the whole, these studies 
demonstrate no difference in recoarctation incidence between RETE and subclavian 
flap,5,6 although the probability of recoarctation appears to be higher after simple 
patch aortoplasty, when patch material has been Dacron or is unspecified.7,10 Reported 
recoarctation rates following PTFE patch aortoplasty, although sparse, are comparable 
to other techniques.2,11-13 Although more recoarctation following patch aortoplasty has 
been found in this series (30/118 (25%) patients versus 19/133 (14%) patients for 
RETE), type of repair was no independent predictor for recoarctation. Furthermore, 
significant differences could not be established in stratifying patients younger and 
older than one month of age, although a younger age has been suggested to predispose 
to recoarctation following PTFE patch repair.2 The age at operation has been found 
to be related to the development of recoarctation and, in an inverse manner, to the 
development of late hypertension. Brouwer and associates determinated the optimal 
age for elective aortic coarctation repair, for the infant with isolated aortic coarctation 
who is symptom-free, to be 1.5 years.14 The risk for recoarctation drops rapidly and 
levels off at 1.5 years of age and the risk for late hypertension and premature death 
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increases progressively after that age range.14,15 It has been pointed out that the age 
of 1.5 years may be rather conservative, since recoarctation rates drop below 5% 
in current surgical experience with repair performed at age less than one year,16 
and chronic hypertension developing in as much as 60% of patients thereafter in 
other studies.17 We therefore stratified patients younger and older than one year of 
age, but could not find any significant difference in those age groups regarding late 
hypertension. Nevertheless, this difference was found for type of repair, since patch 
aortoplasty was associated with a higher late hypertension rate. We hypothesize that 
in patch aortoplasty the combination of residual ductal tissue and diminished aortic 
wall compliance are responsible for the occurrence of late hypertension in this group. 
These phenomena may play a role in recoarctation, in long-term follow-up, also. This 
may explain the disproportional hazards for recoarctation that were found after five 
years following different types of repair (figure 2). 

Arch hypoplasia
Several reports demonstrated that the anatomy of the aortic arch was a predictor of 
reintervention for recurrent obstruction after repair.9,14 Transverse arch hypoplasia 
was present in 32/255 (13%) patients in this study and was demonstrated to be an 
independent risk factor for recoarctation. The presence of a hypoplastic arch usually 
increases the left ventricular obstruction created by the coarctation. Nevertheless, a 
conservative approach towards the hypoplastic arch seems to be justified in most 
cases, since Siewers et al. have suggested that when the ratio of transverse aortic arch 
to ascending aorta exceed 0.25, the arch can be expected to grow normally without 
obstruction and that extended resections should be reserved for those with ratios less 
than 0.25.18 

Aneurysm formation 
The interval to aneurysm formation varied from two to almost 19 years, thereby 
warranting a follow-up for a long enough period. The follow-up protocol for patients 
in this series, including clinical visits, echocardiography and chest radiography 
as a screening test and performing an MRI on patients with positive results, was 
identified as an appropriate strategy in adult patients for both aneurysm formation 
and recoarctation by Therrien et al..8 Since we consider echocardiography more 
sensitive and specific at lower patient’s ages, we believe that this policy is appropriate 
for children as well. RETE proved to be superior to PTFE patch aortoplasty most 
apparently in respect to aneurysm formation. All aneurysm formation in this series, 
in 8/125 (6.4%) patients, was encountered following patch aortoplasty. We suggest 
that indication for PTFE patch aortoplasty, despite its relative easy performance and 
favorable surgical record must be narrowed, in favor of RETE. Aneurysm formation 
following patch aortoplasty has been reported on extensively, reported incidence 
varying between 2% and 51%.1,19,20 The etiology of aneurysm formation after 
patch aortoplasty has been attributed to several different factors that are discussed 
subsequently.
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1. Material
There appears to be a striking difference between patch aortoplasty using Dacron 
grafts, compared to using PTFE. Considerable foreign body giant cell infiltration is 
demonstrated in Dacron grafts,21 which is not the case with PTFE.19 Probably, this 
inflammatory response to a Dacron patch makes it more susceptible to aneurysm 
formation than a PTFE patch, despite Dacron being 20% more compliant, a condition 
that was considered to be favorable.19,22,23 The stretching and degeneration of fibers 
of Dacron, with subsequent dilatation of the material,24 has not been found in PTFE, 
which does not appear to show any signs of breakdown via chemical or biological 
processes over time.25 Indeed, a higher incidence of aneurysm formation has been 
reported following Dacron patch aortoplasty than following repair using PTFE in 
studies in which both materials were applied.13,26 Additionally, no aneurysm formation 
has been encountered in several reports on using PTFE,2,12,13 compared to aneurysm 
rates between 3% to 22% following patch aortoplasty with Dacron patch.20,22,23 As 
regards the use of non- prosthetic material, observations are sparse. Autogenous 
internal mammary artery was applied as patch material in several studies, with good 
results in limited follow-up periods.27

2. Resection of coarctation ridge
The coarctation ridge was excised in the performance of patch aortoplasty in all our 
patients until 1991. At that time we changed our policy with regard to resecting 
the coarctation ridge, since violating the intimal aortic layer by resection of the 
fibrous coarctation membrane has found to be highly related to aneurysm formation 
in patients in several studies.22,23 DeSanto et al. performed patch aortoplasty with 
and without concomitant intimal excision in dogs experimentally. Aneurysms 
formed in 8 of 12 animals who had intimal excisions and no aneurysms formed in 
the control animals.28 All true aneurysm formation we observed, may be caused by 
ridge resection in patients before the recent era. With a modified patch technique, 
leaving the coarctation ridge intact, we only encountered one false aneurysm. These 
observations correspond with Backer’s.2

3. Strain and stress
The experimental in-vitro findings of Smaill and associates suggest that synthetic 
patch aortoplasty may produce increases in wall strain and disproportionate increases 
in stress adjacent to the patch, associated with changes in local aortic wall geometry 
that are a direct result of patch implantation.29 The altered hemodynamics that result 
form the different tensile strengths of a Dacron patch and the posterior aortic wall, 
with the pulsatile waveform being completely directed to the posterior aortic wall by 
the inflexible anterior patch, may cause dilatation of the pliable aortic wall.20,22,23 We 
do not know of any report on PTFE patch material or modification of the technique of 
patch aortoplasty, in which these effects were found to be successfully prevented.
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4. Age
None of the age categories were found to be risk factor for aneurysm formation in our 
series. On the contrary, previous reports on Dacron patch aortoplasty supported early 
surgery.1,15 The risk of aneurysm formation was reduced substantially by operating 
earlier.1 Although the aortic wall may be structurally different in infants, thus enabling 
it to adapt more rapidly to a patch aortoplasty than the aortic wall of patients who 
undergo surgery at an older age, this may depend on Dacron. According to several 
authors, prosthetic patch aortoplasty should be abandoned in adolescents and adults, 
in which high incidence of aneurysm formation was found with advanced patients’ 
ages. Tubular interpositioning grafting and patch aortoplasty using autogenous 
arterial wall are proposed as viable alternatives.13,20,27 However, there appears to be 
a minimum age, since Backer and associates found a high recurrence rate in infants 
less than one month of age, while recoarctation rate was 4/97 in patients from one 
month of age, following patch aortoplasty with PTFE.2

5. Aortic arch hypoplasia
Different from recoarctation, arch hypoplasia did not reach statistical significance as 
risk factor for aneurysm formation. In contrast to our findings, Bogaert et al. have 
identified transverse arch hypoplasia as condition being highly related to aneurysm 
formation following patch aortoplasty.30 They suggest that narrowing of an aortic 
segment leads to blood flow acceleration and poststenotic turbulence, which may 
induce aneurysm development in the distal aortic segments. Since aneurysm formation 
has been encountered following resection and end-to-end anastomosis,11 in which the 
coarcted segment is fully resected, and no “abnormal” patch material is present, wall 
abnormalities by themselves cannot be (solely) responsible for aneurysm formation, 
despite statements in several reports.10,20,28 Abnormal flow patterns originating in 
a concomitant hypoplastic arch may have a similar influence on RETE and patch 
aortoplasty.30

Limitations
The design of this study is limited by the fact that it is retrospective and spans three 
decades. During this period including patients for RETE and patch aortoplasty 
has been rather constant. However, both surgical techniques have been improved 
gradually in course of time, although era (‘71-‘87 versus ‘88-’00) was not related to 
any outcome. Furthermore, patients were not randomized for both techniques. The 
choice for either RETE or patch aortoplasty was based on the surgeon’s preference in 
general, but selection bias could not be ruled out in this study design.

Conclusions
The present study findings do not allow extensive conclusions to be drawn in the 
treatment of coarctation associated with complex intracardiac malformations, for 
which this association was the most important risk factor. Comparing both surgical 
techniques, the resection of the coarctation ridge seems to be an important factor 
with regard to aneurysm formation. Considerable aneurysm formation was found 
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following patch aortoplasty, combined with coarctation ridge resection. Our findings 
demonstrate no differences between recoarctation and aneurysm formation with a 
modified patch aortoplasty. Arch hypoplasia and age less than one month must be 
considered to predispose recoarctation in patients with coarctation, managed surgically. 
Although a slightly elevated risk of late hypertension was identified following patch 
repair, we consider both surgical techniques to be comparable.
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Abstract

Objective:
Surgery and balloon angioplasty for coarctation of the aorta have shown comparable 
short-term results, but long-term follow-up remains unclear. Comparison of surgical 
repair and balloon coarctation for native coarctation of the localised membranous form 
is performed retrospectively. To allow a valid comparison between both techniques, 
identical inclusion criteria were applied.

Methods:
Results of surgery (group A, 18 patients, age 0.30-14 years, median 0.63 years) and 
balloon angioplasty (group B, 28 patients, age 0.25-15 years, median 5.8 years) for 
isolated, native coarctation in children > 3 months, performed in a 10-year-period, 
were compared. Kaplan-Meier analysis was performed in both groups. Mean follow-
up ranged from 2.5 to 11 years (mean 7.2 ± 2.4 years) in group A and from 1.4 to 
10 years (mean 5.4 ± 2.8 years) in group B.

Results:
Immediate success was obtained in all patients following surgery and 27/28 patients 
(96%) following balloon angioplasty. No statistical difference between surgery and 
angioplasty with respect to resultant pressure gradient decreases were found. Mortality 
was not encountered., Hospital stay varied from 6 to 20 days in group A and was 48 
hours for all patients in group B. Recoarctation occurred in 1 patient (5.6%) in group 
A and in 2 patients (7%) in group B. Log-rank test reveals no statistical difference 
in freedom from reintervention probabilities between surgery and angioplasty. 
Aneurysm formation was not encountered.

Conclusions:
Both surgical repair and balloon angioplasty for native coarctation yield low 
reintervention probabilities in comparable patients. Aneurysm formation was not 
encountered following different treatment types.
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Introduction

The treatment of coarctation of the aorta, a malformation first described by Johannes 
Baptista Morgani in 1761, has started in the past few decades.1 Surgical repair has 
provided adequate treatment for patients with coarctation since Crafoord described 
a successful resection and end-to-end anastomosis (RETE) in 1945.2 Although long-
term results of surgical intervention are reported satisfactory,3 balloon angioplasty has 
been proposed as a viable alternative to surgery in primary treatment of coarctation 
in 1982.4 
With advancing experience, indication for balloon angioplasty has become more 
defined, patients with long-segment coarctation and age less than three months 
generally being excluded from this type of intervention.5 Postoperative recoarctation3,6-9 
and aneurysm formation are encountered in both surgery and balloon angioplasty.10 
Whether balloon angioplasty should be first-choice therapy instead of surgical repair 
in a selected group of patients has not been established yet. Data comparing surgical 
versus balloon therapy are limited.11-13 This study contains a retrospective evaluation 
of 46 patients with coarctation of the localised membranous form, classified 
according surgical repair and balloon angioplasty, in respect to risk factors for 
recoarctation, management and outcome. Additionally, the outcomes of surgery and 
balloon angioplasty are compared, performed as primary treatment modes for native 
coarctation in comparable patient groups. Objectives are to establish and compare the 
long-term results of different types of management of native coarctation, in respect to 
immediate success, complications and long-term follow-up in the past decade. 

Materials and methods

Demographics. This study includes 46 consecutive patients with coarctation of 
the localised membranous form. Neither isthmus hypoplasia, defined as isthmus 
diameter less than 40% of diameter of ascending aorta, nor arch hypoplasia, defined 
as proximal or distal transverse arch diameter less than 60% or 50% respectively of 
the diameter of the ascending aorta, were present in any of the patients. All patients 
were older than three months of age. This study covers a 10-year period of coarctation 
management, ending in February 2000. We classified these patients in two groups 
according to the kind of treatment performed. Group A consists of 18 patients who 
had a surgical repair, Group B of 28 patients who underwent balloon angioplasty. In 
group A, 16 patients were treated with RETE, one with patch aortoplasty (PA) and one 
was treated with a combination of a RETE and PA.  Four children (14%) in group A 
needed additional surgery, including a VSD closure, an ASD closure, a TGA correction 
and an aortic valvotomy. These surgical procedures followed coarctation repair in 
three patients and was simultaneously performed in one patient. The patients’ ages 
at intervention ranged from 0.30 to 14 years of age (median 0.63 years) in group A 
and from 0.25 to 15 years of age (median 5.8 years) in group B (p=0,001, Mann-
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Whitney test for non-parametric independent two-group comparisons). Associated 
congenital heart defects were present in 14/18 patients (78%) in group A and in 
17/28 patients (61%) in group B (see Table 1). Non-cardiac malformations were 
present in two patients with Turner’s syndrome. 

Table 1. Additional cardiac lesions in patients of age > 3 months to 16 years, with coarctation of 
the localised membranous form in group A (surgical repair) and B (balloon angioplasty).

Group A (n=18) Group B (n=28)

Bicuspid aortic valve 6 7
Patent arterial duct 9 4
Aortic valve stenosis 2 6
Atrial septal defects 2 1
Ventricular septal defect 5 3
Mitral valve stenosis 1 -
Transposition of the great arteries 1 -
Aortic valve insufficiency 2 -

Technique of balloon angioplasty
Balloon angioplasty was carried out under complete anesthesia. There were no 
important differences in technique or equipment over the 10-year period. Aortic arch 
angiography was performed and the aortic diameter at the level of the diaphragm was 
measured. The balloon catheter was advanced up to the aortic arch, deflated and then 
retracted until the balloon crossed the coarctation. Inflation with diluted contrast was 
performed until the waist in the balloon disappeared. This procedure was performed 
three times, to optimize the final result. To measure aortic pressures and perform an 
angiogram a catheter was passed over the guide wire. This procedure was repeated 
using a larger balloon diameter when the result was unsatisfactory. The size of the 
balloon was chosen depending on the aortic diameter as measured at the level of the 
diaphragm, in such a way that the balloon would not exceed that diameter initially, 
and not by more than 2 mm in a secondary stage, performed when necessary.

Immediate results
The immediate results of surgery were considered satisfactory if a pulsatile flow in the 
descending aorta was registered by palpation after surgery and the resultant pressure 
gradient was less than 20 mmHg. In angioplasty, satisfactory result was obtained on 
behalf of the angiography performed after angioplasty and if a gradient less than 20 
mmHg was reached.

Follow-up
Follow-up ranged from 2.5 to 11 years (mean 7.2 ± 2.4 years) in group A and from 1.4 
to 10 years (mean 5.4 ± 2.8 years) in group B. Follow-up included clinical evaluation 
every three months in the first year after intervention and yearly thereafter. Arm and 
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leg cuff pressures were registered and chest radiography and 2D / continuous-wave 
echocardiographic Doppler ultrasound studies performed. Follow-up angiography 
and MRI were performed in patients suspect for aneurysm formation. A gradient of 
30 mmHg and a registered continuation of flow in diastole in echocardiographic 
Doppler ultrasound studies, with blood pressure gradients between upper and lower 
extremities exceeding 20 mmHg, were considered to correspond with recoarctation 
requiring reintervention. MRI was performed in group B in patients with a follow-up 
exceeding five years, to exclude aneurysm formation. Recoarctation was treated with 
repeat surgery or balloon angioplasty after additional angiography. 

Statistical methods
Test results with a p-value < 0,05 were considered significant in all statistical analyses. 
Pre- and post-operative pressure gradients were analyzed with the T-test for paired 
results. Confidence intervals were computed for pressure gradient decreases in groups 
A and B. Resultant pressure gradients decreases were compared between groups A 
and B with the T-test (2-tail, independent samples). 95% confidence intervals of 
the difference were computed for this comparison also.  Kaplan-Meier curves were 
constructed to determine the intervention free probabilities in groups A and B. 
Additionally, the log-rank test was used to compare intervention free probabilities 
between both groups.

Results 

Immediate results
The mean pre-operative pressure gradient in group A decreased from 47 ± 21 mmHg 
to 15 ± 9.8 mmHg post-operative (p<0,001, 95% confidence interval ranges from 
23 to 42 mmHg). In group B, the mean pressure gradient was reduced from 39 ± 
10 mmHg to 12 ± 9.1 mmHg (p<0,001, 95% confidence interval ranges from 22 
to 31 mmHg). In 27/28 patients (96%), procedures were considered successful. 
No immediate success was obtained in one patient, due to a persisting coarctation 
membrane. This patient underwent a second, this time successful, balloon angioplasty 
after three months. T-test (2-tail, independent samples) revealed no statistical difference 
between groups A and B with respect to resultant pressure gradient decreases. 95% 
confidence intervals for difference from the mean ranged from –1.96 mmHg (lower) 
to 16,18 mmHg (upper). Hospital stay varied from six to 20 days in group A, averaging 
9.4 days. Hospital stay was 48 hours for all patients in group B. Artery-section was 
required to get access to the femoral artery in one patient following percutaneous 
intervention. No difference in the length of the legs was noted in subsequent follow-
up.

Follow up
No mortality was encountered in this series. In group A, recoarctation occurred 
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in 1/18 (5.6%) patient, following PA at six moths of age. This recoarctation was 
found to be localised, limited to the site of the anastomosis. Hypoplasia of the aortic 
isthmus and/or arch was not encountered. Subsequently, balloon angioplasty was 
performed successfully in this patient. In group B, recoarctation occurred in 2/27 
(7%) patients in which primary treatment was considered successful immediately. 
Both recoarctations were localised at the site of the former coarctation ridge and 
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figure 1. Kaplan Meier curves for coarctation of the localised membranous form in 
patients from three months to 16 years of age, managed with surgical repair (group A, 
n=18) and balloon angioplasty (group B, n=28).
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figure 2. Flow diagram of all patients, managed in a 10-year period.
CoA = coarctation of the aorta
BA = balloon angioplasty
RETE = resection and end-to-end anastomosis
PA = patch angioplasty
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membraneous. Neither isthmus nor arch hypoplasia were found. These children were 
three and eight years old at primary treatment. Both were re-operated using RETE. No 
aneurysm formation was encountered in this series. MRI was performed in 13/28 
patients (46%) following balloon angioplasty for more than five years. Figure 1 shows 
the Kaplan-Meier curves for groups A and B. Log rank analysis reveals no significant 
difference between surgery and balloon angioplasty. 
Follow-up of all patients is summarized in figure 2.

Discussion

Surgical repair has provided adequate treatment for patients with this malformation 
since Crafoord described a successful RETE in 1946.2 Balloon angioplasty has been 
proposed as a viable alternative to surgery in primary treatment of coarctation in 
1982.4,14 In spite of disappointing results of balloon angioplasty in initial reports, 
subsequent experience appears favorable, although the necessity of long-term 
follow-up continues to exist. However, the number of studies comparing balloon 
angioplasty with surgical repair is limited. Shaddy et al. reported a prospectively 
randomized study including 36 patients in 1992.11 They reported a higher risk of 
aneurysm formation and possibly higher risk of restenosis after angioplasty, although 
risks of other complications were similar. In 1993, Johnson et al. presented a review 
of literature on treatment of native coarctation in infants with both techniques.12 
Although early mortality rate was similar, balloon angioplasty revealed a much 
higher rate of recoarctation (57%) in infants as compared with those who underwent 
surgical repair (14%) in reviewed literature. Subsequent experience appears more 
favorable on behalf of balloon angioplasty, recoarctation rates being comparable to 
surgical repair in recent reports.5,15,16 Aneurysm formation is encountered after both 
balloon angioplasty and all types of surgical repair performed in this series: not solely 
after percutaneous intervention. 
Several remarks should be made on comparing surgical repair to balloon angioplasty. 
First, as was pointed out by Hanley,17 a comparison can not be directed towards a 
single ideal form of therapy, considering the complex physiologic and morphologic 
variability of this lesion. Instead thereof, a more defined indication for both surgery 
and angioplasty should be established. Second, individual studies span different 
time periods, focusing on particular age groups and particular morphologic subsets, 
which undermines a meaningful comparison between different techniques. Third, 
controversy about an ideal type of surgical repair continues to exist, impairing 
comparison of balloon angioplasty with surgery in general.
To meet these considerations, variability in age and morphology has been compensated 
for in the present study, including a selected group of patients managed surgically. 
Although median age varies in both groups, age borders are identical. To our knowledge, 
no reported or hypothetic indications exist for different outcomes within this age 
group between younger and older patients. Since our study focuses exclusively on 
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a localised and membraneous type of coarctation morphology, excluding associated 
isthmus and/or arch hypoplasia, it allows a more valid comparison between both 
treatment strategies. Furthermore, the different surgical techniques involved in 
this comparison were limited to RETE (16/18 patients), PA (1/18 patient) and a 
combination of these techniques (1/18 patient). Nevertheless, we are aware that this 
retrospective approach poses an important limitation, in which this study resembles 
the major part of literature.

Immediate results
Significant reduction of peak-to-peak systolic gradients can be accomplished with 
both surgery and balloon angioplasty, as shown in literature.16,18 Reduction of pressure 
gradients was more pronounced in group A than in group B, but in both groups these 
results were clinically sufficient, certainly since decrease of the residual gradient can 
be expected when growth occurs and flow increases proportionally after the various 
procedures.19 Therefore, we consider the upper limit of the 95% confidence interval for 
the difference of the mean, 16 mmHg, not high enough to choose for surgery instead 
of balloon angioplasty. The finding of smaller resulting pressure gradient following 
balloon angioplasty compared to surgery accords with several other reports.11-13

In 1 patient in group B the procedure was not successful immediately. This was a patient 
with Turner’s syndrome, for which secondary balloon angioplasty was performed 
successfully after 3 months. Patients with Turner’s syndrome are notorious for a 
fragile aortic wall structure which can cause problems in both surgical intervention 
and balloon angioplasty.20 The unfavorable outcome in this patient can probably be 
explained by this particular morphology and a first-choice therapy in this class of 
patients has not been established.
High incidence of recoarctation in children younger than three months has been 
described,5 although Rao reported a similar recoarctation rate in patients less than 
three months in comparable groups of balloon angioplasty (n=15) and surgery 
(n=14).13 Nevertheless, other report’s proportions reintervention following balloon 
angioplasty, varying from 50-83% in this age group, justify the exclusion of this 
age group in our study.5,15 In part, these adverse results may be caused by associated 
arch and/or isthmus hypoplasia in this infant population. The presence of aortic 
hypoplasia usually increases the left ventricular obstruction created by the coarctation, 
thus raising signs and symptoms before the age of three months in most patients. 
Consequently, the age minimum of three months overlaps with the exclusion of most 
patients with aortic hypoplasia.

Recoarctation
Recoarctation as a late complication is found to occur in 10 to 30% after surgery.3,6-9 
Varying occurrence of restenosis has also been encountered after balloon angioplasty, 
ranging from 11 to 60%.21 This variation may depend on specific aspects of surgical/
angioplasty technique, including patch material, extension of resection and balloon 
diameter. Additionally, the rates of associated aortic hypoplasia included and age at 
surgery/ balloon angioplasty may attribute to different outcomes in various studies. 
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Recoarctation rates for balloon angioplasty (19%) and surgery (11%) were similar in a 
recent review of 58 reports by Rao.22 In our study comparable results were established 
after surgery (5.6%) and balloon angioplasty (7%) in patient groups, comparable 
in respect to age and coarctation morphology. With respect to these recoarctation 
rates, we presume that different recoarctation mechanisms may play a role. Type 
of coarctation management may influence the prevalence of residual or recurrent 
coarctation by (incomplete) resection of ductal tissue,23 suture material and the width 
of the anastomosis. The possible mechanisms in the process of recoarctation related 
to these different techniques consist of inadequate growth of the anastomosis, active 
fibrosis and narrowing at the anastomotic site, thrombosis at the suture line, and 
retention of abnormal, possibly ductal, tissue.24 In our series, a failure to grow at 
the site of surgical anastomosis may have caused the recoarctation following RETE. 
Localised recoarctations following balloon angioplasty, located at the site of the former 
coarctation ridge, may be caused by the failure to remove this material completely. 
Kaplan-Meier curves accomplished to compare the intervention free probability of 
surgery and balloon angioplasty show no significant difference in intervention free 
probability between groups A and B. None of the therapy strategies was identified 
to be favorable in respect to reintervention probability. The relative advantages of the 
less invasive character and the shorter hospital stay might tip the balance in favor of 
balloon angioplasty in this patient category. A thorough and informative counseling 
of the parents on this topic however is in this situation obligatory to obtain informed 
consent. 

Aneurysm formation
The incidence of postoperative aneurysms reported by several investigators varies 
between 0% and 24%.3,7,23 After balloon angioplasty, aneurysms develop in 0% to 
7%.11 Aneurysm formation has not been encountered in this series. This observation 
corresponds with other series.16 Echocardiography played a central role in the screening 
for aneurysm formation of our patients. When optimal imaging is feasible, being 
the case in infants and children, the literature supports combined two-dimensional 
and Doppler color flow echocardiography to image the aortic arch, isthmus, and 
coarctation site. A sensitivity of 100% for aneurysm formation in adults can thus 
be achieved by echocardiography and clinical visits, as was pointed out by Therrien 
et al..25 Since we consider echocardiography more sensitive and specific at lower 
patient’s ages, we believe that this policy is appropriate for children as well. To rule 
out any doubt, MRI was systematically performed in 13/28 patients (46%) following 
balloon angioplasty for more than five years.

Conclusions
Both surgical repair and balloon angioplasty for native coarctation yield low 
reintervention probabilities in patients with localised and membraneous coarctation 
morphology and age from three months to 16 years. Pressure gradient decreases 
appear to be higher following surgical repair. Balloon angioplasty, may remain, 
despite this result, a justifiable option for coarctation of the aorta of the localised 
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membranous form in the paediatric age group older than 3 months, since it is a safe 
and less invasive procedure. Our data suggest that aneurysm formation should not 
be reason to council in favour of surgical management, since no aneurysms were 
encountered after balloon angioplasty.
To allow a proper parental decision it is of crucial importance that they should be well 
informed on the considerations mentioned above to allow them to make a deliberate 
choice.
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The following case demonstrates a well-known complication late after surgical repair 
of aortic coarctation. A 43-year-old male patient was invited to our out-patient-clinic 
for routine follow-up investigation in the setting of a postcoarctectomy surveillance 
program. Previous surgical repair consisted of Dacron patch aortoplasty, performed at 
the age of 18. Since then, no complications had occurred. He was asymptomatic and 
no routine cardiologist’s follow-up controls had taken place during the past five years. 
Clinical investigation was normal. By means of contrast magnetic resonance imaging 
a true aneurysm was found at the distal aortic arch with a cross-sectional diameter of 
seven centimeters (see figure).
Aneurysmectomy was performed subsequently. Interposition polyester grafts were 
used to reconstruct the aortic arch and proximal descending aorta and to connect this 
aortic segment to the subclavian artery via lateral thoracotomy. Rethoracotomy had 
to be performed within one week in order to evacuate significant pleural effusion. 
Bleeding was excluded. The postoperative course thereafter was uneventful. Contrast 
CT imaging after three months showed a satisfactory postoperative aortic anatomy.

Aneurysms are found following all types of surgical repair of aortic coarctation, 
but especially after Dacron patch aortoplasty, with reported incidences up to 90% 
during a follow-up period of more than 20 years.1,2 The combination of clinical visit 
and magnetic resonance imaging in every patient has been shown the most cost-
effective approach to diagnose both recoarctation and aortic aneurysms.3 Magnetic 
resonance imaging has been advocated in adults especially, for it adequately provides 
detailed composite views of the aortic arch and coarctation, including patients in 
which echocardiography fails to detect recoarctation, tubular hypoplasia and aortic 
kinking.4-7 More important than the specific imaging technique applied, is life-long 
postoperative surveillance after surgical repair of coarctation with regular imaging of 
ascending and descending aorta and aortic arch. This holds true for the asymptomatic 
patient also, because aneurysm formation and recoarctation, among persistent 
hypertension, aortic valvular disease and left ventricular dysfunction as other late 
complications and associated cardiac malformations, may not present symptoms.8 
Early detection may drive subsequent interventions, with lower risks than the hazards 
of the natural course of these conditions. 
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was detected at the site of 
coarctation repair. 





chapter 7

Long-term outcome after 
balloon angioplasty 
of coarctation of the 
aorta in adolescents 
and adults: is aneurysm 
formation an issue?

R.J. Walhout1, 
M.J. Suttorp1,
G.J. Mackaij2, 
J.M.P.G. Ernst1, 
H.W.M. Plokker1

1 Department of Cardiology, St. Antonius Hospital, Nieuwegein, 
the Netherlands
2 Interuniversity Cardiology Institute of the Netherlands, Utrecht, 
the Netherlands

Catheter Cardiovasc Interv 2009;73:549-56



94

Chapter 7

Abstract

Background:
Balloon angioplasty for native coarctation of the aorta in adults has shown favourable 
short-term results, but long-term results remain incomplete, especially concerning 
the occurrence of aneurysm formation. 

Methods:
Long-term follow-up data were collected in consecutive patients retrospectively. 
Results of balloon angioplasty (29 patients, age 15-71 years, during 1995-2005) 
for discrete, native coarctation were evaluated, including both clinical evaluation and 
MRI or CT. 

Results:
Mean follow-up ranged from 2.2 to 13 years (mean 8.5 +/- 3.2). Immediate success 
was obtained in all patients. Early mortality or complications were not encountered. 
Peak systolic pressure gradient decreased from 52 +/- 21 to 7.2 +/- 7.6 mmHg (p 
< 0.001). Intima tear was detected in eight procedures angiographically, without 
signs of aortic dissection. Three-month follow-up angiography in these patients 
showed unchanged (4/8 patients) or diminished abnormalities (4/8 patients). One 
asymptomatic patient, known with left ventricular dysfunction due to significant aortic 
valve insufficiency, died suddenly five years after balloon angioplasty. Recoarctation 
occurred in one patient (3%). Late aneurysm formation was excluded by MR in 
24/29 and CT in remaining 5/29 patients during follow-up, including those patients 
in whom intima tear was encountered immediately postangioplasty. In three of seven 
patients an irregular aortic contour persisted, without indication of progression or 
aneurysm formation. Hypertension was completely relieved in 67% (14/21 patients) 
and improved in 33% (7/21 patients). 

Conclusions:
Balloon angioplasty for native coarctation yields low reintervention probability in 
adult patients. Despite occurrence of angiographically established intimal tearing, 
aortic dissection and aneurysm formation were not encountered.
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Introduction

The role of balloon angioplasty in the management of native coarctation in adolescents 
and adults is less clear than in children.1 Although promising, reported experience in 
series of patients is limited. Reviewing the literature, we could found results of no 
more than one Asian,2 one Arabian,3 seven European,4-9 three North-American1,4 and 
one South-American institution.4 Only two of these institutions have reported results 
with a follow-up of more than five years.10,11 Recoarctation and aneurysm formation 
are two adverse outcomes that require reinterventions in these patients during follow-
up. Despite encouraging initial and intermediate follow-up results of plain balloon 
angioplasty in adults, stenting has recently been advocated instead of plain angioplasty 
to improve reintervention rates.12 A potential advantage of stenting is prevention of 
residual gradient by immediate vessel recoil. This complication has been reported in 
almost 50% of cases of balloon angioplasty incidentally.12 Another, probably more 
important concern following angioplasty, is the occurrence of dissection, involving 
“false” aneurysm in short-term, and “true” aneurysm in long-term follow-up.12 

The reapplication of the torn intima to the media by the use of aortic balloon- or 
self-expandable stents has been claimed to minimalize the extension of wall tears 
and subsequent dissection or aneurysm formation, a well known complication of 
balloon angioplasty alone.13 Although it may be expected to be superior based on 
these considerations, that was not apparent when these modalities were compared in 
a review of 16 series of patients with endovascular management.14 The mean duration 
of follow-up for these patients was 36 ± 23 months. Short-term advantage appeared 
to be counterbalanced by the occurrence of intimal hyperplasia during long-term 
follow-up, with reintervention rates up to 31%.15 Furthermore, it has to be recognized 
that the occurrence of recoarctation appears not to be an important clinical issue in 
adult patients with isolated coarctation, in contrast to patients of younger age and 
patients with aortic hypoplasia. 1,11,16 The application of aortic stenting of long-segment 
coarctation probably just indicates a new indication of percutaneous management 
of patients that previously were not considered appropriate for balloon angioplasty, 
because of high recoarctation rates associated with this condition.1,2,17 As aneurysm 
formation is concerned, this outcome has been found in 0%-13% on medium-term 
follow-up after balloon angioplasty in adults.2,3,6,8,9 This figure does not compare 
unfavourable to most reported intermediate-term results following surgical repair 
in the adult population, whereas the same incidence has been reported following 
stenting in intermediate-term follow-up.15 However, excellent long-term results after 
surgical repair of adult coarctation have been reported, with no reinterventions during 
18 years of follow-up.14 Since these long-term results are unique with respect to the 
excellent outcome and the duration of follow-up, more long-term data of different 
treatment modalities and different institutions are needed to determine whether 
any of these is superior with respect to efficacy and safety. We therefore evaluated 
our long-term results for balloon angioplasty of native coarctation in adults, with 
particular reference to the occurrence of aneurysm formation.
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Methods

Between 1995 and 2005 29 consecutive adult patients with native, discrete type 
of coarctation underwent angiography with the intention to perform angioplasty. 
Informed consent was obtained from all patients. Data were analysed retrospectively, 
using data of the CONCOR national registry on congenital heart disease in the 
Netherlands for our institution. Coarctation was considered to require intervention 
in case of 1) systolic blood pressure gradients between upper and lower extremities 
exceeding 20 mmHg and/or 2) direct visualization of collateral vessels by MRI or 
CT and/or 3) increase in flow from proximal to distal descending thoracic aorta as 
measured by velocity-encoded cine MRI.18 Isthmus hypoplasia, defined as isthmus 
diameter less than 40% of diameter of ascending aorta, and arch hypoplasia, defined 
as proximal or distal transverse arch diameter less than 60% or 50% respectively of 
the diameter of the ascending aorta, determined angiographically, were considered 
relative contra-indication for balloon angioplasty and such patients were referred for 
surgical management consequently. Stenting was not performed, except in one patient. 
This subject, being physician, explicitly requested stenting, which was acknowledged 
despite another clinical routine. Data of this successful and uneventful procedure have 
not been included in our results. 

Technique
The technique of percutaneous balloon angioplasty for coarctation was described 
previously.19 There were no important differences in technique or equipment over 
the 10-year period. Invasive measurement of the peak systolic gradient and biplane 
angiography were performed before and immediately after angioplasty. Aortic 
diameters of the ascendens, arch, isthmus, coarctation and at the level of diaphragm 
were measured. The balloon catheter was advanced up to the aortic arch and then 
retracted until the balloon crossed the coarctation. Inflation with diluted contrast was 
performed until the waist in the balloon disappeared. This procedure was performed 
three times, to optimize the final result. To measure aortic pressures and perform 
an angiogram, a catheter was passed over the guidewire, with special precaution 
to avoid manipulating the tip of the guide wire over the area of the freshly dilated 
aortic segment. This procedure was repeated using a larger balloon diameter when 
the result was unsatisfactory. The size of the balloon was chosen depending on the 
aortic diameter as measured at the level of the diaphragm, in such a way that the 
balloon would not exceed that diameter initially, and not by more than two mm in a 
secondary stage, performed when necessary.
The immediate result of angioplasty was considered successful if angiography showed 
no residual stenosis or indented vessel walls and the intra-vascular pressure gradient 
was reduced to less than 20 mmHg. In those cases in which the angiographic result 
was satisfactory but pressure gradient lower than 20 mmHg could not be reached, 
procedures were considered successful consequently. 
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Follow-up
Follow-up included clinical evaluation every three months in the first year after 
intervention and yearly thereafter. Arm and leg cuff pressures were registered. Follow-
up included echocardiographic Doppler ultrasound studies, to assess the aortic flow 
and morphology directly, and cardiac magnetic resonance acquisition and imaging 
using a 1.5 Tesla MRI scanner (Intera, Philips Medical Systems, Best, the Netherlands). 
The MR protocol applied has been advocated for follow-up of repaired coarctation.20 

In case of a (relative) contraindication against MR-study, CT was performed. 
Recoarctation requiring reintervention was defined in the same way as coarctation. In 
case of indication of intima tear follow-up angiography was scheduled and performed 
within three months following angioplasty. An aneurysm was defined as an aortic 
ratio of greater than 1.5, measuring aortic diameters at the coarctation repair site and 
thoracic aorta at the level of the diaphragm.

Statistical analysis
All of the statistical analyses were performed using SPSS software package (SPSS for 
Windows, 14.0, SPSS Inc, Chigago IL, USA). Data are expressed as mean ± standard 
deviation or range (minimal-maximal) as appropriate. Decreases in pressure gradients 
and aortic diameters of the dilated segments before and after balloon dilatation were 
compared using independent-samples T-test (two-tail, unequal variances). A p-value 
< 0,05 was considered significant. 

Results

Balloon angioplasty of native coarctation of the aorta was performed in 29 
consecutive adolescents and adults, aged 16 to 71 years (median 29 years). Seventeen 
of 29 patients (59%) had associated heart defects, involving bicuspid aortic valve, 
with or without valvular dysfunction (12 patients, 41%), ventricular septal defect 
(two patients, 7%), mitral valve insufficiency (two patients, 7%) and atrial septal 
defect, type secundum (one patient, 3%). Associated structural heart defects were 
managed surgically in four patients before, and two patients after balloon angioplasty. 
These procedures comprised aortic valve replacement by mechanical prosthesis or 
pulmonary autograft, composite graft replacement of the aortic valve, aortic root and 
ascending aorta (Bentall procedure), mitral valve repair and closure of a ventricular 
septal defect.

Immediate results 
The peak systolic pressure gradient decreased from 52 +/- 21 to 7.2 +/- 7.6 mm Hg 
(p < 0.001) (see Figure 1). 
The mean coarctation diameter increased from 7.5 +/- 3.5 to 15.5 +/- 3.5 mm (p < 
0.001) immediately after angioplasty (Figure 2). 
The procedure was considered successful in all patients. No procedure-related 
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complications or mortality occurred. Vascular access was not acquired in one patient 
with a unilateral peripheral vascular occlusion. Consequently, the procedure was 
performed via both the contralateral femoral artery and brachial artery. An intima tear 
was detected angiographically in eight of 29 procedures, without indication of acute 
aortic dissection in any of these cases. A saccular aneurysm distal of the coarctation 
was encountered before a subsequently performed angioplasty. Hospital stay varied 
from 12 to 48 hours for all patients.
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figure 1. Box and Whisker plots of pre- and postprocedural peak pressure gradient across 
coarctation segment in 29 patients, managed by balloon angioplasty for native, discrete type 
coarctation.
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figure 2. Box and Whisker plots of pre- and postprocedural aortic diameters, evaluated 
angiographically in 29 patients, managed by balloon angioplasty for native, discrete type 
coarctation.



Long-term follow-up of angioplasty in adolescents and adults

99

Clinical evaluation and imaging during follow-up
One sudden death occurred, not related to the angioplastic procedure after five years 
following dilatation. Left ventricular systolic function was severely reduced in this 
asymptomatic 25 year old male patient. Aortic valve replacement had been proposed 
but was rejected because of the lack of symptoms. MR-study performed 11 months 
before his sudden death, demonstrated only a slight indentation at the site of the 
coarctation. Q-flow measurements at the coarctation site and level of diaphragm 
revealed stroke volumes of 88 and 82 mL, corresponding with the absence of 
collateral circulation and of a hemodynamically significant recoarctation. After 2.2 
to 13 years of follow-up (mean 8.5 +/- 3.2 years), all patients showed continued 
clinical improvement. Blood pressure control had been successful by medication 
before angioplasty in eight patients. Hypertension was completely relieved in 67% 
(14 of 21 patients) and improved in 33% (seven of 21 patients). Systolic blood 
pressure at the right brachial artery ranged from 167 +/- 28 mmHg before balloon 
angioplasty to 132 +/- 17 mmHg at long-term follow-up. All patients had ultrasound 
investigations. Twenty-four patients (83%) had MR and five patients (28%) CT as 
primary imaging modality. Seven of these patients (24%) had additional conventional 
angiographic studies, combined with either MR or CT in follow-up. Four patients 
(14%) had MR combined with CT.

Recoarctation
Recoarctation occurred in one patient (3%), in whom flow increase from coarctation 
segment to the segment at the diaphragm was found, compatible with a significantly 
indentated coarctation segment angiographically (see Figure 3). 

figure 3. Sagittal oblique contrast-
enhanced MR angiogram of a 41 
year old male, four years following 
an initially successful balloon 
angioplasty of a severe coarctation. 
Recoarctation was diagnosed, 
based on both flow measurement in 
proximal and distal segments of the 
descending aorta and the indicated, 
local indentation (arrow). Of notice 
is the ascending aorta, which was 
known previously to be dilated.
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On velocity-encoded cine MR studies at five months to 12 years (mean 5.3 +/- 4.2 
years) after angioplasty, there was no increase in flow at the level of diaphragm, 
compared to measurement distal of the coarctation in 23 of 24 patients (96%), thus 
excluding significant recoarctation in these patients. Although two of these 23 patients 
demonstrated diameter reduction of 27% and 29% with reference to measurements 
postangioplasty, normal flow measurements excluded recoarctation. Also, the 
five patients in whom long-term result was assessed by CT did not demonstrate a 
recoarctation. Average aortic diameter at the dilated segment at follow-up did not 
differ significantly from the immediate post-angioplasty results (15.9 +/- 2.9 versus 
15.6 +/- 3.2 mm, p = 0.67).

Late aneurysm formation
In those patients in whom intima tear was encountered immediately postangioplasty, 
disappearance thereof occurred in four of seven patients angiographically at three-
month follow-up. In the remaining three of seven patients an irregular aortic contour 
persisted, without indication of progression or aneurysm formation in any of these 
patients. MRI and CT were performed in seven of seven and four of seven patients 

figure 4. Angiography 
before (upper left panel) 
and during balloon infla-
tion (upper right panel) 
in a 17 year old male, in 
whom a 40 mmHg gra-
dient was found across 
a mild, native coarcta-
tion. Pressure gradient 
dropped to 15 mmHg 
following balloon angio-
plasty. An irregular aortic 
contour was noticed 
by digital subtraction 
angiography following 
the procedure, compat-
ible with intima tear. No 
indication for significant 
aortic dissection was 
present (lower left panel). 
MR-study two years fol-
lowing angioplasty dem-
onstrated an unchanged 
aortic contour (lower right 
panel).
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during follow-up respectively and did demonstrate either disappearance or stable 
presence of aortic abnormalities that resulted from vessel disruption. The images of 
one of these patients are depicted in Figure 4.

Discussion

Our experience suggests that balloon angioplasty of native aortic coarctation in 
adolescents and young adults is safe and highly effective with sustained improvement 
on long-term follow-up. Pressure gradient drops across the coarctation segment 
were significant in all cases immediately and proved durable in all but one case of 
recoarctation. Persistent hypertension was improved or even relieved completely in 
the majority of patients.

Aneurysm formation & intima tear
Despite occurrence of angiographically detectable internal vessel disrupture in eight 
of 29 patients, acute dissection or late aneurysm formation did not occur in our series. 
These complications have been reported in several cases and retrospective series of 
angioplasty in children13,19,21,22 and adults.23 Although some early experience was not 
encouraging with respect to true aneurysm with an incidence of 43% (three of seven 
patients) at one to two years follow-up in children, more recently this figure lowered 
to 10-20% at one-year follow-up, with aneurysm formation at the previously dilated 
aortic segment.24 The majority of reports, including more recently published series, 
describe aneurysm incidence below 10% during intermediate- and long-term follow-
up. Most aneurysms in these reports include small abnormalities without progression 
over time, for which no intervention was indicated.25,26 Only one of 940 patients died 
within three weeks following balloon angioplasty in the registry reported by Tynan 
et al..4 Two early and six late aneurysms occurred on intermediate follow-up in this 
series, predominantly comprising children.4 Reported occasionally in adults, these 
outcomes seem not to be encountered frequently in (large) retrospective series in the 
adult population.10,11,27 Three recent series of balloon angioplasty were included in a 
review of endovascular management of coarcation in adults.14,23,28,29 Referral to surgery, 
based on aneurysm formation or dissection, occurred in one patient in each of these 
series. Disappointingly, equal rates of aneurysm formation were reported following 
stenting or a combined approach. Our findings accord to those in several series 
without any dissection or aneurysm formation.12,30-33 The strict anatomic criteria for 
balloon angioplasty probably influenced these satisfactory results. Due to its increased 
use and higher volumes per institution, we consider diffences in the technique of 
angioplasty less likely to cause different morbidity between institutions.

Imaging of vessel disruption
An intima tear was diagnosed angiographically in eight of 29 procedures 
immediately. It is now recognized that balloon angioplasty for native coarctation 
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is invariably associated with disruption of the inner vascular layer of the aorta. The 
first experience with balloon angioplasty for experimental coarctation, using a lamb 
model, indicated intimal and medial tears by cross pathologic inspection in the first 
three days after successful dilation.34 Intravascular ultrasound imaging has shown 
prominent dissections of the inner vascular layers that are often not detected by 
angiography after angioplasty.35 Sohn et al. reported intimal tear or flap to be noted 
by intravascular ultrasound in 12 of 12 angioplasty procedures for native coarctations 
in patients ranging from 0 to 19 years of age, of which just the half was detected 
by angiography.36 Other false-negative results of aortography have been documented 
previously.37 Computed tomography, although highly specific, has also limited 
sensitivity for this indication.38 MRI has developed as routine non-invasive imaging 
tool in the surveillance of patients and was applied in the surveillance of our patients 
consequently. It should be performed regularly for it is the gold standard procedure 
for detection of a hypoplastic aortic arch, aortic aneurysms (ascending aorta, aortic 
arch and descending aorta) and recoarctation.20 It provides detailed composite 
views of the aortic arch and coarctation. A comparitative study with transesophageal 
imaging indicated that both techniques provide comparable details of the isthmus 
and coarctation site, but only MR imaging adequately demonstrated the aortic arch.39 
Additionally, collateral flow can be visualized and quantified.18 MRI has been described 
to be sensitive for detection of localized dissection.18 It was able to demonstrate intima 
tear in a case in which CT and a two dimensional echocardiogram failed in this 
respect.40 We therefore consider our follow-up protocol, including routine MRI and 
CT in case of a (relative) contra-indication, to be appropriate. 

Clinical significance of vessel disruption
Although vascular disruption by balloon angioplasty may be evident in some patients, 
its significance remains undetermined. Diminution or disappearance of intimal tears 
within months has been described in the majority of lesions in both experimental and 
clinical studies, as was found in four of seven patients in this series.5,34,36 Furthermore, 
late persistence of an intimal tear not necessarily results in any clinical consequence. 
Even significant intimal tears after dilation have not been associated with aneurysm 
formation at short-term to midterm follow-up in the series of 12 patients, described 
by Sohn et al..36 Even when small aneurysms are found, measuring 2.0-2.3 cm in a 
series of Fawzy et al., no change in size was noted on follow-up MRI up to 10 years 
later, thus warranting a non-invasive approach.41 The only independent risk factors 
for aortic complication, including aneurysm formation and dissection, found in 235 
adults with repaired, dilated or non-repaired coarctation were identical: advanced age 
and bicuspid aortic valve.42 False aneurysm formation in the descending aorta was 
encountered in this series in patients following surgical repair and without previous 
intervention, but not in patients following balloon angioplasty. In conclusion, vascular 
wall injury seems unavoidable, although the “ideal” extend thereof has not been 
determined, lacking data to correlate exact mural changes that occur immediately 
after angioplasty with follow-up observations.36
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Comparison to surgical repair
Reports on the results of surgical repair for the adult patient group are limited and 
rather conflicting. Surgical repair of coarctation in adults has been considered obviously 
more hazardous than in children, with higher mortality rates of surgical repair in 
adults over 40 years of age.43 Nevertheless, an excellent reintervention rate of just 2% 
has been reported in 45 adults in 2005, without aneurysm formation during 18 years 
of mean follow-up.44 Aneurysms are found following all types of surgical repair, but 
especially after Dacron patch aortoplasty, with incidence as high as 90%.45-47 Beside 
aortic aneurysm, complications of surgical management include bleeding, paraplegia, 
recurrent laryngeal injury, phrenic nerve injury, chylothorax, wound infection and 
praradoxical postoperative hypertension.17,44 Recoarctation is another well-known 
late-term outcome of various types of surgical repair. Hager et al. recently reported 
results of 273 patients following surgical repair at a single institution and found a 
reintervention rate of 11%, all involving recoarctation.48 Patient selection for surgical 
repair has changed since the introduction of percutaneous management and available 
long-term follow-up results of surgical repair are not based on contemporary surgical 
technique. Nevertheless, we think the aforementioned findings and outcome of our 
study and others suggest that balloon angioplasty offers a safe and effective alternative 
for surgery in adults with discrete type of coarctation.

Conclusions 
Balloon angioplasty for native coarctation yields a low long-term reintervention 
probability in adult patients. These results compare favourably with those of surgical 
repair. Results of aortic stenting, another alternative for plain angioplasty, are awaited. 
Intermediate-term risks of restenosis and aneurysm formation following aortic 
stenting do not appear to be lower than for angioplasty.14 Despite occurrence of 
angiographically established vessel disrupture, clinically significant aortic dissection 
and aneurysm formation were not encountered in this series. Our experience suggests 
that balloon angioplasty of native aortic coarctation in adolescents and adults can 
be performed safely and effectively with good immediate outcome. Furthermore, it 
offers satisfactory long-term results with low incidence of persisting hypertension, 
recoarctation and aneurysm formation. As long as superior long-term follow-up results 
of aortic stenting are to be awaited, it thus may be considered as first-line therapy in 
adolescents and adults with native and discrete coarctation. Similar to alternatives 
for angioplasty, life-time surveillance using contemporary imaging techniques is 
warranted to detect poor outcome in time.
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Abstract

Background:
Aortic coarctation poses a lifelong high cardiovascular risk, despite successful invasive 
management. Premature atherosclerosis in this patient population cannot be solely 
explained by the presence of restenosis and hypertension but may also be caused by 
unfavorable aortic flow characteristics. 

Methods:
Aortic pressure waveforms of normotensive patients following successful coarctation 
management were obtained with pressure tonometry at radial, carotic and femoral 
arteries. These waveforms were compared between 11 patients and 14 healthy controls. 
Age, blood pressure and body mass index were comparable between groups. Patients 
with aneurysm formation and recoarctation diagnosed by MRI were excluded from 
the study. Various timing and pressure variables were defined in the aortic pressure 
waveform. 

Results:
Time between first systolic inflection and start of the reflected wave was significantly 
shorter for patients (33.2 ± 2.50 ms) than for controls (39.5 ± 8.13 ms, p = 0.020). 
The Central Sub-Endocardial Viability Ratio, a measure of the relationship between 
myocardial blood flow and oxygen demand, was lower for patients (1.43 vs 1.60; 
p=0.043). Both central systolic pressure and pressure at inflection point appeared 
to be significantly higher in patients. The Effective Reflection Distance, defining the 
timing of forward and backward travelling aortic pressure waves, was found to be 
21.3 ± 5.35 cm versus 28.3 ± 5.96 cm) (p=0.0056). 

Conclusions:
The early return of aortic wave reflection in these patients unfavorably augments 
the maximum systolic pressure and lengthens the systolic period. This provides an 
additional explanation for high cardiovascular complication rates, despite anatomically 
satisfactory coarctation management.
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Introduction

In subjects with successful repair of aortic coarctation, there is a high incidence of 
various atherosclerotic late-term complications including accelerated coronary artery 
disease.1-3 Persistent hypertension at rest, during 24-hr ambulatory monitoring or 
during exercise in more than 50% of postoperative patients, is likely to contribute to 
this observation.4 The underlying causes of the increased prevalence of cardiovascular 
disease and hypertension in this patient group are not entirely clear. Restenosis or 
residual stenosis accounts for only a minority of cases of postoperative hypertension. 
Additionally, normotensive patients are also at high cardiovascular risk.5 To offer an 
explanation other than hypertension, it has been hypothesized that aortic coarctation 
leads to degeneration of the aortic segment proximal to the coarctation before repair 
which may not be reversible. Sehested et al. found an increased collagen content and 
decreased smooth muscle in the precoarctation aortic arch, which leads to increased 
stiffness and diminished reactivity to pharmacological agents.6 Since structural 
abnormalities have also been found proximal and distal to the coarctation, some of 
these abnormalities may be determined by alterations in hemodynamics.7

Applanation tonometry is a simple, non-invasive and generally available technique 
that provides insight in structural and functional properties of the arterial tree. Aortic 
pulse wave velocity (PWV), central blood pressure and augmentation pressure or 
index can be derived from pulse wave analysis (PWA). These variables are associated 
with the presence of cardiovascular disease or risk factors. PWV and augmentation 
index predict cardiovascular outcome in general and various cardiovascular target 
populations.8-11 We hypothesized that abnormalities in vascular function and structure 
of the aorta, including the precoarctation segment, can be identified using applanation 
tonometry in patients with a successfully repaired aortic coarctation.

Materials and methods

Subjects
Informed consent has been obtained from all subjects. We examined a group of 11 
patients following surgical coarctation repair (n=8) and balloon angioplasty (n=3) 
for native coarctation of the aorta. Surgery comprised resection and end-to-end 
anastomosis (6/8) or patch aortoplasty (2/8). Balloon angioplasty was performed 
without the use of endovascular stents. Inclusion criteria were a successful repair of 
aortic coarctation, systolic blood pressure below 150 mmHg at rest, with or without 
medication, and absence of aneurysm formation or recoarctation. An aneurysm 
was defined as an aortic ratio > 1.5, measuring aortic diameters at the coarctation 
repair site and thoracic aorta at the level of the diaphragm. Recoarctation was defined 
as 1) systolic blood pressure difference > 20 mm Hg between upper and lower 
extremities and/or 2) direct visualization of collateral vessels by MRI and/or 3) 
an increase in flow from proximal to distal descending thoracic aorta as measured 



112

Chapter 8

by velocity-encoded cine MRI.12 This criterium is based upon the observation that 
blood flow is directed away from the aorta through the intercostals in the normal 
circulation, so flow decreases in the distal thoracic aorta. In the presence of collateral 
circulation, blood flows towards the thoracic aorta through the intercostals, so flow 
increases distally.12 Aortic diameters at the repaired aortic segment were measured in 
aortic reconstructions, based on gadolinium-enhanced MR angiography in oblique 
sagittal plane in the patient group. The control group comprised 14 subjects without 
cardiovascular disease.

Pulse wave analysis
ECG-tracing and arterial pulse waveforms at the right radial artery were simultaneously 
recorded in all subjects in supine position following 10 minutes of rest. Blood pressure 
at the right brachial artery was taken prior to these measurements by use of an 
automatic pressure cuff. Radial waveforms were recorded by use of a SPT-301B Millar 
pencil-type tonometer (AtCor Medical SphygmoCor system). The radial waveform 
was calibrated using systolic and diastolic pressure values from the cuff measurement. 
Real-time display of pressure waveform facilitated the operator to optimize recordings 
in order to capture at least 10 seconds of reproducible data. Central aortic waveforms 
were subsequently derived by previously validated, mathematical transfer functions 
and displayed graphically and numerically.13 The transfer function enables assessment 
of the central systolic and diastolic blood pressure. 
The technique that we used for pulse wave analysis has been described before.14,15 The 
derived aortic pressure waveforms were analysed to determine ejection duration (used 
as a measure of systolic function), augmentation pressure (the pressure increase due 
to the reflected components of the original pressure pulse generated by ventricular 
ejection, resulting in a systolic shoulder on the ascending limb pressure curve that 
coincides with peak flow) and augmentation index, the latter being defined as the 
ratio of the augmentation pressure to the pulse pressure. The augmentation index was 
adjusted so that assessment thereof was performed at a projected heart rate of 75 beats 
per minute. Additionally, a measure of the relationship between myocardial blood flow 
and oxygen demand (subendocardial viability ratio) was determined by calculating 
the ratio between the integral of pressure and time during diastole (Diastolic Pressure 
Time Index) and systole (Systolic Pressure Time Index). Various timing variables, 
determined from differentials mathematically, were computed. Figure 1 represents 
the flow waveforms in which time variables are indicated. The first inflection point 
represents the time at peak of the pressure wave generated by ventricular ejection, in 
the absence of wave reflection. The time of return of the reflecting wave is defined as 
the subsequent concavity in the wave. This second inflection represents the time at the 
foot of the reflecting wave. The central systolic pressure is indicated as the following 
pressure peak or shoulder. The summated forward-moving and backward-moving 
pressure waves reach their maximum at this moment. The incisura indicates the end 
of systole.
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Pulse wave velocity
Pulse waveforms were recorded at the carotid and femoral arteries during ECG tracing. 
The carotid-femoral distance was assessed by subtracting the distance between the 
suprasternal notch and the carotid artery measurement site from the distance between 
the suprasternal notch and the femoral artery measurement site. An algorithm was 
used in which the foot of the tonometer waveform was identified as the point at 
which the first derivative is a maximum in the pressure wave contour of at least three 
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figure 1. Typical examples of a patient´s (upper panel) and control subject´s central pressure 
waveform (lower panel). Timing variables are indicated horizontally. These values were derived 
mathematically. T1 indicates the first peak in these curves, corresponding to the primary LV 
ejection pressure. The pulse waves proceed to the start of the reflecting wave (Tr) and peak of 
the reflecting wave (T2), constituting peak pressure in the patient group and control subjects in 
this study. The incisura indicates the end of ejection duration. These curves show characteristic 
differences in variables. Of the timing variables, T1 and Tr appear to be shorter for the patient, 
compared to the control subject (97 versus 117 ms and 129 versus 154 ms respectively). The 
central pulse pressure (CPP), based on the formula CPP = central systolic pressure – central 
diastolic pressure, is higher for the patient (55 mmHg) compared to the control subject (35 
mmHg). The patient’s augmentation pressure (13 mmHg) exceeds that in the control subject (2 
mmHg), corresponding to the premature, unfavorable pressure wave reflection.
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pairs of data at the proximal and distal recording sites.16 PWV, expressed in meters per 
second, could be calculated  by dividing distance with the transit time. The Effective 
Reflecting Distance (ERD) was calculated by the formula: ERD = PWV x time between 
the wave foot and return of the reflected wave (see Figure 1). 

Statistical analysis
All of the statistical analyses were performed using SPSS software package (SPSS for 
Windows, 14.0, SPSS Inc, Chigago IL, USA). Data are expressed as mean ± standard 
deviation or range  as appropriate. Categorical variables were compared between 
groups using χ²-test or Fisher’s exact test. Correlation was tested by calculating Pearson 
correlation coefficients. Differences between groups were analysed by two-sample 
Kolmogorov-Smirnov test and independent samples T-test or Mann-Whitney U test 
subsequently, as appropriate. All p-values were based on two-sided comparisons, and 
a value of <0,05 was considered significant.

Results

Patient characteristics
The mean age was 38.8 ± 7.05 years for patients and 39.4 ± 4.50 years for controls. 
Six patients and four controls were male. Brachial systolic and diastolic blood pressure 
were 129 ± 9.66 and 74.8 ± 9.64 mmHg in patients and 128 ± 10.2 and 77.9 ± 
7.45 mmHg in controls. Body mass index was 26.1 ± 4.05 kg/m² for patients and 
25.9 ± 2.94 kg/m² in controls. Coarctation treatment had been performed 5.6 to 26 
years before investigation. Four patients were treated by antihypertensive medication, 
comprising angiotensin-converting-enzyme inhibitors in all of them. Minimal aortic 
diameter at coarctation site ranged from 14 to 31 mm in the patient group (mean 
19.0 ± 5.70 mm).

Pulse wave analysis
The pressure waveform recordings could be successfully acquired in all patients. 
Results of timing and pressure variables derived from the central aortic pressure 
waveforms are displayed in Tables 1 and 2, respectively. 

The heart rate and ejection duration were not different significantly between patients 
and controls. The time at the first inflection point and the interval between the first 
inflection point and the start of the reflected wave were significantly shorter in patients. 
Peak systolic pressure was reached earlier in patients, while the subendocardial viability 
ratio was lower mainly due to a decrease in the diastolic pressure time index. Despite 
similar brachial systolic pressure, central systolic pressure was higher in patients. No 
significant differences in other pressure variables were observed between the groups. 
Noteworthy was the large variability in augmentation pressure in the patient group.
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table 1. Pulse wave analysis: timing data.
patients
(n=11)

controls
 (n=14) p-value

Heart Rate (beats/min) 65.4 ± 3.85 64.1 ± 10.5 0.69
Ejection Duration (ms) 329 ± 22.7 330 ± 19.6 0.86
Time to first systolic inflection (ms) 106 ± 9.64 118 ± 14.9 0.028*
Time to return of the reflected wave (ms) 139 ± 11.4 158 ± 21.0 0.015*
Time between first systolic inflection
and start of the reflected wave (ms) 33.2 ± 2.50 39.5 ± 8.13 0.021*

Time to peak pressure (ms) 213 ± 19.2 223 ± 16.8 0.19
Systolic pressure-time index 2406 ± 322 2330 ± 385 0.29
Diastolic pressure-time index 3414 ± 437 3629 ± 267 0.044*
Subendocardial viability ratio 1.43 ± 0.189 1.60 ± 0.285 0.043*

The subendocardial viability ratio is the diastolic pressure-time index divided by the systolic 
pressure-time index. *: p<0.05.

table 2. Pulse wave analysis: pressure data.

patients  
(n=11)

control group
(n=14) p-value

Central systolic pressure (mmHg) 125 ± 15.1 109 ± 8.73 0.009*
Central diastolic pressure (mmHg) 74.8 ± 9.64 77.9 ± 7.46 0.37
Central Pulse pressure (mmHg) 50.0 ± 11.8 31.7 ± 6.45 0.0001*
Augmentation pressure (mmHg) 10.4 ± 8.61 5.44 ± 3.55 0.39
Augmentation index 
(corrected for heart rate @ 75/min) 19.6 ± 12.9 14.0 ± 8.30 0.20

*: p<0.05.
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figure 2.  Box and Whisker diagrams for 
the Effective Reflection Distance. The Effective 
Reflection Distance was found to be significantly 
shorter for patients (21.3 ± 5.35 cm versus 
28.3 ± 5.96 cm), indicating the early return of 
aortic wave reflection in patients.



116

Chapter 8

Pulse wave velocity
No significant difference in PWV was observed in patients (6.40 ± 1.45 m/s) and 
controls (7.21 ± 0.948 m/s) (p = 0.11). The Effective Reflection Distance was found 
to be significantly shorter for patients (21.3 ± 5.35 cm versus 28.3 ± 5.96 cm) 
(p<0.01) (Figure 2). 
No significant correlation was observed between aortic diameter and PWV (Pearson 
correlation coefficient < 0.6; p = 0.09) or between aortic diameter and augmentation 
index (@HR 75) (Pearson correlation coefficient < 0,6; p = 0,08).

Discussion

The main finding of our study is that abnormalities in pulse wave characteristics recorded 
by radial artery applanation tonometry are present in this patient group. Central systolic 
blood pressure and pulse pressure were increased in our patient group compared to 
controls. Augmentation pressure and augmentation index both appeared to be higher 
for patients, although this difference was not significantly different. Of the timing 
variables investigated, both time at the first inflection and start of the reflected wave were 
significantly shorter for patients as compared to controls. The subendocardial viability 
ratio (SEVR), also known as Buckberg Index (normal value >100%), was another 
timing variable found to be significantly different between groups. These data indicate 
that, even following successful coarctation repair, the heart is exposed to an increased 
pulsatile load. This may explain persistent cardiovascular complications, increased left 
ventricular hypertrophy and increased carotid intima-media thickness that are observed 
in normotensive subjects following successful aortic coarctation repair.1,2,16-19 Our 
findings were obtained by the non-invasive, relatively simple technique of applanation 
tonometry, which appears to be a potential tool to identify patients that are at the 
highest risk to develop complications following successful coarctation repair.

The rationale for calculating the subendocardial viability ratio (SEVR) in this study is 
its quality to represent the relationship between the work of the heart and its oxygen 
consumption and the pressure and time for coronary perfusion. Accordingly, it has 
been described as a measure of the propensity for myocardial ischemia on the basis 
of altered hemodynamic forces.14 A value < 100% has been shown to be associated 
with insufficient subendocardial perfusion.20 The ratio between diastolic and systolic 
integrals of time and pressure is a heart rate-dependent variable. The systolic period 
in hypertensive and elderly persons is found to be relatively long, not decreasing 
appropriately with tachycardia, thus reducing the diastolic time index and SVER. The 
average heart rate in our patient population exceeded that of the controls. Therefore, the 
difference found appears to be robust and may illustrate the hemodynamic burden of 
the successfully managed coarctation, although the average SEVR-value itself is within 
the normal range. 
The exclusion of hypertensive patients, anti-hypertensive treatment in some patients 
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and the small sample size may underlie the relatively small difference in augmentation 
of pressure between our study groups. Murakami et al did find significantly higher 
augmentation indices invasively, in children that had a significantly higher systolic 
blood pressure than age-matched controls.21

No significant difference in pulse wave velocity was found between patients and 
controls in this study. In a previous study, pulse wave velocity assessed by MRI was 
increased in patients following successful coarctation repair.22 Possible factors to explain 
this discrepancy with our study are the difference in technique (MRI versus applanation 
tonometry in our study) and age of the study population (three decades younger than 
our patients). Age has been shown to be an important determinant for changes in 
vascular tree characteristics.23 In addition, small difference in pulse wave velocity in 
the aortic segment proximal to the coarctation repair site may have been obfuscated by 
compensatory effects in the segment distal to this site. Indeed, aortic stiffness was only 
increased in the precoarctation segment by analysis of MRI-acquired pulse waves.22 

Finally, the small study group may have precluded detection of small differences in 
pulse wave velocity.  
Aortic dimensions or flow velocities and pulse wave characteristics were not found to 
be strongly correlated. Recoarctation, based on anatomic and physiologic parameters, 
was excluded in the study group. We consider the aortic diameter, at least in the 
range investigated, unlikely to exclusively account for differences in pressure wave 
characteristics between patients and controls. Other aspects of the aortic anatomy, such 
as the presence of prosthetic interposition grafts, transsection of vasa vasorum by the 
surgical or endovascular procedure or changes in the composition of the aortic wall, 
probably cause the local aortic properties to alter in such way that the reflection point 
is displaced proximally, as is illustrated by the shorter effective reflection distance in 
the patient group. This distance is a measure of the timing of forward and backward 
travelling pressure waves at the level of the central arteries and may contribute to the 
increased central systolic pressure observed in our patient group.24

There are several study limitations. In addition to its small sample size, the study group 
is heterogenous, including patients with and without antihypertensive medication and 
following different types of coarctation management. Although the patient diversity 
may have attenuated differences between patients and controls, these patients represent 
a “real-life” population. We consider this of advantage in evaluating the role of non-
invasive arterial applanation tonometry as screening tool. Besides this quality of our study 
population, its sample size prevented us from investigating the role of anti-hypertensive 
medication or different coarctation management types in subgroup analysis. Secondly, 
it cannot be excluded that aortic interventions per se cause vascular abnormalities in 
the aortic segments, independent of the underlying cause and resulting in the observed 
abnormal pulse wave characteristics, rather than coarctation-related effects on the 
vasculature. Such difference, although interesting with respect to pathophysiology, does 
not seem to have clinical consequences, since the diagnosis of coarctation in adults will 
lead to its invasive management commonly. Therefore, we think that this limitation does 
not undermine the methods and observations of this study.
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In conclusion non-invasive arterial applanation tonometry demonstrate specific 
abnormalities in the pulse wave contour following coarctation repair compared to 
matched controls. These differences include premature reflection of the aortic pressure 
wave which may contribute to cardiovascular complications. This technique may be 
an additional tool to identify patients with successfully repaired coarctation that are 
still at increased cardiovascular risk.
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Abstract

Background:
Aortic coarctation poses a lifelong high cardiovascular risk, despite successful surgical 
or percutaneous management. 

Objective:
To investigate whether an abnormal aortic function is involved in the higher 
cardiovascular risk in patients after correction of aortic coarctation.

Methods:
We recorded aortic pressure waveforms and elastic properties by MRI in 13 patients 
with normal blood pressure following successful intervention for coarctation in 
adolescence, with or without the use of medication. Findings were compared to 
13 age- and blood pressure-matched controls. Age, blood pressure and body mass 
index were comparable between a group of 13 patients and 13 control subjects, who 
underwent cardiac MR imaging for conditions other than aortic pathology. Patients 
with aneurysm formation and recoarctation were excluded. 

Results:
Aortic distensibility appeared to be significantly lower for patients (14.5 10-3 ± 7.82 
10-3 kPa-1) as compared to controls (30.9 10-3 ± 1.99 10-3 kPa-1, p = 0.01) in the 
ascending aorta, whereas it was not significantly different at the site of coarctation 
and at the level of the diaphragm. Pulse wave velocity (PWV) in the ascending aorta 
was calculated to be significantly higher for patients (4.71 ± 1.17 m/s) compared to 
controls (3.65 ± 0.965 m/s; p = 0.0187). No significant differences were found for 
PWV of distal aortic segments. Indexed left ventricular mass was found to be 75.6 ± 
39.7 g/m2 in patients and 42.6 ± 10.4 g/m2 in controls (p=0.0141). 

Conclusion:
These data show abnormal proximal aortic properties in subjects with normal blood 
pressure following successful coarctation management in adolescence with or without 
antihypertensive medication. This finding may contribute to the high cardiovascular 
burden upon these patients.
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Introduction

Aortic coarctation poses a lifelong high cardiovascular risk, despite successful 
management by surgical repair or balloon angioplasty. Late or persistent hypertension 
at rest or during exercise, even present without residual aortic narrowing, can lead to 
an elevated cardiovascular risk in a high proportion of patients.1 An abnormal central 
aortic vascular structure and function have also been implicated as a mechanism 
of hypertension in these patients. Increased central aortic stiffness has been found 
in patients in whom coarctation and interruption of the aortic arch were managed 
surgically at neonatal age.2-5 Effects of antihypertensive medication tend to be smaller 
and take longer if coarctation repair is carried out at increasing age.6 Whether an 
abnormal aortic function could contribute to hypertension in patients that are 
managed for coarctation in adolescence or adulthood was object of this study. We 
recorded aortic pressure waveforms of normotensive patients following successful 
intervention for coarctation in adolescence. Aortic function in the precoarctation 
segment was investigated by MRI in this subset of patients and compared to age- and 
blood pressure-matched subjects without aortic pathology.

Methods

Subjects
We included 13 consecutive eligible adult patients visiting our outpatient clinic 
for regular control following coarctation management in our institution. Inclusion 
criteria for patient selection were a successful management of native coarctation 
in adolescence or adulthood, absence of other (congenital) cardiac conditions 
(including aortic valve dysfunction), systolic right brachial blood pressure below 
150 mmHg at rest and absence of recoarctation or aneurysm formation. The use of 
antihypertensive medication was tolerated. Recoarctation was defined as the presence 
of one or more of the following: 1) systolic blood pressure gradients between upper 
and lower extremities exceeding 20 mmHg, 2) direct visualization of collateral vessels 
by MRI, 3) increase in flow from proximal to distal descending thoracic aorta as 
measured by velocity-encoded cine MRI and 4) a ratio of the aortic diameters at the 
level of coarctation repair and the level of the diaphragm below 0.7.7 An aneurysm 
at the coarctation repair site was defined as a ratio > 1.5 of the aortic diameter at 
the coarctation repair site compared to the aorta at the level of the diaphragm. The 
control group comprised 13 consecutive subjects in the patient’s age group, who 
underwent cardiac MR imaging for conditions other than aortic pathology. These 
included screening for myocardial ischemia (five), surveillance of known ischemic 
heart disease (three), hypertrophic cardiomyopathy (two), scheduled pulmonary 
vein isolation procedure (one), sarcoidosis (one) and corrected muscular ventricular 
septum defect (one). 
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Cardiac magnetic resonance acquisition and imaging
All subjects underwent cardiac MRI using a 1.5 Tesla MRI scanner (Intera, Philips 
Medical Systems, Best, the Netherlands). The MR protocol applied has been advocated 
for follow-up of repaired coarctation.8 Informed consent was obtained in all subjects. 
Retrospective triggering was applied, using vector cardiography with fiber optic leads. 
A sensitivity encoding array coil was used to increase imaging acquisition speed. 
Blood pressure recording was performed at 2-minutes intervals. The MRI-protocol 
included anatomic assessment (turbo spin echo sequence) to evaluate LV anatomy 
and valvular morphology in short- and long-axis, as well as transversal plane. Aortic 
anatomy was assessed subsequently (balanced turbo field echo sequence, repetition 
time 3.0 ms, echo time 1.5 ms, matrix 256x256 mm; field of view 400 mm; slice 
thickness 8.0 mm) in transversal and sagittal oblique planes. Velocity-encoded cine 
MRI measurements were performed with “through-plane” scanning direction, 
perpendicular to the long axis of the aorta (fast field echo sequence, repetition time 
5.0 ms, echo time 2.6 ms, flip angle 15°, field of view 350 mm, slice thickness 
8.0 mm, velocity encoding up to 200 cm/s, gradually increasing Venc until aliasing 
was eliminated). Forty measurements per beat-to-beat-interval were performed, 
corresponding to temporal resolution between 20 (at 50 beats per minute) and 30 
ms (at 75 beats per minute). Distinct oblique scanning planes were applied for each 
aortic cross-section. Magnitude images were used to trace minimal and maximal 
aortic areas at each aortic cross-section. The protocol was completed by 3D contrast 
enhanced angiography in oblique sagittal scanning plane (fast field echo sequence, 
repetition time 5.2 ms, echo time 1.5 ms, flip angle 40°, matrix 512x512, field of 
view 400 mm, slice thickness 4.0 mm), preceded by 2D bolus tracking. 

Aortic distensibility
Aortic distensibility (ΔV/VΔP, where V is volume and P is pressure) can be represented 
as ΔA/AΔP (where A is area) for the distensibilty at any particular aortic section. 
Distensibility was derived from the systolic distension (difference between peak 
systolic and end-diastolic intravascular cross-sectional area) and simultaneously 

recorded pulse pressure (ΔP) for each beat. Maximal and minimal aortic areas at 
the aortic sections were used to determine ΔA. The following formula was applied 
in calculating distensibility: distensibility = ΔA (mm²) / (diastolic area (mm²) x 
pulse pressure (mmHg)). Pulse pressure was based on brachial measurements. This 
technique has been reported before. 9,10

Aortic Pulse Wave Velocity
PWV was computed based on the upstroke difference of initial flow acceleration 
between different aortic levels: the ascending aorta at the level of the pulmonary 
bifurcation, the descending aorta at the site of the repaired coarctation and the 
descending aorta at the level of the diaphragm. The following formula was used: 
PWV=Δx/Δt, where Δx is the distance between aortic levels. These distances 
were calculated from aortic source images, loaded in an off-line analysis program 
(EasyVision, Philips Medical Systems, Best, The Netherlands) in which tracking of 
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distances between different aortic levels could be performed three-dimensionally. Δt 
is the time difference of initial flow acceleration between different aortic levels. This 
interval was measured between normalized flow curves that were constructed using 
the χ2 minimization technique. Curves were drawn automatically (Microsoft Excel, 
Microsoft Corporation, Redmond, WA, United States of America). Time distances were 
measured between 0.2 and 0.5 on the y-axis, in the upstroke portion of the curve. 
Time intervals could be red out directly between the plotted curves. Components of 
the technique that we used for assessment of PWV have been described before.5,11,12 
See Figure 1.

LV mass
Short axis cine loops LV epicardial and endocardial countours were manually traced to 
compute LV mass as the end-diastolic myocardial volume (i.e., epicardial - endocardial 
volumes) multiplied by myocardial density (1.05 g/ml), using the standard disc-
summation technique.13

Statistical analysis
All of the statistical analyses were performed using SPSS software package (SPSS for 
Windows, 14.0, SPSS Inc, Chigago IL, USA). Data are expressed as mean ± standard 
deviation or range (minimal-maximal) as appropriate. Categorical variables were 
compared between groups using χ²-test or Fisher’s exact test. Correlation was tested 
by calculating Pearson correlation coefficients. Differences between groups were 
analysed by independent samples T-test or Mann-Whitney U test as appropriate. All 
p-values were based on two-sided comparisons, and a value of <0,05 was considered 
significant.
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figure 1. Normalized 
patient’s pressure waveforms 
of three subsequent aortic 
levels with Δt indicated 
between straight, ascending 
parts of first and second pairs 
of these curves.
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Results

Patient characteristics
Table 1 depicts the charistics of patients and control subjects.
Coarctation treatment had been performed 4.1 to 26 years before investigation at 
a median age of 20.6 years of age (range: 15.1 to 55.5 years). Surgery comprised 
resection and end-to-end anastomosis (6/13) or PTFE patch aortoplasty (3/13). 
Balloon angioplasty was performed in 4 patients. No stents were used. 

table 1. Characteristics of patients and control subjects

 patients 
(n=13)

controls
 (n=13) p-value

Age (years) 41.1 ± 9.94 39.4 ± 9.82 0.66
Sex (male) 8 8
Brachial systolic blood pressure (mmHg) 130 ± 9.62 139 ± 17.5 0.19
Brachial diastolic blood pressure (mmHg) 79.7 ± 8.91 85.0 ± 7.64 0.20
Antihypertensive medication
  ACE-inhibititor
  Betablocker
  Combination ACE-inhibitor & betablocker

6/13
3
2
1

5/13
2
2
1

table 2. Aortic elastic properties for patients and controls.

 patients controls p-value

Distensibility ascending aorta (E-3 kPa-1) 14.5 ± 7.82 30.9 ± 19.9 0.0108
Distensibility repaired coarctation 
segment(E-3 kPa-1)

12.0 ± 13.0 21.2 ± 14.1 0.0978

Distensibility descending aorta (E-3 kPa-1) 32.9 ± 26.5 30.6 ± 20.6 0.806
Pulse Wave Velocity ascending aorta - 
coarctation segment (m/s)

4.71 ± 1.18 3.65 ± 0.965 0.0187

Pulse Wave Velocity coarctation segment - 
descending aorta (m/s)

5.15 ± 2.24 6.49 ± 2.30 0.145

Pulse Wave Velocity ascending - 
descending aorta (m/s)

4.79 ± 1.30 4.51 ± 1.89 0.570

Difference between peak systolic and end-
diastolic intravascular cross-sectional area 
(ΔA) (cm2)

1.07 ± 0.931 1.76 ± 1.01 0.080

Aortic elastic properties
Elastic properties of both study groups at different aortic levels are summed up in 
table 2. 
Distensibility of the ascending aorta was significantly lower in patients than controls. A 
significant difference was not found in the distal aortic segments. See Figures 2 & 3. 
PWV in the ascending aorta was calculated to be significantly higher for patients. This 
was not found for PWV in the descending aorta and for the combined aortic trajects. 
See Figures 4 & 5. 
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figure 2. Box-and-Whisker 
diagrams for proximal aortic 
distensibility in patients and control 
subjects.

figure 3. Box-and-Whisker 
diagrams for distal aortic 
distensibility in patients and control 
subjects.
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Left ventricular mass and function
Left ventricular mass, indexed for body surface area, was significantly higher for 
patients (79.3 ± 41.7 g/m2), compared to controls (44.8 ± 10.9 g/m2, p = 0.0141). 
Left ventricular ejection fraction was 57.1 ± 10.2 % for patients and 58.3 ± 11.1 % 
for controls (p = 0.785). 

Discussion

The main finding of our study is that the ascending aorta of patients, following 
successful repair of native coarctation at adult age, demonstrates lower distensibility 
and higher pulse wave velocities than in control subjects with comparable age and 
blood pressure. A significant difference in unfavourable elastic properties was not 
found in the descending aorta. These observations demonstrate that an abnormal 
aortic function persists, despite performance of a successful surgical or percutaneous 
repair of aortic coarctation in adolescence or adulthood. 
The role that aortic elasticity may play in the adult age group has not been well defined 
before in literature. Except a few individual cases, both histological and functional 
data on abnormal ascending aortic anatomy are limited to patients managed at 
neonatal age.4,18,19 Different from these patients, aortic arch or ishmus hypoplasia are 
usually not present at the adult age and cardiac malformations are rarely associated 
in patients that present with symptoms after childhood. Coarctation in adult patients 
generally constitutes the isolated type of coarctation, classified according to surgical 
nomenclature.16 Furthermore, the benefit of coarctation repair in that age group is less 
clear than in infants, because poor resolution of systolic hypertension in “adult” type 
coarctation has been reported.1,17 Despite this variation in coarctation morphology 
and severity at different ages, our study results demonstrate the same decrease in 
aortic compliance proximal to the coarctation as described in patients with repair at 
younger age.5,18  
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Left ventricular mass
Although lower than 95% upper limit values of 74.7 g/m2 (women) and 95.0 g/
m2 (men) in a hypertension free cohort with mean age 17 years higher than in 
our population, left ventricular mass index was significantly higher for patients than 
control subjects in this study.10 This finding suggests an increased cardiac workload 
following successful coarctation management and has been reported before.5,19-21 
PWV was also found to be higher in patients. This can be adequately explained by 
the observation that arterial stiffness, directly measured by aortic PWV, is the final 
common pathway on which cardiovascular risk factors, including blood pressure, 
operate.22

Hypertension
To identify aortic abnormalities beyond those that were caused by long-standing 
hypertension, we used a control group of subjects referred for routine MRI-
investigation within the patient’s age and blood pressure range, including several 
individuals managed by antihypertensive medication. Additionally, left ventricular 
systolic function did not differ between patients and controls. We therefore consider 
the differences that we found to be robust and related to coarctation and/or 
coarctation management, instead of just being compatible with the cardiovascular 
risk of our patients based on their blood pressure, ranging in the high-normal to 
moderately elevated values. Nevertheless, hypertension and left ventricular mass 
were found to be associated with aortic distensibility in other patient populations. 
These factors probably played a role in this study, although the influence thereof 
may differ between patients and controls.23,24 Whether the loss of distensibility is 
related causally to duration of hypertension, postoperative aortic morphology or 
both, is difficult to differentiate. Causality probably can only be demonstrated in a 
randomized, prospective study design. This will be hampered by the effort to correct 
this condition as soon as possible following diagnosis in adolescence or adulthood 
and the probable relationship between the coarctation severity and the age at which 
it will be diagnosed. 

Study limitations
Differences between aortic flow characteristics in patients and controls were found in 
a small number of subjects in this study. Probably more different variables would have 
been found in a larger study population. Another limitation may be caused by the use 
of brachial instead of central aortic blood pressure. The latter would necessitate invasive 
pressure measurements, which we could not justify technically and ethically. 

Conclusions
Functional aortic measurements by MRI demonstrate specific abnormalities following 
coarctation repair in adult patients, compared to matched controls. These differences 
include lower distensibility and higher pulse wave velocity of the ascending aorta. 
This unfavourable alteration has been described before in those surviving neonatal 
coarctation repair. This study demonstrates that this phenomenon is also seen in patients 
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in whom coarctation has been managed successfully after childhood. The vascular 
dysfunction demonstrated probably accounts for a part of the high cardiovascular 
burden upon these patients.
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The introduction of balloon angioplasty for aortic coarctation in children, adolescents 
and adults prompted the initiation of this thesis. Although the long-term results of 
surgical repair had been improving over the years, the less invasive character of 
angioplasty and encouraging initial results of this technique triggered its widespread 
introduction. However, uncertainty existed regarding long-term risks of aneurysm 
formation and recoarctation for these patients. More research on long-term results 
had been advocated in early reports on angioplasty for coarctation for this reason. 
Chapter 2 describes the single-institution results of balloon angioplasty as the 
primary treatment of coarctation of the aorta in 30 children, managed for this 
condition during a period of 10 years from its introduction in 1990. No mortality 
occurred and 28 of 30 procedures were successful immediately, with a significant 
reduction in mean pressure gradient of 23 mmHg. Four patients (13%) developed a 
recoarctation. No aneurysm formation was encountered. These excellent long-term 
results demonstrate that balloon angioplasty for the treatment of native coarctation 
of the aorta in children may be an efficient and safe solution. Whether angioplasty 
can be performed as effectively and safely at adult age has been a matter of debate. 
Results of angioplasty were therefore compared for different aged patients and 
are summarized and discussed in chapter 3, including those of angioplasty for 
recoarctation. Although pressure gradient drops were significantly higher for adults 
in native coarctation management, both immediate and long-term results appeared 
to be not different for adults as compared to children for native and recoarctation, 
with an average follow-up duration of 4,9 years. In conclusion, balloon angioplasty 
for native coarctation has a similar performance with an identical technical approach 
in children and adults. Due to the limited number of procedures performed, balloon 
angioplasty in recoarctation can only be recommended in the pediatric age group. 
These first studies, comprising chapters 2 & 3, were performed several years before 
the publication of this thesis. Since then, the authors did not analyse the follow-
up results in these particular patients systematically thereafter. There has been an 
explosion of reports of endovascular treatment of both native and recoarctation 
in other institutions in the last 10 years. Most of these cite satisfactory results, 
although certain morbidity in most, and mortality in some of these series has been 
encountered. Based on findings in literature and those in our institutions, risks should 
be accounted for in the approach of patients with native and recurrent coarctation. 
The counselling of patients and their parents should be accurate in this respect. Before 
comparing angioplasty to surgical repair in selected patients, long-term results of 
the main two types of surgical repair were evaluated for an unselected population 
of 262 patients with aortic coarctation during a 28-year period. The results thereof 
are described in chapter 4. Not surprisingly, the presence of complex intracardiac 
malformations appeared to be associated with mortality in these patients. Another, 
probably more remarkable finding was that if ridge resection was involved in surgical 
repair by patch aortoplasty, using polytetrafluoroethylene material, this technique 
appeared to be associated with more aneurysm formation and late hypertension than 
resection and end-to-end anastomosis. Arch hypoplasia and age up to one month at 
repair were associated with recoarctation. Chapter 5 comprises the comparison of 
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surgical repair with balloon angioplasty for the specific group of patients between 
3 months to 16 years of age with an isolated, discrete type of coarctation. Although 
satisfactory long-term results can be expected for both management types in this 
relatively benign patient population, comparative data had been limited. During 
follow-up, which averaged a period of longer than 5 years, immediate success rates 
and late reintervention probabilities were not found to be different between these 
techniques. Obviously, hospital stay was longer following surgical repair. Chapter 
6 describes the finding of an aortic aneurysm in an asymptomatic 43-year-old 
male, who was managed by Dacron patch aortoplasty for native coarctation of the 
aorta 25 years before. This case demonstrates the need of lifelong surveillance after 
coarctation repair. Furthermore, the role of MR angiography is highlighted. Acute and 
late aneurysm formation has been an important concern about balloon angioplasty 
performed in adolescents and adults with native aortic coarctation. Chapter 7 reports 
a series of adult patients that were managed by balloon angioplasty. Although intima 
tearing was encountered in 8 of 29 procedures immediately, no aneurysm formation 
was found in follow-up angiography and MRI.

High cardiovascular complication rates have been reported in patients with native 
coarctation, despite initial success of management. To elucidate whether this finding 
is associated with different vascular characteristics, aortic flow properties of such 
patients were investigated by applanation tonometry and MR-measurements. Chapter 
8 focuses on 11 patients following successful initial coarctation management in 
whom pulse wave was analyzed using applanation tonometry. Results thereof were 
compared to those in 14 matched controls. The objective of this study was to identify 
flow characteristics that may be responsible for premature vascular damage that is 
encountered by these patients. An earlier return of aortic wave reflection was found in 
patients, compared to controls. Unfavorable augmentation of the maximum systolic 
pressure and lengthening of the systolic period were found, which corresponds to 
the premature wave reflection. These findings provide an additional explanation for 
high cardiovascular complication rates, despite anatomically satisfactory coarctation 
management. Chapter 9 reviews the measurement of proximal and distal aortic 
properties with magnetic resonance in adults after successful coarctation management 
with the same purpose as chapter 8. Again, results were compared between patients 
and matched controls. Although not found in distal segments of the thoracic aorta, 
lower distensibility and higher pulse wave velocity of the ascending aorta were found 
in patients. These unfavourable alterations have been described in experimental and 
native coarctation in neonates and those surviving neonatal coarctation repair. This 
study demonstrates these changes also in patients in whom coarctation has been 
managed successfully after childhood. This warrants a close and lifelong monitoring 
of the cardiovascular risks of these patients.
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Study limitations and recommendations for 
further research

The most important limitations of the studies outlined above are the non-randomized, 
retrospective study designs and relatively small study samples. Furthermore, all 
patients were recruited at one institution. So far, just one single-institution clinical 
randomized trial for patients with native coarctation has been reported. Possible 
barriers for a multicentre prospective trial relate to differences in treatment approaches 
between centres and the absence of a systematic centralized database. The creation 
and funding of a National registry and DNA-bank of adult patients with congenital 
heart disease (CONCOR) in the Netherlands in 2002 may facilitate future research 
in this respect. More prospective clinical trials are necessary to determine whether 
angioplasty compares favourably to surgical repair for selected patients with aortic 
coarctation and should be adopted as first-choice procedure due to its less invasive 
character. Meanwhile, balloon angioplasty may provide a safe and effective alternative 
to surgical repair of unoperated coarctation of the aorta in both adults and children 
beyond infancy, without hypoplasia of the aortic arch or isthmus. Another limitation 
of the studies in this thesis is the absence of aortic stenting for this condition in these 
series. This technique has been in vogue recently. Although satisfactory long-term 
results after stenting have been reported, no data are available at present to justify the 
choice of stenting in favour of balloon angioplasty. Again, the superior endovascular 
approach could probably be identified by a randomized trial. Another suggestion for 
future research would be the assessment of characterise aortic flow and jet velocity 
in ascending and descending aortic segments in patients after successful coarctation 
management with normal blood pressure at rest. The mechanism of exercise systolic 
hypertension that is frequently found is not completely understood. Doppler 
echocardiography during exercise and cardiac catheterization with catecholamine 
infusion, as a surrogate of exercise, have been applied for this purpose. Hypertension 
during exertion was found to be correlated to descending aortic peak systolic velocity 
at peak exercise. Magnetic resonance imaging and flow quantification with increased 
cardiac output have not been applied yet in this context. Its superior imaging quality 
and its non-invasive character would be appropriate for a study of aortic flow at rest 
and during catecholamine infusion. In addition to sophisticated measurements of 
vascular function by applanation tonometry and magnetic resonance, simpler and 
readily available indicators of cardiovascular risk can probably be developed. The role 
of ambulatory blood pressure monitoring in the assessment of vascular function, for 
example, may be particularly promising in this respect.
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Samenvatting in het Nederlands

De introductie van ballonangioplastiek voor coarctatio aortae in kinderen, 
adolescenten en volwassenen vormde de aanleiding voor dit proefschrift. Hoewel 
de lange-termijnsresultaten van chirurgische behandeling in de loop van de jaren 
waren verbeterd, bracht het minder invasieve karakter van angioplastiek en de 
bemoedigende eerste resultaten van deze techniek zijn wijdverspreide toepassing als 
alternatieve behandeling teweeg. Er bestond desondanks onzekerheid ten aanzien van 
het risico op aneurysmavorming en recoarctatie voor deze patiënten op de lange 
termijn. Meer onderzoek naar resultaten op lange termijn werd daarom al bepleit in 
vroege rapporten over angioplastiek.

Hoofdstuk 2 beschrijft de resultaten van ballonangioplastiek als primaire behandeling 
van coarctation van de aorta in 30 kinderen binnen één centrum. Deze patiënten werden 
vanaf introductie van de techniek in 1990 gedurende een periode van 10 jaar voor 
deze aandoening behandeld. Er kwam geen mortaliteit voor en 28 van 30 procedures 
waren onmiddellijk succesvol, waarbij de druksprong met gemiddeld 23 mmHg 
significant werd verminderd. Vier patiënten (13%) ontwikkelden een recoarctatie. Er 
werd geen aneurysmavorming ontdekt. Deze uitstekende resultaten op lange termijn 
tonen aan dat ballonangioplastiek voor niet eerder behandelde coarctatie in kinderen 
een efficiënte en veilige behandelwijze kan zijn. Of angioplastiek even effectief en veilig 
op volwassen leeftijd kan worden uitgevoerd, is onderwerp van debat geweest. De 
resultaten van angioplastiek werden daarom vergeleken en samengevat voor patiënten 
van verschillende leeftijden. Deze studie vormt, met inbegrip van de resultaten van 
angioplastiek voor recoarctatie, onderwerp van hoofdstuk 3. Hoewel de gemiddelde 
daling van de drukgradiënt beduidend hoger was voor volwassenen in niet eerder 
behandelde coarctatie, bleken zowel de onmiddelijke als lange-termijnsresultaten niet 
verschillend voor volwassenen in vergelijking tot kinderen voor zowel niet eerder 
behandelde als recidief coarctatie. Hierbij was de gemiddelde duur van follow-
up 4,9 jaar. Samenvattend bleken de prestaties van ballonangioplastiek voor niet 
eerder behandelde coarctatie in kinderen en volwassenen gelijkwaardig, waarbij de 
technische uitvoering tussen de groepen niet verschilde. Wegens het beperkte aantal 
uitgevoerde procedures kon ballonangioplastiek in recidief coarctatie slechts op 
de kinderleeftijd worden aanbevolen. De studies in deze eerste twee hoofdstukken 
werden meerdere jaren voorafgaand aan het verschijnen van dit proefschrift 
uitgevoerd. De behandelresultaten werden door de auteurs voor specifiek deze 
patiënten niet systematisch vervolgd na die tijd. In de vele studies die in de afgelopen 
10 jaar beschikbaar zijn gekomen, worden bevredigende resultaten gerapporteerd, 
maar een zekere morbiditeit, en soms mortaliteit, wordt wel waargenomen. Op 
basis van dergelijke bevindingen in andere centra en ervaringen in de onze, moet 
rekening worden gehouden met risico’s in de behandeling van aangeboren en recidief 
coarctatie. De informatievoorziening van patiënten en hun ouders dient wat dit 
betreft ook zorgvuldig te zijn. Alvorens angioplastiek met chirurgische behandeling 
te vergelijken in een geselecteerde groep patiënten, werden de resultaten van de 
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belangrijkste twee soorten chirurgische technieken op lange termijn geëvalueerd 
voor een ongeselecteerde patiëntengroep. Deze 262 patiënten waren gedurende 
een gemiddelde periode van 28 jaar vervolgd. De resultaten worden beschreven in 
hoofdstuk 4. Zoals te verwachten, bleek de aanwezigheid van complexe intracardiale 
misvormingen geassocieerd met mortaliteit in deze patiënten. Een andere, meer 
opmerkelijke bevinding was de associatie tussen resectie van de richel in het kader 
van een verwijdingsaortoplastiek, gebruikmakend van polytetrafluoroethyleen, met 
meer aneurysmavorming en aanhoudende hypertensie, in vergelijking tot resectie 
in combinatie met end-to-end anastomose. Hypoplasie van de aortaboog en leeftijd 
onder één maand bij reparatie waren geassocieerd met recoarctatie. Hoofdstuk 5 
bestaat uit de vergelijking van chirurgische reparatie met ballonangioplastiek voor 
de specifieke groep patiënten met een leeftijd tussen 3 maanden en 16 jaar oud 
met een geïsoleerde, plaatselijk gelokaliseerde coarctatie. Gelet op deze gunstige 
patiëntenkarakteristieken zouden voor beide behandelmodaliteiten bevredigende 
resultaten op lange termijn kunnen worden verwacht. Vergelijkende gegevens waren 
echter beperkt. Tijdens follow-up, met een gemiddelde duur van langer dan 5 jaar, 
werd geen verschil gevonden in directe succeskans en de kans op herhaalde interventie 
tussen deze technieken. Het ziekenhuisverblijf was evident langer na chirurgische 
reparatie. Hoofdstuk 6 beschrijft de vondst van een aneurysma van de aorta in een 
asymptomatische 43-jarige man, die 25 jaar voordien was behandeld door middel 
van verwijdingsaortoplastiek met Dacron. Deze casus illustreert de noodzaak van 
levenslange begeleiding na coarctatiechirurgie. Voorts wordt de rol van MR-angiografie 
daarin benadrukt. De vorming van aneurysmata op korte en lange termijn na primaire 
ballonangioplastiek in adolescenten en volwassenen met coarctatie is een belangrijk 
punt van bezorgdheid geweest. Hoofdstuk 7 rapporteert over een reeks volwassen 
patiënten die door ballonangioplastiek werd behandeld. Hoewel er onmiddellijk na 
behandeling een intimascheur werd vastgesteld in 8 van 29 procedures, werd geen 
aneurysmavorming gevonden bij vervolgangiografie en MRI. 

Hoge cardiovasculaire complicatierisico’s zijn gemeld in coarctatiepatiënten, zelfs 
indien met direct succes behandeld. Om uit te vinden of dit gepaard gaat met 
bepaalde vaateigenschappen, werden het aortastroomprofiel van dergelijke patiënten 
onderzocht door applanatie-tonometrie en MR-metingen. Hoofdstuk 8 concentreert 
zich op 11 patiënten met een aanvankelijk succesvolle coarctatiebehandeling, 
waarin de impulsgolf werd geanalyseerd door middel van applanatie tonometrie. 
De resultaten daarvan werden vergeleken met die van metingen in 14 gematchte 
controles. De doelstelling van deze studie was stroomeigenschappen te identificeren 
die oorzaak kunnen vormen van voorbarige vasculaire schade waarmee deze patiënten 
worden geconfronteerd. Er werd een vroegtijdiger reflectie van de aortadrukgolf 
gevonden in patiënten, vergeleken met controlepersonen. Overeenkomstig hiermee 
werden een ongunstige verhoging van de maximale systolische druk en verlenging 
van de systolische periode bepaald. Deze bevindingen vormen een mogelijke (deel)
verklaring voor hoge cardiovasculaire complicatierisico’s die bestaan ondanks 
coarctatiebehandeling met een fraai anatomisch resultaat. 
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Met hetzelfde doel als dat in hoofdstuk 8 werden de eigenschappen van de proximale 
en distale aorta van volwassen patiënten na coarctatiebehandeling bepaald door 
middel van magnetische resonantie. In hoofdstuk 9 wordt deze studie beschreven. 
Opnieuw werden resultaten vergeleken tussen patiënten en gematchte controles. 
Lagere distensibiliteit en de hogere snelheid van de polsgolf werden wel vastgesteld 
in de aorta ascendens, maar niet in het distale segment van de thoracale aorta van 
patiënten. Die ongunstige bevindingen zijn ook al beschreven in experimentele en 
ongecorrigeerde coarctatie bij pasgeborenen, evenals bij pasgeborenen na succesvolle 
chirurgische reparatie. Deze studie toont deze veranderingen ook aan in patiënten 
die succesvol zijn behandeld na de kinderjaren. Dit rechtvaardigt een intensief en 
levenslang toezicht op de cardiovasculaire risico’s van deze patiënten. 
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