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Abstract

Objective: Coarctation of the aorta has often been described as a simple form of congenital heart disease. However, rates of re-coarctation
reported in the literature vary from 7% to 60%. Re-coarctation of the aorta may lead to worsening systemic hypertension, coronary artery disease
and/or congestive cardiac failure. We aimed to describe the rates of re-coarctation in subjects who had undergone early coarctation repair (<2
years of age) and referred for clinically indicated or routine magnetic resonance (MR) surveillance. Methods: We retrospectively identified 50
consecutive subjects (20.2 � 6.9 years post-repair) imaged between 2004 and 2008. Patient characteristics, rates of re-coarctation and LV/aortic
dimensions were examined. Results: Forty percent of subjects had bicuspid aortic valves (BAV). There were 40 cases of end-to-end repair and 10
cases of subclavian flap repair. Re-intervention with balloon angioplasty or repeat surgery had been performed in 32% of subjects. The MRI
referrals were clinically indicated in 34% and routine in 66% of patients. Re-coarctation was consideredmoderate or severe in 34%,mild in 34% and
no re-coarctation was identified in 32% of patients. There was no significant difference in the number of cases of re-coarctation identified in the
clinically indicated versus routine referrals for MR imaging (p = 0.20). There were no cases of aortic dissection or aneurysm formation identified
amongst the subjects. The mean indexed left ventricular mass and ejection fraction was 72 � 16 g/m2 and 66 � 6%, respectively. Amongst those
subjects with BAV there were larger aortic sinus (30 � 1 mm vs 27 � 1 mm, p = 0.03) and ascending aortic (27 � 1 mm vs 23 � 1 mm, p = 0.01)
dimensions when compared to subjects with morphologically tricuspid aortic valves. Conclusions: We demonstrate that many years after early
repair of coarctation of the aorta, MR surveillance detects significant rates of re-coarctation. These findings were independent of whether or not
there was a clinical indication for imaging. Those patients with BAV disease had larger ascending aortic dimensions andmay requiremore frequent
non-invasive surveillance.
# 2009 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Coarctation of the aorta has often been described as a
simple form of congenital heart disease by cardiologists.
However, rates of re-coarctation reported in the literature
vary from 7% to 60% [1—4]. Re-coarctation of the aorta may
lead to worsening systemic hypertension, coronary artery
disease and/or congestive cardiac failure [5], making long-
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term follow-up of this condition more complex than initially
thought.

Repair of coarctation of the aorta in infancy has the
reported benefits of increased long-term survival [6]. Despite
this, late cardiovascular complications have been shown to
develop even after apparently successful coarctation surgery
[7—9]. Thus, recent attention has been given to the optimal
long-term imaging strategy for this condition. Specifically,
Therrien et al. have demonstrated that the combination of
clinical examination plus magnetic resonance (MR) imaging is
the most cost-effective non-invasive strategy to diagnose
complications at the site of repair many years after
coarctation surgery [5].

We therefore aimed to retrospectively examine findings
from MR imaging for both clinically indicated and routine
scans in individuals where early repair (<2 years of age) of
coarctation was performed and who are now followed-up in
our adult congenital heart disease service.
Surgery. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Patient recruitment

Between 2004 and 2008 we retrospectively identified 50
consecutive subjects referred from our adult congenital
heart disease service for MR follow-up of repaired
coarctation of the aorta. In all subjects coarctation repair
surgery was performed <2 years of age at our institution.
Scans were regarded as either clinically indicated by the
referring physician or as routine where no clinical
indication was identified on physical examination or
2D-echocardiography.

Patient characteristics including; age at repair, type of
repair, re-intervention procedures required, associated
cardiac conditions, body mass index, heart rate, and resting
blood pressure were recorded. The local research ethics
committee approved the study, and all subjects gave
informed consent at the time of the MR scan.

2.2. Cardiac MR imaging

MR imaging was performed using 1.5T MR scanner (Avanto,
Siemens Medical Systems, Erlangen, Germany).

2.2.1. Measurement of aortic dimensions
Dimensions of the aorta were determined from MR

angiography. This was performed with a T1 weighted spoiled
gradient echo sequence. Imaging parameters: TR = 3.3;
TE = 1.0; flip angle = 258; matrix = 256 � 256; which was
triggered visually and was acquired in a 15 s breath-hold.
Measurements were systematically made at the level of the
sinus of Valsalva, proximal ascending aorta, transverse aortic
arch, residual coarctation site, proximal descending aorta
and distal descending thoracic aorta at the level of the
diaphragm. Aortic re-coarctation was defined according to
the percent residual coarctation diameter/descending
thoracic aorta diameter at the level of the diaphragm
where, no re-coarctation>80%, mild re-coarctation 61—80%,
moderate re-coarctation 41—60% and severe re-coarctation
<40%.

2.2.2. Aortic cine and flow imaging
Cine images of the entire thoracic aorta were acquired

using retrospectively gated steady-state free precession
(SSFP) MR imaging. Image parameters: TR = 2.4 ms;
TE = 1.2 ms; flip angle = 788; slice thickness = 6—8 mm;
matrix = 144 � 192; field of view = 300—380 mm and tem-
poral resolution = 25 phases; acquired during a single breath-
hold. Specific attention was given to the region of the
proximal descending aorta where previous aortic surgery was
performed. Aortic flow data were acquired using a flow-
sensitive gradient-echo sequence (TR, 27 ms; TE, 3.2 ms; flip
angle, 308; slice thickness, 5 mm; and matrix, 192 � 256)
during free breathing. Imaging planes were located in the
proximal ascending aorta [10]. Through-plane flow data (30
phases per cardiac cycle) were acquired by use of retro-
spective cardiac gating. Arterial blood flow was calculated
from phase contrast images by use of a semiautomatic vessel
edge-detection algorithm (Argus; Siemens Medical Systems,
Erlangen, Germany) with operator correction. Aortic valve
regurgitation fraction (RF %) was calculated as percent
backward aortic flow/total aortic flow.

2.2.3. Assessment of ventricular volumes, function and
mass using cine MR imaging

SSFP cine MR images of the heart were acquired in the
vertical long-axis, four-chamber view and the short-axis view
covering the entirety of both ventricles (9—12 slices). Image
parameters used were as described above. Assessment of left
ventricular volumes was performed by manual segmentation
of short-axis cine images with endocardial outline at end-
diastole and end-systole (Argus; Siemens Medical Systems,
Erlangen, Germany). End-diastolic and end-systolic volumes
were calculated by use of Simpson’s rule, and from these
volumes the ejection fraction was calculated. Left ventri-
cular mass was determined in end-diastole via manual
segmentation of the endo- and epi-cardium from short-axis
images. This value was indexed to body surface area.

2.3. Statistical analysis

All data are presented as mean � SD or median and range.
Statistical comparison of parametric data was performed
with a two-tailed unpaired Student’s t-test. The relationship
between dichotomous variables was tested with Fisher’s
exact test. A value of p < 0.05 was considered statistically
significant. Statistical testing and data analysis were
performed with GraphPad Prism Version 4.0 (San Diego, CA).

3. Results

3.1. Patient characteristics (Table 1)

The mean age of patients in the study and years from
repair of coarctation was 22.0 � 6.5 years and 20.2 � 6.9
years, respectively. The median age at repair was 4.0 days
(range 1—630 days) with 62% of repair surgery being
performed by 1 month of age. End-to-end repair was used
in 80% (40/50) of patients and subclavian flap surgery was
used in the remainder. Thirty-two percent (16/50) of patients
required a re-intervention procedure after the initial surgical
repair (12 cases treated with percutaneous balloon proce-
dures and four cases treated with surgery). Three patients
required an additional procedure subsequent to their first re-
intervention. Patients had normal resting haemodynamics
and body mass index (Table 1).

In regards to associated lesions, 40% (20/50) of patients
had bicuspid aortic valves, 16% (8/50) of patients had a
ventricular septal defect repaired at the time of coarctation
surgery and 10% (5/50) of patients had sub-aortic stenosis
resection performed. There were three patients with
significant aortic valve regurgitation (regurgitation fraction
>10%) and one patient with mitral valve disease.

Scans were clinically indicated in 34% (17/50) of patients.
Specifically, new-onset hypertension or hypertension refrac-
tory to therapy was the reason for referral in 14 cases. In a
further three cases 2D echocardiography findings of
increased peak velocity across the aortic arch led to the
referral for MR imaging. The remaining 66% (33/50) of cases
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Table 1
Patient characteristics.

n = 50

Mean age (years) 22.0 � 6.5
Median age at repair (days) 4.0 (range 1.0—630)
Mean years since repair 20.2 � 6.9
Gender 62% male, 38% female
Body mass index (kg/m2) 24.5 � 4.9
Heart rate (beats/min) 74 � 11
Blood pressure (mmHg) 127/70 � 15/9
Type of repair 80% end-to-end 20%

subclavian patch repair

Re-interventions
post-initial surgery

1st re-intervention performed in 36%
2nd re-intervention performed in 6%

Associated conditions
at the time of surgery

BAV (n = 20), VSD (n = 8),
sub-Ao stenosis (n = 5),
AR (n = 3), MVD (n = 1)

Characteristics for all 50 patients are detailed with data presented as
mean � SD or median and range where stated. BAV: bicuspid aortic valve
disease, VSD: ventricular septal defect, sub-Ao: sub aortic, AR: aortic regur-
gitation, MVD: mitral valve disease.

Table 2
Aortic dimensions and left ventricular parameters.

n = 50 Aortic dimensions (mm)

Sinus of Valsalva 28 � 5
Proximal ascending aorta 25 � 5
Transverse aortic arch 16 � 4
Region site of previous CoA surgery 13 � 4
Proximal descending aorta 19 � 4
Distal descending thoracic aorta (diaphragm level) 17 � 3

LV parameters

Indexed EDV (ml/m2) 79 � 15
Indexed ESV (ml/m2) 27 � 10
Indexed SV (ml/m2) 52 � 8
Cardiac index (l/min/m2) 4.0 � 0.6
Ejection fraction (%) 66 � 6
Indexed mass (g/m2) 72 � 16

Aortic dimensions for the entire thoracic aorta and indexed parameters for left
ventricular volumes, function and mass are detailed for the patients (n = 50).
Data are presented as mean � SD. CoA: coarctation, LV: left ventricle, EDV:
end-diastolic volume, ESV: end-systolic volume, SV: stroke volume.
were regarded as routine scans, where there were no
abnormal clinical/echo findings identified.

3.2. Cardiac MR imaging (Table 2, Figs. 1 and 2)

Re-coarctation of the aorta was identified in 68% (34/50)
of patients. Specifically, mild re-coarctation was found in 34%
(17/50) of patients and moderate or severe re-coarctation
was found in 34% (17/50) of patients (Fig. 1). Eighty-two
percent of patients in whom re-coarctation was identified
had an end-to-end repair performed initially. There were no
cases of aortic dissection or aneurysm formation identified
amongst the cohort. There was no statistically significant
difference in the number of cases of re-coarctation identified
in either the clinically indicated or routine referrals for MR
imaging ( p = 0.20).
Fig. 1. Rates of re-coarctation. Pie graph showing the proportion of patients
with no, mild or moderate/severe re-coarctation identified in follow-up MR
imaging. Re-CoA: re-coarctation.
The dimensions of the entire thoracic aorta and functional
data and dimensions for the left ventricle are summarised in
Table 2. Twenty-eight percent (14/50) of patients had post-
stenotic dilatation of the proximal descending aortic arch.
The mean left ventricular ejection fraction and indexed mass
were normal for the cohort, being 66 � 6% and 72 � 16 g/m2,
respectively. When subjects in whom there was evidence of
re-coarctation were compared with no re-coarctation, left
ventricular ejection fraction and indexed mass were similar
for both (67 � 1% vs 66 � 2%, p = 0.59 and 71 � 3 g/m2 vs
74 � 6 g/m2, p = 0.82, respectively).

When patients with morphologically tricuspid aortic
valves (n = 30) were compared with bicuspid aortic valves
(n = 20), there was no difference in the number of cases
reported to have re-coarctation ( p = 0.14). However,
patients with morphologically bicuspid aortic valves had
larger aortic dimensions at the level of the sinus of Valsalva
(30 � 1 mm vs 27 � 1 mm, p = 0.03) and proximal ascending
aorta (27 � 1 mm vs 23 � 1 mm, p = 0.01) than patients with
tricuspid aortic valves (Fig. 2). Aortic dimensions for the
transverse arch and the descending thoracic aorta were
similar between the groups.

4. Discussion

We demonstrate that many years after infantile repair of
coarctation of the aorta, MR surveillance detects significant
rates of re-coarctation. Specifically, we identified at least
mild re-coarctation in over 2/3 of the cohort referred for
follow-up scanning. These findings were independent of
whether a clinical indication for imaging was identified.
Additionally, those patients with bicuspid aortic valves had
larger ascending aortic dimensions when compared to
patients with morphologically tricuspid aortic valves.

The rationale for early repair of coarctation of the aorta in
infancy has been the reported benefits of increased long-
term survival [6,11]. Despite this, late cardiovascular
complications have been shown to develop even after
apparently successful coarctation surgery [7—9]. Re-coarcta-
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Fig. 2. Aortic dimensions-tricuspid versus bicuspid aortic valves. Mean aortic
dimensions for patients with morphologically tricuspid (n = 30) and bicuspid
(n = 20) aortic valves are shown. Measurements were made at the level of the
sinus of Valsalva and proximal ascending aorta. The results are expressed as
mean � SD, p < 0.05 was considered statistically significant.
tion of the aorta may lead to worsening systemic hyperten-
sion, coronary artery disease and/or congestive cardiac
failure [5]. Our data suggest significant rates of re-
coarctation amongst patients in whom early operative repair
of aortic coarctation was performed two decades prior.

Therrien et al. have demonstrated that the combination
of clinical examination plus MR imaging is the most cost-
effective strategy to diagnose complications at the site of
repair many years after coarctation surgery [5]. Although the
sensitivity of echocardiography is reasonably high for
detection of re-coarctation, this is tempered by lower image
resolution (particularly in adults) and technical difficulties in
obtaining a representative Doppler gradient in the presence
of collateral vessel flow. The issue that remains unresolved
and warrants further prospective investigation is the optimal
timing of serial imaging in this group.

We identified larger ascending aortic dimensions in
patients with repaired coarctation of the aorta and
morphologically bicuspid aortic valves which is consistent
with previous descriptions [12]. It is recognised that bicuspid
aortic valve disease is often associatedwith connective tissue
disorders [13—17], which may lead to aortic dilatation even
in the absence of haemodynamically significant aortic valve
pathology. This leaves the patient at risk of aneurysm
formation, aortic dissection and sudden death. Importantly
amongst our cohort we were unable to identify aneurysm
formation or dissection in either the region of coarctation
repair or the ascending portion of the aorta.

Although there is a paucity of data pertaining to the risk of
aortic dissection in subjects with bicuspid aortic valve
disease, it is generally believed that increasing risk is
directly proportional to increasing aortic dimensions [18].
Hence current ACC/AHA guidelines recommend that
patients with bicuspid aortic valves and dilated aortic root
dimensions (>40 mm) should undergo routine yearly serial
evaluation [18]. It can be argued that subjects with
previously repaired coarctation and bicuspid aortic valve
disease present a ‘high risk’ group amongst these subjects
and in whom more frequent screening protocols may be
warranted.

The retrospective nature of this study and relatively
small numbers presents a limitation to our findings. Serial
prospective data detailing the rate of progression of re-
coarctation and ascending aortic dimensions would have
been ideal in order to more completely understand optimal
timing for screening protocols. This is especially the case in
those patients who have mild re-coarctation. The rate of
progression and clinical significance of this group can only
be accurately determined prospectively. The patients in
our study were referred from our adult congenital heart
disease service and although the majority of scans were
deemed routine there may well still be a selection bias
which explains the relatively high rate of re-coarctation
identified.

In conclusion, coarctation of the aorta has often been
described as a simple form of congenital heart disease. Rates
of re-coarctation in adult subjects who were repaired early in
life suggest that this is in fact a complex condition, which
requires intensive long-term surveillance in order to avert
serious morbidity and/or mortality. In our study, there was a
significant rate of re-coarctation identified in scans per-
formed on a routine basis i.e. in which there was no obvious
clinical indication. More frequent screening protocols may
also be warranted in those patients who have bicuspid aortic
valve disease in addition to previously repaired coarctation
of the aorta.
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Appendix A. Conference discussion

Dr G. Sarris (Athens, Greece): The stated aim of this study was to assess
the rate, the late re-coarctation rate, in patients who fulfilled two criteria:
they had coarctation repair early in life, less than 2 years of age, and who were
referred for MRI evaluation.

The conclusions of the study were that MRI detects significant rates of re-
coarctation late after repair and that this finding was independent of whether
there was a clinical indication for stenting, the implication perhaps being that
MRI could be used as a routine screening method for possible re-coarctation.

It is my feeling that your conclusion ought to be qualified by the statement
that the 30% re-coarctation rate detected is not 30% incidence of re-
coarctation In the population of all patients following repair, but in a selected
patient sample who are already referred for evaluation and of whom one half
had a clinical indication for scanning; therefore, it seems that the percentage
of 30% represents an overestimate of the probability of re-coarctation long-
term since the denominator is not precisely known.

Further, while it is not surprising that up to one third of this patient
population were actually found by MRI to have re-coarctation (and, in fact,
indeed, one third of these patients had had a prior intervention, which was a
balloon plasty), it is somewhat surprising that an equal percentage of patients
without any clinical indication were also found to have significant re-
coarctation. My question is whether data was collected, recorded and analysed
regarding the blood pressure difference between arm and leg in these two
groups of patients and whether this measurement is comparable in the two
groups since it seems difficult to explain why this one third of patients with
more than 50% stenosis would have no detectable blood pressure difference on
clinical examination. Therefore, could you comment on whether an MRI would
be indicated as a routine surveillance method even in patients who have no
blood pressure difference between arm and leg following coarctation repair?

Dr Puranik: In the data that I presented, the blood pressure difference
between arm and leg was not something that I had access to, it was only the
resting blood pressure from the clinical examination that we report.

We do acknowledge the possibility that there exists a selection bias
amongst our referrals and therefore we may be presenting an over-estimate of
the true rate of re-coarctation.

The fundamental point still remains though, that even in an experienced
centre clinicians relying on clinical examination and echocardiography may
still not be able to determine if patients repaired early in life have significant
re-coarctation.

This being the case, we recommend that routine follow-up every 3 to 5
years of patients who have a morphologically tricuspid aortic valve would be a
reasonable, and perhaps with patients who had a bicuspid valve probably more
frequently, such as every 2 years.

Dr V. Hraska (Sankt Augustin, Germany): It’s amazing how many patients
were detected with re-coarctation. Based on your data, approximately 30%
patients were detected with a severe re-coarctation. What was the destiny of
these patients? What happened with these patients? Did you take your surgeons
seriously? In other words, were these patients reoperated based on your
findings?

Dr Puranik: I don’t have the complete dataset and it was outside the scope
of this retrospective paper. However, I know that all of the patients who were
reported as severe coarctation went on to have a procedure. Those who were
deemed as moderate re-coarctation varied between being watched for
another 12-month period and being operated on.
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