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ORIGINAL RESEARCH

Cardiovascular Morbidity and Mortality 
in Adult Patients With Repaired Aortic 
Coarctation
Timion A. Meijs , MD; Savine C. S. Minderhoud, MD; Steven A. Muller , MD; Robbert J. de Winter, MD, PhD; 
Barbara J. M. Mulder, MD, PhD; Joost P. van Melle, MD, PhD; Elke S. Hoendermis, MD, PhD; 
Arie P. J. van Dijk, MD, PhD; Nicolaas P. A. Zuithoff, PhD; Gregor J. Krings , MD, PhD; Pieter A. Doevendans ,    
MD, PhD; Maarten Witsenburg , MD, PhD; Jolien W. Roos- Hesselink , MD, PhD; 
Annemien E. van den Bosch, MD, PhD; Berto J. Bouma , MD, PhD; Michiel Voskuil, MD, PhD

BACKGROUND: The long- term burden of cardiovascular disease after repair of coarctation of the aorta (CoA) has not been eluci-
dated. We aimed to determine the incidence of and risk factors for cardiovascular events in adult patients with repaired CoA. 
Additionally, mortality rates were compared between adults with repaired CoA and the general population.

METHODS AND RESULTS: Using the Dutch Congenital Corvitia (CONCOR) registry, patients aged ≥16 years with previous surgical 
or transcatheter CoA repair from 5 tertiary referral centers were included. Cardiovascular events were recorded, comprising 
coronary artery disease, stroke/transient ischemic attack, aortic complications, arrhythmias, heart failure hospitalizations, en-
docarditis, and cardiovascular death. In total, 920 patients (median age, 24 years [range 16– 74 years]) were included. After a 
mean follow- up of 9.3±5.1 years, 191 patients (21%) experienced at least 1 cardiovascular event. A total of 270 cardiovascular 
events occurred, of which aortic complications and arrhythmias were most frequent. Older age at initial CoA repair (hazard 
ratio [HR], 1.017; 95% CI, 1.000– 1.033 [P=0.048]) and elevated left ventricular mass index (HR, 1.009; 95% CI, 1.005– 1.013 
[P<0.001]) were independently associated with an increased risk of cardiovascular events. The mortality rate was 3.3 times 
higher than expected based on an age-  and sex- matched cohort from the Dutch general population (standardized mortality 
ratio, 3.3; 95% CI, 2.3– 4.4 [P<0.001]).

CONCLUSIONS: This large, prospective cohort of adults with repaired CoA showed a high burden of cardiovascular events, 
particularly aortic complications and arrhythmias, during long- term follow- up. Older age at initial CoA repair and elevated 
left ventricular mass index were independent risk factors for the occurrence of cardiovascular events. Mortality was 3.3- fold 
higher compared with the general population. These results advocate stringent follow- up after CoA repair and emphasize the 
need for improved preventive strategies.

Key Words: adult congenital heart disease ■ aortic coarctation ■ cardiovascular events ■ survival

Coarctation of the aorta (CoA) is a common con-
genital heart defect, accounting for ≈5% to 7% of 
all congenital heart disease (CHD).1 Attributable to 

improved detection and management, the majority of 
patients currently survive into adulthood. However, the 
risk of adverse cardiovascular events and consequent 

premature death remains remarkably high. More than 
70% of patients with long- term follow- up dies from car-
diovascular complications.2 Accelerated coronary ar-
tery disease (CAD) was previously identified as the most 
common cause of death, although arrhythmias, heart 
failure, and aortic aneurysms are also prevalent.3– 5 
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Importantly, complications are not limited to the heart 
and aorta. Ischemic and hemorrhagic stroke occur 15.9 
years and 28.5  years earlier, respectively, compared 
with the general population, suggesting that CoA is 
the expression of an underlying diffuse arteriopathy.6 
However, there is limited information on the exact bur-
den of cardiovascular disease (CVD) in the adult CoA 
population. This knowledge gap was recognized by 
the National Heart, Lung, and Blood Institute/Adult 
Congenital Heart Association (NHLBI/ACHA) Working 
Group and was therefore marked as a high- priority re-
search topic in adult CHD.7 Furthermore, it is unclear 
how to identify patients with CoA who are at the high-
est risk of cardiovascular complications. In addition to 
the suggested underlying arteriopathy, hypertension is 
thought to play an important role, as up to 60% of pa-
tients develops hypertension late after initial repair.8

To our knowledge, we present the largest prospec-
tive cohort of adults with repaired CoA to date. In this 

study, we aimed to determine the incidence of and risk 
factors for cardiovascular events in this patient pop-
ulation. In addition, we aimed to compare mortality 
rates of adult CoA patients with those of the general 
population.

METHODS
Study Design
The study cohort consisted of adult patients with 
repaired CoA from 5 tertiary referral centers in the 
Netherlands, who were included in the Congenital 
Corvitia (CONCOR) registry between 2002 and 2018. 
CONCOR is a prospective, nationwide registry of 
adults with CHD. Informed consent was obtained 
upon enrollment. Patients were included when they 
had previously undergone surgical or transcatheter 
repair of CoA. Exclusion criteria were a functionally 
univentricular circulation and transposition of the 
great arteries, which was not repaired by an arterial 
switch procedure. Patients were followed until the last 
clinic visit, death, or the end of the study (April 2020). 
The study was approved by the Medical Research 
Ethics Committee of the University Medical Center 
Utrecht. The data that support the findings of this 
study are available from the corresponding author 
upon reasonable request.

Data Collection and Outcome Measures
Collected baseline data included demographics, medi-
cal history, blood pressure (BP) status, medication use, 
renal function, and echocardiographic parameters. BP 
was measured on the right arm at the outpatient clinic. 
When the arm was unspecified or when only the left 
arm BP was available, it was decided to use these val-
ues to minimize missing BP recordings. Hypertension 
was defined as an office systolic BP ≥140 mm Hg and/
or diastolic BP ≥90 mm Hg and/or the use of any an-
tihypertensive medication.9 Cigarette smoking was re-
garded as current or former smoking. Left ventricular 
(LV) hypertrophy was assessed at baseline by echo-
cardiography and defined as an LV mass indexed for 
body surface area >115 g/m2 for men and >95 g/m2 for 
women.10

Cardiovascular events that were considered clini-
cally important in this adult CoA population were re-
corded. These consisted of CAD, stroke or transient 
ischemic attack (TIA), thoracic aortic complications (ie, 
aneurysm and dissection), arrhythmias, hospitaliza-
tions for heart failure, endocarditis, and cardiovascular 
death. Cardiovascular events were recorded by 2 re-
searchers (T.A.M., S.C.S.M.) based on the information 
provided in the medical correspondence by the treat-
ing cardiologist. CAD comprised myocardial infarction, 
coronary revascularization, and medical treatment for 

CLINICAL PERSPECTIVE

What Is New?
• There is a high incidence of cardiovascular 

events, particularly aortic complications and ar-
rhythmias, in adult patients with repaired coarc-
tation of the aorta.

• Older age at initial repair and elevated left 
ventricular mass index were identified as in-
dependent risk factors for the occurrence of 
cardiovascular events.

• In this study, mortality was 3.3- fold higher in 
adults with repaired coarctation of the aorta 
compared with an age-  and sex- matched co-
hort from the general population.

What Are the Clinical Implications?
• These findings advocate stringent follow- up 

after repair of coarctation of the aorta, prefer-
ably in a specialized center for adult congenital 
heart disease.

• Future studies are needed to improve preventive 
strategies in this high- risk patient population.

Nonstandard Abbreviations and Acronyms

CoA coarctation of the aorta
CONCOR Congenital Corvitia
MHV mechanical heart valve
NHLBI/ACHA National Heart, Lung, and Blood 

Institute/Adult Congenital Heart 
Association

D
ow

nloaded from
 http://ahajournals.org by on January 21, 2022



J Am Heart Assoc. 2021;10:e023199. DOI: 10.1161/JAHA.121.023199 3

Meijs et al CVD in Aortic Coarctation

stable angina. An aortic aneurysm was defined as a 
50% diameter increase compared with the expected 
diameter based on aortic segment and sex, and/or 
surgical treatment of the aneurysm.11 Aortic dissection 
included dissection, pseudoaneurysm, intramural he-
matoma, and rupture of the thoracic aorta. Arrhythmias 
were subdivided into 3 types of arrhythmias: supra-
ventricular arrhythmias, ventricular arrhythmias, and 
conduction disturbances. Supraventricular arrhyth-
mias included atrial fibrillation, atrial flutter, and atrio-
ventricular (nodal) reentrant tachycardia. Ventricular 
arrhythmias comprised ventricular fibrillation/flutter (if 
survived) and sustained and nonsustained ventricu-
lar tachycardia. Nonsustained ventricular tachycardia 
was only recorded as a cardiovascular event when 
subsequent medical or device treatment was initi-
ated. Conduction disturbances included sick sinus 
syndrome, sinoatrial block, third- degree atrioventric-
ular block, and Mobitz type II second- degree atrio-
ventricular block. Subsequent episodes of the same 
type of arrhythmia were not recorded as a new event. 
Cardiovascular events occurring <30 days after an in-
vasive procedure were considered postprocedural and 
were therefore excluded. Mortality was recorded re-
gardless of any potential association with an invasive 
procedure and was categorized as cardiovascular or 
noncardiovascular based on the definitions provided 
by the SCTI/FDA consensus report.12 In case of uncer-
tainty regarding the exact cause of death, there was 
discussion with a third researcher (M.V.) until consen-
sus was reached.

Statistical Analysis
Baseline characteristics were compared between 
patients who developed a cardiovascular event and 
patients who did not. Fisher exact test was used for 
categorical variables, and independent samples t test 
or Mann- Whitney U test were used for continuous vari-
ables, where appropriate. The yearly risk of a cardio-
vascular event and specific types of cardiovascular 
events were estimated by smoothed estimates based 
on B- splines. Cox proportional hazards regression was 
performed to identify factors associated with the risk of 
cardiovascular events. Patients were followed until the 
occurrence of a cardiovascular event. If no cardiovas-
cular event occurred, they were censored at the time of 
the last clinic visit. Potential risk factors were included 
by forced entry and selected based on their clinical 
relevance, effect on pathophysiological mechanisms, 
and previous reports.4,13– 15 These included sex, age at 
initial CoA repair, bicuspid aortic valve, ventricular sep-
tal defect, prior CAD, prior stroke/TIA, prior arrhythmia, 
systolic and diastolic BP, body mass index, hypercho-
lesterolemia, diabetes, cigarette smoking, family his-
tory of premature CVD, and LV mass index at baseline. 
Of all patients, 7% had incomplete data. As deleting 

patients with missing information from the analysis 
may introduce bias in results, we used multiple imputa-
tion. Imputation included all potential risk factors in the 
analysis. Other factors were also incorporated based 
on clinical relevance, including the presence of a left- 
sided mechanical heart valve (MHV), antihypertensive 
agents, renal function, and echocardiographic param-
eters. Multiple imputation was performed with fully 
conditional specification, with logistic regression for 
categorical variables and predictive mean matching for 
continuous variables. The number of imputed data sets 
was based on the percentage of patients with missing 
data.16 Twenty- eight imputed data sets were created, 
the analysis was performed in each imputed data set, 
and results were subsequently pooled using Rubin’s 
rules. To correct for left- truncated, right- censored data, 
a delayed entry approach was used with age as the 
time scale. The proportional hazards assumption was 
evaluated for the multivariable model and each sepa-
rate variable by graphical inspection of fitted penalized 
B- spline curves and the goodness- of- fit test based 
on scaled Schoenfeld residuals. The assumption of 
linearity was assessed for continuous variables using 
restrictive cubic splines. Sensitivity analysis was per-
formed by adding age at baseline to the multivariable 
model, as the measurements of certain potential risk 
factors, eg, BP and body mass index, may be affected 
by age. Overall survival was compared with Dutch 
general population data from Statistics Netherlands 
(CBS [Central Agency for Statistics]) by matching for 
age, sex, year of study entry, and observation time. 
Accordingly, there was a similar left- truncated data 
pattern between the study cohort and the reference 
population.

Statistical analyses were performed using IBM 
SPSS Statistics 25, RStudio version 1.2.5001 (pack-
ages: survival, relsurv, survminer, survexp.fr, bshaz-
ard), and SAS version 9 (SAS Institute Inc). A P value 
<0.05 was considered statistically significant.

RESULTS
Patient Characteristics
A total of 920 patients were included in the study, of 
whom 191 patients (21%) developed a cardiovascular 
event. Baseline characteristics are shown in Table 1. 
Median age at study entry was 24 years (range, 16– 
74 years). Hypertension was more common in patients 
with an event compared with patients without an event 
(75% and 52%, respectively). Sixty patients had a left- 
sided MHV, of whom 49 patients had an aortic MHV, 
5 patients had a mitral MHV, and 6 patients had both 
an aortic and mitral MHV. Mean follow- up duration 
was 9.3±5.1 years and was longer in the event group 
(11.3±4.5 years versus 8.7±5.1 years; P<0.001).
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Table 1. Baseline Characteristics

All patients   
n=920

Cardiovascular event  
n=191

No cardiovascular event  
n=729 P value*

Age, median (range), y 24 (16– 74) 31 (17– 72) 23 (16– 74) <0.001

Women, n (%) 365 (40) 58 (30) 307 (42) 0.004

Age at initial CoA repair, median (range), y 4 (0– 67) 6 (0– 67) 3 (0– 61) <0.001

Type of initial CoA repair, n (%) 0.02

Surgery 863 (94) 173 (91) 690 (95)

Balloon angioplasty 19 (2) 9 (5) 10 (1)

Stenting 38 (4) 9 (5) 29 (4)

Type of surgical repair, n (%)† 0.005

End- to- end anastomosis 474 (55) 87 (50) 387 (56)

Patch angioplasty 88 (10) 17 (10) 71 (10)

Subclavian flap angioplasty 89 (10) 9 (5) 80 (12)

Graft interposition 33 (4) 11 (6) 22 (3)

Ascending- to- descending bypass graft 7 (1) 2 (1) 5 (1)

Unknown 172 (20) 47 (27) 125 (18)

Intervention for re- CoA, n (%) 178 (19) 29 (15) 149 (20) 0.12

Associated congenital defects, n (%)

Bicuspid aortic valve 519 (56) 130 (68) 389 (53) <0.001

Patent ductus arteriosus 141 (15) 25 (13) 116 (16) 0.37

Ventricular septal defect 208 (23) 35 (18) 173 (24) 0.12

Atrial septal defect 53 (6) 10 (5) 43 (6) 0.86

Patent foramen ovale 22 (2) 3 (2) 19 (3) 0.60

Turner syndrome 24 (3) 4 (2) 20 (3) 0.80

Left- sided MHV, n (%) 60 (7) 36 (19) 24 (3) <0.001

Prior cardiovascular events, n (%)

Prior CAD 10 (1) 5 (3) 5 (1) 0.04

Prior stroke/TIA 20 (2) 10 (5) 10 (1) 0.003

Prior arrhythmia 49 (5) 18 (9) 31 (4) 0.01

Systolic BP, mean±SD, mm Hg 135±19 140±20 133±18 <0.001

Diastolic BP, mean±SD, mm Hg 76±11 79±11 75±11 <0.001

Hypertension, n (%) 522 (57) 143 (75) 379 (52) <0.001

Use of any antihypertensive medication, 
n (%)

299 (33) 91 (48) 208 (29) <0.001

Other cardiovascular risk factors

BMI, mean±SD, kg/m2 24.0±4.5 25.6±5.4 23.6±4.1 <0.001

Hypercholesterolemia, n (%) 85 (9) 38 (20) 47 (6) <0.001

Diabetes, n (%) 21 (2) 7 (4) 14 (2) 0.17

Cigarette smoking, n (%) 169 (18) 49 (26) 120 (17) 0.005

Family history of premature CVD, n (%) 55 (6) 16 (8) 39 (5) 0.12

eGFR <60 mL/min per 1.73 m2, n (%) 29 (3) 10 (5) 19 (3) 0.10

LVEF <40%, n (%) 7 (1) 4 (2) 3 (0.4) 0.04

LV mass index, mean±SD, g/m2 94±31 111±36 90±28 <0.001

LV hypertrophy, n (%) 249 (27) 89 (47) 160 (22) <0.001

Follow- up duration, mean±SD, y 9.3±5.1 11.3±4.5 8.7±5.1 <0.001

BMI indicates body mass index; BP, blood pressure; CAD, coronary artery disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; 
LV, left ventricular; LVEF, left ventricular ejection fraction; MHV, mechanical heart valve; and TIA, transient ischemic attack.

*Indicates the difference between patients who developed a cardiovascular event vs patients who did not, as determined by the independent samples t test, 
Mann- Whitney U test, or Fisher exact test, where appropriate.

†Among patients with surgery as initial coarctation of the aorta (CoA) repair (n=863).
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Incidence of Cardiovascular Events
Table  2 provides an overview of the observed car-
diovascular events. In 191 patients (21%), at least 1 
cardiovascular event occurred. In total, 270 events oc-
curred, of which arrhythmias and aortic complications 
were most frequent. A substantially higher incidence 
of events was observed in patients with important co-
morbidity, ie, the presence of a bicuspid aortic valve, 
MHV, and/or Turner syndrome. The estimated yearly 
risk of developing a cardiovascular event increased 
from 0.8% (95% CI, 0.6%– 1.1%) at 20 years to 8.2% 
(95% CI, 5.5%– 12.1%) at 70 years (Figure 1A). Figure 1B 
presents a yearly risk estimation for various types of 
cardiovascular events, with detailed information sup-
plied in Table S1. Fourteen CoA site aneurysms were 
observed. In these patients, initial repair consisted of 
end- to- end anastomosis in 4 patients, patch angio-
plasty in 3 patients, balloon angioplasty (without sub-
sequent surgical repair) in 2 patients, and an unknown 
surgical technique in 5 patients.

Among the 60 patients with a left- sided MHV at 
baseline, 36 patients (60%) experienced at least 

1 cardiovascular event, as shown in Table S2. In 
this group, there were 24 arrhythmias (of which 16 
supraventricular arrhythmias), 11 cases of ischemic 
stroke or TIA, 7 cardiovascular deaths, 6 heart failure 
hospitalizations, 5 aortic complications, 4 cases of 
endocarditis, and 2 cases of CAD. Of the 4 cases 
of endocarditis in patients with a left- sided MHV, 2 
had echocardiographic evidence of prosthetic valve 
endocarditis. In the 2 other cases, there was a clinical 
suspicion for prosthetic valve endocarditis, despite the 
absence of evidence on cardiac imaging.

Factors Associated With the Risk of 
Cardiovascular Events
The results of Cox proportional hazards regression 
are presented in Table 3. In univariable analysis, fac-
tors associated with an increased risk of cardiovascu-
lar events were older age at initial CoA repair (hazard 
ratio [HR], 1.018; 95% CI, 1.003– 1.033 [P=0.02]), 
bicuspid aortic valve (HR, 1.45; 95% CI, 1.07– 1.96 
[P=0.02]), increased body mass index (HR, 1.04; 
95% CI, 1.01– 1.07 [P=0.004]), and elevated LV mass 

Table 2. Overview of Cardiovascular Events

All patients (n=920) Low- risk CoA* (n=376) High- risk CoA† (n=544)

No. of 
cases

Incidence per 
1000 patient- y

No. of 
cases

Incidence per 
1000 patient- y

No. of 
cases

Incidence per 
1000 patient- y

CAD 14 1.6 4 1.3 10 1.9

Myocardial infarction 6 0.7 1 0.3 5 0.9

Coronary revascularization 6 0.7 2 0.6 4 0.7

Stable angina, medically treated 2 0.2 1 0.3 1 0.2

Stroke/TIA 34 4.0 9 2.8 25 4.7

Ischemic stroke 18 2.1 5 1.6 13 2.4

Hemorrhagic stroke, intracerebral 1 0.1 1 0.3 0 0

Hemorrhagic stroke, subarachnoidal 1 0.1 0 0 1 0.2

TIA 14 1.6 3 0.9 11 2.1

Aortic complication 84 9.9 16 5.1 68 12.7

Aneurysm 77 9.0 15 4.7 62 11.6

Dissection 7 0.8 1 0.3 6 1.1

Arrhythmia 84 9.9 22 6.9 62 11.6

Supraventricular arrhythmia 58 6.8 15 4.7 43 8.0

Ventricular arrhythmia 18 2.1 4 1.3 14 2.6

Conduction disturbance 8 0.9 3 0.9 5 0.9

Heart failure hospitalization 15 1.8 6 1.9 9 1.7

Endocarditis 15 1.8 2 0.6 13 2.4

Cardiovascular death 24 2.8 8 2.5 16 3.0

Total cardiovascular events 270 31.7 67 21.1 203 38.0

No. of individual patients with cardiovascular 
event

191 NA 48 NA 143 NA

CAD indicates coronary artery disease; NA, not applicable; and TIA, transient ischemic attack.
*Includes patients with isolated coarctation of the aorta (CoA) or patients with any of the following associated lesions: closed or small ventricular septal defect, 

atrial septal defect, patent foramen ovale, or patent ductus arteriosus.
†Includes patients with a bicuspid aortic valve, left- sided mechanical heart valve, and/or Turner syndrome.
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index (HR, 1.010; 95% CI, 1.007– 1.014 [P<0.001]), 
whereas female sex (HR, 0.59; 95% CI, 0.44– 0.81 
[P=0.001]) was associated with a decreased risk. In 

multivariable analysis, older age at initial CoA repair 
(HR, 1.017; 95% CI, 1.000– 1.033 [P=0.048]) and ele-
vated LV mass index (HR, 1.009; 95% CI, 1.005– 1.013 

Figure 1. Estimated yearly risk of a cardiovascular event (A) and specific types of cardiovascular events (B) by age.
Hazard functions and corresponding 95% CIs are smoothed estimates based on B- splines. Detailed information regarding the hazard 
of specific event types is provided in Table S1. CAD indicates coronary artery disease; HF, heart failure; and TIA, transient ischemic 
attack.

Table 3. Results of Cox Proportional Hazards Regression to Identify Factors Associated With the Risk of Cardiovascular 
Events

Cardiovascular event

Univariable Multivariable

HR (95% CI) P value HR (95% CI) P value

Female sex 0.59 (0.44– 0.81) 0.001 0.82 (0.59– 1.15) 0.25

Age at initial CoA repair, y 1.018 (1.003– 1.033) 0.02 1.017 (1.000– 1.033) 0.048

Bicuspid aortic valve 1.45 (1.07– 1.96) 0.02 1.34 (0.98– 1.83) 0.07

Ventricular septal defect 0.98 (0.67– 1.42) 0.92 1.04 (0.71– 1.54) 0.83

Prior CAD 1.98 (0.76– 5.14) 0.16 2.18 (0.82– 5.81) 0.12

Prior stroke/TIA 1.74 (0.88– 3.41) 0.11 1.74 (0.86– 3.53) 0.12

Prior arrhythmia 1.55 (0.94– 2.54) 0.09 1.46 (0.87– 2.45) 0.15

Systolic BP, mm Hg 1.006 (0.999– 1.014) 0.11 1.004 (0.995– 1.013) 0.37

Diastolic BP, mm Hg 1.012 (0.998– 1.026) 0.09 1.010 (0.994– 1.026) 0.21

BMI, kg/m2 1.04 (1.01– 1.07) 0.004 1.03 (1.00– 1.06) 0.08

Hypercholesterolemia 1.36 (0.93– 2.00) 0.11 1.41 (0.94– 2.11) 0.10

Diabetes 0.67 (0.30– 1.51) 0.33 0.51 (0.21– 1.24) 0.14

Cigarette smoking 1.30 (0.94– 1.81) 0.11 1.14 (0.81– 1.61) 0.46

Family history of premature CVD 1.37 (0.82– 2.29) 0.23 1.21 (0.70– 2.11) 0.49

LV mass index, g/m2 1.010 (1.007– 1.014) <0.001 1.009 (1.005– 1.013) <0.001

A total of 920 patients were included in the analysis, of whom 191 patients developed a cardiovascular event. BMI indicates body mass index; BP, blood 
pressure; CoA, coarctation of the aorta; CAD, coronary artery disease;, cardiovascular disease; HR, hazard ratio; LV, left ventricular; and TIA, transient ischemic 
attack.
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[P<0.001]) were identified as independent risk factors 
for the occurrence of cardiovascular events. The use 
of restrictive cubic splines for continuous variables 
did not result in improvement of the model fit. Similar 
associations were observed when patients with a left- 
sided MHV were excluded from the analysis. The un-
adjusted difference in cardiovascular event incidence 
between patients with and without LV hypertrophy 
at baseline is graphically shown in Figure 2. The risk 
of cardiovascular events appeared to increase when 
initial repair was performed beyond 10 years of age, 
although this was not statistically significant (P=0.08; 
Figure S1).

Sensitivity analyses showed that the addition of age 
at baseline did not result in substantial changes to the 
multivariable model (Table S3). In this model, age at initial 
CoA repair (HR, 1.021; 95% CI, 1.004– 1.039 [P=0.01]) 
and LV mass index (HR, 1.009; 95% CI, 1.005– 1.013 
[P<0.001]) remained the only factors associated with the 
occurrence of cardiovascular events.

Risk of Mortality
A total of 42 patients died during the study period, of 
which 24 patients (57%) were attributed to a cardio-
vascular cause (Table S4). As illustrated by Figure 3, 
all- cause mortality was 3.3 times higher than expected 
based on a cohort from the Dutch general population 
matched for age, sex, year of study entry, and obser-
vation time (standardized mortality ratio, 3.3; 95% CI, 
2.3– 4.4 [P<0.001]). When the analysis was limited to 
patients with isolated CoA (n=215), ie, patients without 
other congenital defects or left- sided MHV, the mor-
tality difference persisted (standardized mortality ratio, 
4.5; 95% CI, 2.5– 7.3 [P<0.001]).

DISCUSSION
Repaired CoA is often regarded as a relatively benign 
condition. However, the cardiovascular burden of CoA 
in adulthood has not been well characterized, as most 

Figure 2. Freedom from a cardiovascular event by the presence or absence of left ventricular 
hypertrophy at baseline.
Kaplan- Meier graph showing the freedom from a cardiovascular event in patients with and without 
left ventricular hypertrophy (LVH) at baseline (LVH+ and LVH– , respectively) with corresponding 
95% CIs.
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previous studies were small or focused on particu-
lar complications. To our knowledge, we present the 
long- term clinical outcome of the largest prospective 
cohort of this patient population to date. In our cohort, 
consisting of patients with a median age of 24 years 
who were followed for a mean of 9.3 years, the most 
important findings were that: (1) 21% of patients devel-
oped at least 1 cardiovascular event with particularly 
high incidences of aortic complications and arrhyth-
mias; (2) older age at initial CoA repair and elevated 
LV mass index were independently associated with 
an increased risk of cardiovascular events; and (3) all- 
cause mortality was 3.3 times higher compared with 
an age-  and sex- matched cohort from the Dutch gen-
eral population.

Although surgical and transcatheter techniques 
have improved drastically over the past decades, 
the observed all- cause mortality in our cohort was 
more than 3- fold higher than the population- based 
expected mortality. This is in accordance with other 
recent findings.15 The majority of these deaths were of 
cardiovascular origin. However, increased mortality is 

not the only concern in this patient cohort, as cardio-
vascular morbidity is also frequent. The incidence of 
cardiovascular events rapidly increased with age, up 
to a yearly incidence of 8% in patients aged 70 years. 
This is consistent with previous results in adults with 
CHD, who show a substantially higher burden of mor-
bidity beyond the sixth decade.17 Aortic aneurysm 
formation was one of the most common cardiovas-
cular complications in our study. Although aneurysms 
may occur at the CoA repair site, the majority were 
located in the ascending aorta, which can largely be 
attributed to the high prevalence of an associated 
bicuspid aortic valve. However, it is likely that CoA 
contributes to ascending aortic dilatation, as the prev-
alence of ascending aortic complications was previ-
ously reported to be significantly higher in patients 
with both a bicuspid aortic valve and CoA compared 
with patients with an isolated bicuspid aortic valve.18 
In addition, arrhythmias were frequently observed in 
this CoA cohort, particularly supraventricular arrhyth-
mias. The impact of arrhythmias on morbidity and 
mortality in CoA should not be underestimated. The 

Figure 3. Overall survival compared with a cohort from the Dutch general population 
(reference).
The reference cohort was matched for age, sex, year of study entry, and observation time. The 
standardized mortality ratio (SMR) is provided, which represents the ratio between the observed 
number of deaths in the coarctation of the aorta (CoA) population and the expected number of 
deaths based on the reference population.
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incidence of atrial fibrillation in the general population 
younger than 50 years is <0.5 per 1000 patient- years, 
whereas in our CoA cohort, the incidence of supra-
ventricular arrhythmias was more than 10- fold higher 
(6.8 per 1000 patient- years).19 The frequent presence 
of hypertension in patients with CoA may contribute 
to this high incidence, as a history of hypertension 
is strongly associated with the development of atrial 
fibrillation.19 Furthermore, in patients with CoA already 
known to have supraventricular arrhythmias, hyper-
tension may have a substantial impact on the risk of 
stroke and, consequently, the need for prolonged an-
ticoagulant therapy. A previous large study showed 
that supraventricular arrhythmias were associated 
with increased all- cause and cardiovascular mortality 
in adults with CHD, which emphasizes the prognostic 
consequences of this type of arrhythmia.20

Prior studies have identified CAD as the most 
common cause of late death in patients with CoA.4,21 
However, the incidence of CAD in our cohort was 
significantly lower in comparison to cerebrovascular 
events. In particular, ischemic cerebrovascular events 
were frequent. Interestingly, we observed only 2 cases 
of hemorrhagic stroke, even though intracranial an-
eurysms have been reported in ≈10% of adults with 
CoA.22 The low incidence of hemorrhagic stroke in our 
study suggests that intracranial aneurysms may either 
be less prevalent than previously thought or may carry 
a low risk of rupture, at least in this relatively young CoA 
population. Hence, our results do not support routine 
screening for intracranial aneurysms in patients with 
CoA, which has been subject of debate for decades.3 
We hypothesize that the high incidence of ischemic 
stroke is likely related to hypertension in patients with 
CoA post- repair, even though hypertension is a stron-
ger predictor for hemorrhagic stroke than for ischemic 
stroke.23 In the general population, the incidence of 
ischemic stroke is 6-  to 7- fold higher compared with 
hemorrhagic stroke, which is similar to our findings.24 
In patients with native CoA, who often have more se-
vere hypertension, the distribution of stroke subtypes 
may be different.

Considering the increased risk of acquired CVD 
in adults with CoA, it is important to identify patients 
who are at the highest risk. Our analyses show that 
LV mass index is strongly associated with the occur-
rence of cardiovascular events, which is consistent 
with the known prognostic importance of LV mass 
index in the general population.25 Interestingly, this as-
sociation was observed irrespectively of BP. This is in 
line with recent findings indicating that LV mass index 
is elevated in patients with CoA compared with con-
trols despite similar systolic BP.26 Perhaps, BP should 
not be the only measure to guide the antihyperten-
sive regimen in these patients. Other arterial load in-
dices, including backward compression waves and 

total arterial compliance, have been shown to better 
correlate with LV mass index than systolic BP.26,27 
The BP response to exercise may also play a role in 
assessing the need for antihypertensive therapy.28 
However, the therapeutic and prognostic implications 
of a hypertensive response to exercise, particularly in 
patients with a normal resting BP, are not yet fully elu-
cidated.29 Naturally, recoarctation should be ruled out 
as a cause of LV overload. Recoarctation can be ef-
fectively treated by stent implantation, which has been 
shown to result in substantial hemodynamic improve-
ment during medium- term follow- up.30 Remarkably, 
both systolic and diastolic BP did not correlate with 
the risk of cardiovascular events. This may be caused 
by the fact that office BP measurements were used, 
while 24- hour ambulatory BP monitoring correlates 
more accurately with LV afterload and remodeling in-
dices in patients with CoA and is superior in predicting 
cardiovascular events in the general population.31,32 
Although the importance of ambulatory BP monitoring 
has become widely recognized over the past years, 
this method was not yet routinely performed at the 
initiation of this study.

Older age at initial CoA repair was identified as an-
other risk factor for the occurrence of cardiovascular 
events in our study. It has been previously reported that 
late CoA repair contributes to the development of vas-
cular dysfunction and hypertension.4,33,34 In contrast, 
another study showed no association between the 
time of repair and arterial wall stiffness.35 Despite these 
conflicting results, several studies have highlighted the 
prognostic impact of age at initial repair on mortal-
ity.4,14,21 Particularly, mortality caused by CAD is fre-
quent among patients with late CoA repair.21 Although 
intervening at a young age may increase the need for 
subsequent reinterventions, our findings underline the 
importance of early repair to prevent late cardiovascu-
lar sequelae. Our data suggest a particular increase in 
cardiovascular risk when repair is performed beyond 
the age of 10 years. To ensure timely detection of CoA, 
careful attention should be paid to hypertension in 
childhood, which is still frequently undiagnosed.36

In addition, our results indicate that patients with 
CoA and a concomitant aortic and/or mitral MHV rep-
resent a group highly susceptible to cardiovascular 
complications, as 60% of these patients experienced 
at least 1 cardiovascular event and the events in this 
group accounted for 19% of all events observed in the 
study. In particular, thromboembolic events (ischemic 
stroke, TIA), endocarditis, and supraventricular arrhyth-
mias, which are complications known to be associated 
with left- sided MHVs, were considerably more frequent 
in these patients compared with patients without a left- 
sided MHV.37 Interestingly, the incidence of stroke/
TIA (1.8% per patient- year) and endocarditis (0.7% per 
patient- year) in patients with MHV were comparable to 
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those reported in the literature.37,38 These findings sug-
gest that the risk of complications in patients with CoA 
who have a left- sided MHV is largely determined by the 
MHV, whereas the additional risk associated with the 
repaired CoA appears to be limited.

The results of this study provide clinicians insight 
into the risk of (specific) cardiovascular events in the 
adult CoA population and how clinical characteris-
tics of an individual patient may affect this risk. The 
high incidence of acquired CVD necessitates regular 
follow- up after CoA repair, preferably in a specialized 
center for adults with CHD. Furthermore, a better un-
derstanding of the mechanisms responsible for the in-
creased susceptibility of cardiovascular complications 
is needed. This may lay the foundation for improved 
preventive strategies.

Limitations
The incidence of cardiovascular events in our study may 
be underestimated, as patients may have presented 
with a cardiovascular event in a different (nonparticipat-
ing) medical center, which was therefore unknown to 
the investigators. Additionally, traditional risk factors for 
CVD were extracted from the medical correspondence, 
which were infrequently reported in some cases. This 
study may also be limited by the fact that the primary end 
point was a composite of various types of cardiovascu-
lar events with differences in pathophysiology. However, 
it was not considered feasible to perform analyses on 
specific types of cardiovascular events because of lim-
ited power and potential overfitting.

CONCLUSIONS
A substantial burden of CVD was observed in this large, 
prospective cohort of adults with prior CoA repair, which 
illustrates that repaired CoA is not a condition as be-
nign as previously assumed. Aortic complications and 
arrhythmias were the most common cardiovascular 
events. Independent risk factors for the occurrence of 
cardiovascular events were older age at initial CoA repair 
and elevated LV mass index. A 3.3- fold increase in all- 
cause mortality was observed compared with an age-  
and sex- matched cohort from the general population. 
These results advocate stringent follow- up after repair 
of CoA, preferably in a specialized center for adult CHD, 
and underline the importance of improving preventive 
strategies in this high- risk patient population.
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Table S1. Estimated yearly risk of specific types of cardiovascular events at various ages (supplemental to Figure 1B). 

 
Arrhythmia  CV death 

 
Stroke/TIA  

Aortic 

complication 
 HF hospitalization  CAD  Endocarditis 

Age 

(y) 

No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

 
No. at 

risk 

Yearly risk, 

% (95% 

CI) 

20 242 0.25 

(0.16-0.40) 

 243 0.03 

(0.01-0.09) 

 243 0.07 

(0.03-0.15) 

 228 0.49 

(0.32-0.74) 

 243 0.02 

(0.01-0.07) 

 243 0.02 

(0.005-0.06) 

 243 0.07 

(0.03-0.17) 

30 287 0.48 

(0.36-0.66) 

 297 0.08 

(0.04-0.17) 

 295 0.15 

(0.09-0.25) 

 284 0.81 

(0.62-1.06) 

 296 0.05 

(0.02-0.13) 

 297 0.04 

(0.02-0.11) 

 295 0.11 

(0.06-0.21) 

40 184 0.89 

(0.69-1.15) 

 197 0.20 

(0.12-0.34) 

 195 0.30 

(0.20-0.46) 

 187 1.17 

(0.90-1.52) 

 197 0.13 

(0.07-0.24) 

 197 0.10 

(0.05-0.21) 

 193 0.17 

(0.10-0.29) 

50 104 1.57 

(1.20-2.05) 

 110 0.48 

(0.32-0.75) 

 107 0.61 

(0.41-0.91) 

 103 1.40 

(1.02-1.91) 

 111 0.30 

(0.18-0.51) 

 108 0.25 

(0.14-0.44) 

 109 0.26 

(0.15-0.48) 

60 41 2.60 

(1.87-3.62) 

 46 1.11 

(0.70-1.76) 

 45 1.21 

(0.75-1.94) 

 44 1.50 

(0.97-2.33) 

 46 0.70 

(0.39-1.24) 

 44 0.58 

(0.30-1.09) 

 46 0.39 

(0.18-0.88) 

70 14 4.22 

(2.64-6.76) 

 17 2.51 

(1.37-4.58) 

 13 2.27 

(1.18-4.34) 

 16 1.57 

(0.79-3.13) 

 17 1.56 

(0.73- 3.36) 

 16 1.29 

(0.55-3.01) 

 17 0.57 

(0.19-1.70) 

CAD, coronary artery disease; CV, cardiovascular; HF, heart failure; TIA, transient ischemic attack; y, years. 
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Table S2. Overview of cardiovascular events in CoA patients with and without a left-sided 

MHV. 

 Left-sided MHV (n = 60)  No left-sided MHV (n = 860) 

 No. of cases 

Incidence / 

1,000 patient-

years 

 

No. of cases 

Incidence / 

1,000 patient-

years 

Coronary artery disease 2 3.4  12 1.5 

Myocardial infarction 1 1.7  5 0.6 

Coronary revascularization 1 1.7  5 0.6 

Stable angina, medically treated 0 0  2 0.3 

Stroke/TIA 11 18.4  23 2.9 

Ischemic stroke 4 6.7  14 1.8 

Hemorrhagic stroke, intracerebral 0 0  1 0.1 

Hemorrhagic stroke, subarachnoidal 0 0  1 0.1 

TIA 7 11.7  7 0.9 

Aortic complication 5 8.4  79 10.0 

Aneurysm 4 6.7  73 9.2 

Dissection 1 1.7  6 0.8 

Arrhythmia 24 40.2  60 7.6 

Supraventricular arrhythmia 16 26.8  42 5.3 

Ventricular arrhythmia 7 11.7  11 1.4 

Conduction disturbance 1 1.7  7 0.9 

Heart failure hospitalization 6 10.1  9 1.1 

Endocarditis 4 6.7  11 1.4 

CV death 7 11.7  17 2.1 

Total CV events 59 98.9  211 26.6 

No. of individual patients with CV event 36 NA  155 NA 

CV, cardiovascular; MHV, mechanical heart valve; NA, not applicable; TIA, transient ischemic attack.  
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Table S3. Addition of age at baseline to the multivariable Cox 

proportional-hazards regression to identify factors associated with the 

risk of cardiovascular events. 

 Cardiovascular event 

 
HR (95% CI) p-value 

Female sex 0.82 (0.59-1.15) 0.25 

Age at baseline (y) 0.95 (0.92-0.99) 0.01 

Age at initial CoA repair (y) 1.021 (1.004-1.039) 0.01 

Bicuspid aortic valve 1.31 (0.95-1.80) 0.09 

Ventricular septal defect 1.03 (0.70-1.52) 0.88 

Prior CAD 2.30 (0.86-6.18) 0.10 

Prior stroke/TIA 1.91 (0.93-3.92) 0.08 

Prior arrhythmia 1.61 (0.95-2.71) 0.08 

Systolic BP (mmHg) 1.004 (0.995-1.013) 0.37 

Diastolic BP (mmHg) 1.012 (0.997-1.028) 0.12 

BMI (kg/m2) 1.03 (1.00-1.06) 0.05 

Hypercholesterolemia 1.50 (1.00-2.26) 0.05 

Diabetes mellitus 0.50 (0.20-1.24) 0.13 

Cigarette smoking 1.15 (0.81-1.62) 0.43 

Family history of premature CVD 1.24 (0.71-2.16) 0.44 

LV mass index (g/m2) 1.009 (1.005-1.013) <0.001 

A total of 920 patients were included in the analysis, of whom 191 patients developed 

a cardiovascular event. 

BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; CV, 

cardiovascular; CVD, cardiovascular disease; HR, hazard ratio; LV, left ventricular; 

TIA, transient ischemic attack; y, years. 
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Table S4. Overview of causes of mortality. 

Cause of mortality 
Total 

n = 42 

Age at death (y) 

median (range) 

Cardiovascular 24 48 (25-79) 

Sudden cardiac death 10 49 (25-77) 

Heart failure 8 54 (35-79) 

Spontaneous thoracic aortic dissection 2 62 (57-67) 

Iatrogenic thoracic aortic dissection 1 42 

Myocardial infarction 1 40 

Endocarditis 1 44 

Ischemic stroke 1 45 

Non-cardiovascular 17 49 (30-84) 

Malignancy 6 35 (30-49) 

Sepsis 3 50 (33-65) 

Gastrointestinal hemorrhage 2 72 (59-84) 

Renal hemorrhage 1 51 

Other 5 58 (30-75) 

Unknown 1 72 

y, years. 
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Figure S1. Freedom from a cardiovascular event in subgroups based on age at initial CoA 

repair. 

 
Kaplan-Meier graph showing the freedom from a cardiovascular event in three subgroups based 

on the age at initial CoA repair (≤10 years, 11-18 years, and >18 years). CV, cardiovascular. 
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