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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	accounts	for	5-8%	of	all	congenital	heart	disease	and	occurs	
in	4	out	of	1000	live	births	with	a	male	predominance.1,2	CoA	can	occur	as	a	solitary	lesion,	
but	 is	 often	 associated	 with	 other	 cardiovascular	 lesions	 such	 as	 bicuspid	 aortic	 valve	
(BAV)	 (50-75%),	 aortic	 arch	 hypoplasia,	 subaortic	 stenosis,	 mitral	 valve	 abnormalities,	
ventricular-	and	atrial	septal	defects	and	patent	ductus	arteriosus	(PDA).3,4		

The	embryological	development	of	 the	aorta	 is	 complex.	 In	 the	 third	week	of	 gestation,	
the	heart	and	aortic	sac	will	be	formed,	along	with	the	left-	and	right-	dorsal	aorta.	From	
the	 fourth	 week	 of	 gestation,	 6	 pairs	 of	 aortic	 arches	 will	 then	 develop,	 fuse	 and/or	
regress	 to	 become	 the	 cardiovascular	 system	 as	 present	 after	 birth.	 The	 aortic	 sac	 will	
form	the	ascending	aortic	arch,	arch	III	will	form	the	carotid	arteries,	arch	IV	will	form	the	
transverse	 aortic	 arch	 on	 the	 left	 and	 part	 of	 the	 subclavian	 artery	 on	 the	 right,	 while	
arches	 I,	 II	 and	 V	 regress.	 The	 descending	 aorta	 and	 remaining	 part	 of	 the	 subclavian	
artery	 are	 formed	by	 the	 left-	 and	 right	 dorsal	 aorta,	 respectively,	while	 the	 pulmonary	
arteries	and	the	PDA	arise	from	arch	VI.2		

CoA	is	defined	as	a	localized	narrowing	of	the	aortic	lumen	by	a	ridge,	comprised	of	medial	
wall	 thickening	and	 infolding	of	aortic	wall	 tissue.4–6	The	narrowing	 is	commonly	 located	
opposite	 to	 the	 insertion	 of	 the	 PDA	 (juxtaductal),	 but	 may	 also	 be	 located	 proximal	
(preductal)	or	distal	 (postductal)	to	the	PDA.4,7	The	underlying	pathophysiology	of	CoA	is	
not	fully	understood.	Three	pathophysiological	theories	exist:8	

1. Abnormal	embyogenetic	development
2. Reduced	 intrauterine	 blood	 flow	 through	 the	 aorta	 causing	 aortic

underdevelopment
3. Aberrant	 PDA	 tissue	 in	 the	 aortic	wall	which	 constricts	 the	 aortic	 lumen	 at	 the

isthmus,	with	postnatal	PDA	regression

DIAGNOSIS	
Decision–making	 in	 the	 diagnosis	 and	 treatment	 of	 pediatric	 patients	 with	 aortic	 arch	
abnormalities	 most	 commonly	 relies	 on	 measurements	 of	 the	 aortic	 arch	 using	 two-
dimensional	echocardiography	in	combination	with	clinical	features	of	aortic	arch	defects	
(i.e.	 left	 ventricular	 dysfunction	 and	 inadequate	 perfusion	 of	 the	 lower	 body).	 In	 the	
pediatric	 population,	measurements	 of	 the	 aortic	 dimensions	 are	 only	 useful	 when	 the	
obtained	values	can	be	compared	to	standard	values	for	the	patient’s	body	size.	Z-scores	
and	reference	 intervals	are	often	used	to	decide	whether	or	not	a	certain	measurement	
falls	within	the	normative	range	 in	relation	to	the	patient’s	body	size,	 in	order	to	decide	
whether	or	not	a	certain	measurement	falls	in	a	normative	range.9	Normative	values	have	
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described	for	many	different	patient	groups.	However,	no	normative	data	are	available	for	
(very)	 premature	patients.	As	 around	14%	of	 all	 neonates	with	 congenital	 heart	 disease	
are	 born	 prematurely,	 this	 poses	 considerable	 difficulty	 in	 diagnosing	 aortic	 arch	
abnormalities	in	this	often	fragile	patient	group.10		

TREATMENT	
Untreated	 CoA	 causes	morbidity	 and	 early	 demise	 by	 congestive	 cardiac	 failure,	 stroke,	
infective	 endocarditis	 and	 aortic	 rupture.11	 Over	 the	 past	 decades	 several	 surgical	
techniques	 have	 been	developed	 and	 improved,	 but	 there	 is	 currently	 no	 consensus	 on	
treatment	of	native	CoA.12,13	Surgical	coarctectomy	was	the	only	treatment	for	CoA	until	
balloon	angioplasty	(BA)	was	introduced	as	an	alternative	therapy	in	the	1980s.14	Balloon	
angioplasty	was	initially	adopted	as	a	safe	alternative	to	surgery,	as	 it	was	thought	to	be	
less	 invasive	 with	 only	 few	 complications.	 However,	 a	 randomized	 controlled	 trial	 by	
Cowley	et	al,	published	in	2005	showed	a	higher	incidence	of	aneurysm	formation	at	the	
coarctation	 site	 in	 patients	 treated	 with	 BA	 compared	 to	 patients	 who	 were	 treated	
surgically.15	Furthermore,	other	studies	presented	a	higher	incidence	of	re-CoA	in	patients	
treated	 with	 BA	 when	 compared	 to	 surgery.16,17	 Because	 of	 the	 suspected	 higher	
complication	rate,	BA	has	become	controversial	as	primary	therapy	for	CoA.	However,	in	a	
study	 performed	 in	 our	 center,	 no	 differences	 in	 development	 of	 re-CoA	 and	 aneurysm	
formation	 were	 observed	 between	 BA	 and	 surgery	 after	 a	 follow-up	 of	 1-10	 years,	
suggesting	 that	 BA	 might	 be	 a	 good	 alternative	 to	 surgery	 especially	 in	 high(er)	 risk	
patients.18	 Long-term	 outcome	 data	 are	 however	 needed	 to	 adequately	 assess	 late	
complications	 such	as	 the	need	 for	 reintervention.	 If	 the	 incidence	of	 late	complications	
are	 indeed	 similar	 in	 patients	 treated	 with	 BA	 and	 those	 treated	 with	 surgery,	 re-
introduction	of	BA	as	primary	treatment	might	be	considered.		

FOLLOW-UP	
Despite	adequate	and	timely	repair	of	the	aortic	stenosis,	CoA	patients	continue	to	have	a	
reduced	 life	expectancy	and	an	 increased	risk	 for	cardiovascular	complications,	 including	
ventricular	 dysfunction,	 hypertension,	 atherosclerosis	 and	 coronary	 artery-	 and	
cerebrovascular	disease.19	This	 late	morbidity	and	mortality	 suggests	 the	 involvement	of	
persisting	 cardiovascular	pathology	 after	 repair	 of	 the	 coarctation	 segment.19,20	 Residual	
aortic	 obstruction	 in	 CoA	 patients	 is	 associated	with	 increased	 left	 ventricular	 afterload	
and	adverse	arterio-ventricular	 coupling.	 21–25Adverse	arterio-ventricular	 coupling	can	be	
described	as	a	cascade	of	hemodynamic	alterations	as	a	result	of	an	increased	ventricular	
afterload:	 higher	 systolic	 blood	 pressure	 and	 pulse	 pressure	 caused	 by	 stenosis	 of	 the	
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aorta	 lead	 to	 an	 increased	 afterload	 on	 the	 left	 ventricle.	 An	 increased	 afterload	 may	
cause	 hypertrophy	 of	 the	 left-ventricular	 myocardium,	 which	 may	 lead	 to	 diastolic	
dysfunction.	 If	 the	 heart	 is	 unable	 to	 adequately	 relax	 in	 diastole,	 coronary	 blood	 flow	
might	be	compromised,	leading	to	myocardial	fibrosis	and	eventually	systolic	dysfunction	
of	the	left	ventricle.		
This	negative	interaction	between	the	heart	and	the	aorta	may	play	an	important	role	in	
long-term	complications	after	successful	coarctation	repair.		

Global	cardiac	function,	e.g.	left	ventricular	ejection	fraction	(LVEF),	is	usually	preserved	or	
even	increased	in	patients	treated	for	CoA.22,26	However,	LVEF	has	been	demonstrated	to	
be	a	poor	predictor	of	future	cardiovascular	events,	as	the	LVEF	can	remain	within	normal	
range	 until	 severe	 ventricular	 dysfunction	 is	 present.26,27	 In	 order	 to	 adequately	 assess	
early	 signs	 of	 myocardial	 damage	 and	 dysfunction,	 the	 actual	 contraction	 of	 the	 heart	
muscle	should	be	assessed,	as	myocardial	deformation	indices	have	been	found	to	provide	
a	significantly	better	 insight	 in	the	global	and	regional	ventricular	function,	with	a	strong	
correlation	to	cardiovascular	outcome	in	follow-up.28–30		

Hypertension	 is	present	 in	 a	 large	number	of	CoA	patients	 long-term	after	 repair	 and	 is	
well-known	 risk	 factor	 for	 cardiovascular	 disease	 later	 in	 life.13,31	 In	 a	 majority	 of	 CoA-
patients,	hypertension	is	not	associated	with	residual	or	restenosis	of	the	aorta.	However,	
the	 exact	 pathophysiology	 of	 CoA-associated	 hypertension	 is	 still	 unclear.31	 Vascular	
dysfunction	of	the	aorta	and	conduit	arteries	has	been	implicated	in	the	development	of	
hypertension	after	initial	repair	of	the	coarctation	and	might	play	a	role	in	the	process	of	
negative	arterio-ventricular	interaction.31–33		
A	 significant	 number	 of	 CoA	 patients	 who	 are	 normotensive	 at	 rest,	 might	 develop	
hypertension	during	exercise.34,35	A	hypertensive	response	to	exercise	has	been	previously	
related	 to	 systemic	 hypertension	 in	 patients	with	 CoA,	 suggesting	 that	 exercise	 induced	
hypertension	may	 be	 a	 predictor	 for	 the	 development	 of	 chronic	 hypertension	 in	 long-
term	follow-up.34,36,37	Timely	identification	of	patients	at	risk	of	developing	hypertension	is	
of	great	importance	to	initiate	early	treatment	and	reduce	the	risk	of	(late)	cardiovascular	
morbidity.34,36	

Cardiovascular	 morbidity	 and	 mortality	 late	 after	 CoA	 repair	 might	 suggest	 that	
coarctation	of	the	aorta	 is	not	solely	a	 localized	narrowing	of	the	aorta,	but	comprises	a	
much	wider	arterial	vasculopathy.	The	main	objective	of	this	thesis	is	to	assess	long-term	
cardiovascular	 outcome	 after	 successful	 repair	 of	 aortic	 coarctation	 and	 the	 role	 of	
negative	 arterio-ventricular	 interaction	 in	 the	 development	 of	 long-term	 cardiovascular	
complications.		
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OUTLINE	OF	THE	THESIS	
Chapter	2	provides	a	review	on	the	current	diagnosis,	imaging	and	clinical	management	of	
aortic	coarctation.	Chapter	3	presents	normative	data	for	the	calculation	of	z-scores	and	
reference	 intervals	 for	 premature	 aortic	 arch	 structures,	 which	 can	 be	 used	 for	 the	
diagnosis	of	aortic	arch	pathology	in	premature	infants.		
In	Chapter	4,	long-term	outcome	of	balloon	angioplasty	for	native	coarctation	of	the	aorta	
is	compared	to	surgical	 treatment.	Chapter	5	provides	an	overview	of	several	 treatment	
strategies	 of	 coarctation	 over	 the	 course	 of	 several	 decades,	 with	 an	 assessment	 of	
changes	in	therapy	and	long-term	outcome	over	time.		
In	Chapter	6	and	Chapter	7,	 left	 ventricular	myocardial	 function	and	aortic	 function	are	
assessed	 to	 study	 arterio-ventricular	 interaction	 in	 coarctation	 patients,	 using	
cardiovascular	 magnetic	 resonance	 imaging.	 The	 peripheral	 vascular	 function	 of	
coarctation	patients	after	previous	successful	repair	is	discussed	in	Chapter	8.	
Chapter	 9	 describes	 cardiopulmonary	 exercise	 capacity	 and	 the	 prevalence	 of	 exercise	
induced	hypertension	in	patients	late	after	coarctation	repair.		
Finally,	 Chapter	 10	 provides	 a	 summary	 of	 all	 studies	 presented	 in	 this	 thesis	 with	
discussion	of	future	perspectives.		
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ABSTRACT	
Coarctation	 of	 the	 aorta	 (CoA)	 is	 a	well-known	 congenital	 heart	 disease,	which	 is	 often	
associated	with	several	other	cardiac	and	vascular	anomalies,	such	as	bicuspid	aortic	valve	
(BAV),	 ventricular	 septal	 defect,	 patent	 ductus	 arteriosus	 and	 aortic	 arch	 hypoplasia.	
Despite	 echocardiographic	 screening,	 prenatal	 diagnosis	 of	 CoA	 remains	 difficult.	 Most	
patients	with	 CoA	present	 in	 infancy	with	 absent,	 delayed	or	 reduced	 femoral	 pulses,	 a	
supine	arm-leg	blood	pressure	gradient	(>20	mmHg),	or	a	murmur	due	to	rapid	blood	flow	
across	the	CoA	or	associated	lesions	(BAV).	Transthoracic	echocardiography	is	the	primary	
imaging	modality	for	suspected	CoA.	However,	cardiac	magnetic	resonance	imaging	is	the	
preferred	 advanced	 imaging	 modality	 for	 non-invasive	 diagnosis	 and	 follow-up	 of	 CoA.	
Adequate	and	timely	diagnosis	of	CoA	is	crucial	for	good	prognosis,	as	early	treatment	is	
associated	with	 lower	risks	of	 long-term	morbidity	and	mortality.	Numerous	surgical	and	
transcatheter	 treatment	strategies	have	been	 reported	 for	CoA.	Surgical	 resection	 is	 the	
treatment	of	choice	in	neonates,	infants	and	young	children.	In	older	children	(>25kg)	and	
adults,	 transcatheter	 treatment	 is	 the	 treatment	 of	 choice.	 In	 the	 current	 era,	 patients	
with	 CoA	 continue	 to	 have	 a	 reduced	 life	 expectancy	 and	 an	 increased	 risk	 for	
cardiovascular	 sequelae	 later	 in	 life,	 despite	 adequate	 relief	 of	 the	 aortic	 stenosis.	
Intensive	and	adequate	follow-up	of	the	left	ventricular	function,	valvular	function,	blood	
pressure	 and	 the	 anatomy	 of	 the	 heart	 and	 the	 aorta	 are	 therefore	 critical	 in	 the	
management	 of	 CoA.	 This	 review	 provides	 an	 overview	 of	 the	 current	 state-of-the-art	
clinical	 diagnosis,	 diagnostic	 imaging	 algorhythms,	 treatment	 and	 follow-up	 of	 patients	
with	CoA.		
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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	accounts	for	5-8%	of	all	congenital	heart	disease	(CHD)	and	
occurs	in	4	out	of	1000	live	births	with	a	male	predominance.1,2	CoA	can	occur	as	a	solitary	
lesion,	 but	 is	 often	 associated	 with	 other	 cardiovascular	 lesions	 such	 as	 bicuspid	 aortic	
valve	 (BAV)	 (50-75%),	 aortic	 arch	 hypoplasia,	 subaortic	 stenosis,	 mitral	 valve	
abnormalities,	ventricular-	and	atrial	septal	defects	and	patent	ductus	arteriosus	(PDA).3,4	
The	most	important	non-cardiac	associated	lesion	is	cerebral	aneurysm	in	2.5-10%	of	CoA-
patients.5		
	
CoA	is	defined	as	a	localized	narrowing	of	the	aortic	lumen	by	a	ridge,	comprised	of	medial	
wall	 thickening	 and	 infolding	 of	 aortic	 wall	 tissue.4,6,7	 CoA	 is	 also	 considered	 a	 general	
arteriopathy	given	the	often	abnormal	histology	of	the	arterial	wall	adjacent	to	the	site	of	
coarctation,	and	its	association	with	long-term	cardiovascular	pathology.	The	narrowing	is	
commonly	 located	 opposite	 to	 the	 insertion	 of	 the	 PDA	 (juxtaductal),	 but	 may	 also	 be	
located	 proximal	 (preductal)	 or	 distal	 (postductal)	 to	 the	 PDA.4,8	 The	 underlying	
pathophysiology	of	CoA	is	not	fully	understood.	Three	pathophysiological	theories	exist:		
	
1) Abnormal	embryogenetic	development.		
2) Reduced	intrauterine	blood	flow	through	the	aorta	causing	aortic	underdevelopment.	
3) Aberrant	 PDA	 tissue	 in	 the	 aortic	 wall	 which	 constricts	 the	 aortic	 lumen	 at	 the	

isthmus,	with	postnatal	PDA	regression.9	
	
Several	 genes	 have	been	 implicated	 in	 CoA-etiology,	 including	 the	NOTCH1	 gene,	which	
plays	 an	 important	 role	 in	 cardiac	 development	 and	 vasculogenesis.10	 CoA	 is	 also	
associated	 with	 several	 syndromic	 phenotypes,	 such	 as	 Turner-,	 PHACE-,	 DiGeorge-,	
Noonan-	and	velocardiofacial	syndrome.11		
	

FETAL	DIAGNOSIS	
Prenatal	diagnosis	of	CoA	reduces	neonatal	mortality	and	morbidity,	prevents	costly	and	
risky	transfers	and	reduces	parental	stress,	as	 it	allows	for	planned	delivery	 in	dedicated	
paediatric	 cardiac	 centers.12,13	 Prenatal	 ultrasound	 is	 a	 crucial	 primary	 screening	
modality.14,15	Fetuses	with	an	abnormal	fetal	heart	or	positive	family	risk	factor(s)	should	
be	 referred	 for	 fetal	 echocardiographic	 examination	 in	 a	 tertiary	 center	 (Figure	 1).14	
Adequate	examination	of	the	fetal	heart	involves	four	recommended	cardiac	views:	the	3-	
and	 4-chamber	 views,	 and	 the	 left-	 and	 right	 ventricle	 outflow	 tract	 views.13,15	 Despite	
echocardiographic	 screening,	 prenatal	 diagnosis	 of	 CoA	 remains	 difficult.16,17	 CoA	 is	 the	
most	 commonly	 missed	 fetal	 CHD	 diagnosis,	 with	 less	 than	 one-third	 of	 cases	 being	
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detected	 at	 prenatal	 screening.16,17	 Concurrently,	 prenatal	 CoA-screening	 is	 associated	
with	 a	 high	 number	 of	 false-positives,	 especially	 late	 in	 gestation.12	 Several	
echocardiographic	 markers	 may	 improve	 prenatal	 detection	 rates	 and	 reduce	 false-
positives,	including	aortic	arch	z-scores,	isthmus-ductal	ratio,	pulmonary	artery-aorta	ratio	
and	the	presence	of	continuous	diastolic	flow	at	the	level	of	the	isthmus.16,18		

Figure	1.	Fetal	echocardiography	in	coarctation	of	the	aorta:	a	shelf	like	structure,	marked	by	an	asterix,	can	be	
seen	 in	(A)	the	ductal	arch	view,	and	(B)	two-dimensional	sagital	view	of	the	aortic	arch.	RV	right	ventricle,	PA	
pulmonary	artery,	DA	ductus	arteriosus,	DAo	descending	aorta,	AAo	ascending	aorta.	

NEONATAL	AND	INFANTILE	PRESENTATION	
Most	patients	with	CoA	present	 in	 infancy	 (Table	1).19	When	 the	PDA	closes	after	birth,	
severe	 CoA	will	 lead	 to	 aortic	 obstruction	with	 hypoperfusion	 of	 the	 lower	 body,	 renal	
dysfunction	 and	 metabolic	 acidosis.4	 Increased	 afterload	 on	 the	 left	 ventricle	 (LV)	 may	
lead	to	LV	failure.4	The	presence	of	a	PDA	may	obscure	the	diagnosis	of	CoA	until	 it	fully	
constricts,	 as	 aortic	 flow	 through	 the	 PDA	may	 bypass	 the	 juxtaductal	 obstruction	 and	
supply	 output	 to	 the	 lower	 body.8	 Classical	 findings	 of	 CoA	 on	 clinical	 examination	 are	
absent,	delayed	or	reduced	femoral	pulses,	a	supine	arm-leg	blood	pressure	gradient	(>20	
mmHg),	and	a	murmur	due	to	rapid	blood	flow	across	the	CoA	or	associated	 lesions	 like	
BAV.8,20	 Blood	 pressure	 readings	 should	 always	 include	 both	 arms,	 as	 an	 aberrant	 right	
subclavian	 artery	 (3-4%	 of	 CoA-patients)	 and	 diffuse	 aortic	 hypoplasia	 may	 obscure	 an	
arm-leg	blood	pressure	difference	or	 lead	 to	 a	 gradient	 over	 the	 transverse	 aortic	 arch,	
respectively.21	
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Table	1.	Recognizing	CoA	in	patients	of	all	ages.		

Age	 Symptoms	

Fetal	 - Ventricular	disproportion	(RV>LV)
- Great	vessel	disproportion
- Continuous	diastolic	flow	at	isthmus	level
- Associated	congenital	heart	disease	(BAV,	arch	hypoplasia,	subaortic	stenosis,

mitral	valve	abnormalities,	VSD,	ASD,PDA)	
- Syndromic	phenotypes	(Turner,	PHACE,	DiGeorge,	Noonan,	velocardiofacial)

Neonatal	and	
infantile	

- Collapse,	acidosis
- Heart	failure
- Systolic/	continuous	murmur	
- Weak	or	absent	femoral	pulses,	radio-femoral	pulse	delay
- Supine	arm-leg	blood	pressure	gradient
- Necrotizing	enterocolitis
- Renal	failure
- Cardiomyopathy	(rare)

Childhood,	
adolescent,	
adult		

- Systolic/	continuous	murmur	
- Weak	or	absent	femoral	pulses,	radio-femoral	delay
- Supine	arm-leg	blood	pressure	gradient
- Hypertension	(headache,	epistaxis,	retinopathy)
- Reduced	exercise	capacity,	exercise	induced	hypertension
- Leg	fatigue	and	claudication
- Cold	feet
- Left	ventricular	hypertrophy,	arrhythmia	and	heart	failure	
- Infective	endocarditis
- Aortic	dissection,	rupture
- Intracranial	hemorrhage

Neonates	 with	 clinically	 significant	 CoA	 should	 be	 hospitalized	 for	 continuous	
administration	of	prostaglandin	E1,	 to	keep	 the	PDA	open.22	Patients	with	 subtle	clinical	
and/or	 diagnostic	 signs	 require	 close	 clinical	 and	 echocardiographic	 observation,	 to	
determine	whether	PDA-closure	 results	 in	clinically	 significant	CoA.22	Diagnosis	of	milder	
cases	 of	 CoA	 is	 important,	 as	 hypertension	 and	 compensatory	 LV	 hypertrophy	 due	 to	
increased	LV	afterload	may	occur	later	in	life.6		

PRESENTATION	AFTER	THE	NEOANATAL	PERIOD	
Post-infantile	 symptoms	 of	 CoA	mainly	 depend	 on	 the	 location	 and	 degree	 of	 CoA,	 the	
extent	of	collateral	circulation	and	presence	of	other	CHD.4	Symptoms	may	be	similar	as	
for	 the	 neonatal	 period,	 but	 can	 be	 absent	 in	 case	 of	 extensive	 collateral	 circulation.9	
Adult	 CoA-patients	 classically	 present	 with	 hypertension.9	 Intracranial	 hemorrhage	
secondary	 to	 intracranial	 aneurysms,	 LV	 hypertrophy	 and	 subsequent	 congestive	 heart	
failure	can	also	be	seen	in	adult	patients	with	undiagnosed	CoA.4,9		
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IMAGING	
Chest	radiography	
Despite	 low	 sensitivity,	 chest	 radiography	 can	 raise	 suspicion	 for	 CoA.23	 A	 leftward	
convexity	of	 the	descending	aorta	with	enlargement	of	 the	 left	 subclavian	artery	can	be	
seen	in	children	and	young	adults	with	CoA,	along	with	a	figure-3	sign,	formed	by	pre-	and	
poststenotic	dilatation	of	the	descending	aorta.4	Rib	notching	of	the	posterior	4th	to	8th	
ribs	can	be	seen	in	older	patients,	related	to	collateral	blood	flow	through	the	intercostal	
arteries.4	
	
Transthoracic-	and	transesophageal	echocardiography	
Transthoracic-echocardiography	(TTE)	is	the	primary	imaging	modality	for	suspected	CoA,	
given	its	ready	availability,	safety	and	capacity	to	provide	hemodynamic	parameters	such	
as	the	CoA-gradient	using	Doppler	(Figure	2).5	In	addition,	TTE	can	assess	cardiac	function	
and	associated	cardiac	and	valvular	abnormalities.4	Appropriate	visualization	of	the	CoA-
site	can	however	be	difficult	due	to	a	poor	acoustic	window	and	operator-dependence.7	
TTE	 also	 has	 limited	 value	 in	 the	 evaluation	 of	 extracardiac	 structures	 and	 collateral	
circulation.4,5,7	Although	transesophageal-echocardiography	can	provide	accurate	imaging	
of	the	aorta,	it	is	seldom	used	due	to	its	invasive	nature	and	limited	additional	value.23	

Computed	Tomography		
Computed	Tomography	(CT)	provides	high	spatial	resolution	data	of	both	intracardiac	and	
extracardiac	 structures,	 and	 allows	 for	 2D	 and	 3D	 reconstruction	 of	 relevant	 vascular	
anatomy.5	 Traditionally,	 the	main	disadvantage	of	CT	has	been	 the	 cumulative	 radiation	
dose	 from	 repeat	 examinations,	 especially	 in	 the	 paediatric	 population.4,23	 The	
introduction	 of	 multidetector	 CT	 with	 iterative	 reconstruction	 has	 significantly	 reduced	
radiation	doses	to	values	substantially	below	1	mSv.7,24	Furthermore,	current	state-of-the-
art	 CTscanners	 can	 obtain	 the	 entire	 volumetric	 data	 acquisition	 in	 a	 single	 or	 several	
cardiac	 cycles,	 which	minimizes	motion	 artifacts	 and	 can	 eliminate	 the	 requirement	 for	
breath-holding.7,23	 However,	 CT	 cannot	 provide	 hemodynamic	 information	 such	 as	 the	
pressure	 gradient	 across	 the	CoA-site	 and	 the	degree	of	 collateral	 circulation,	while	 the	
use	of	iodinated	contrast	media	is	associated	with	nephropathy.4,5,23		
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Figure	 2.	 Trans-thoracic	 echocardiography	 with	 continous	 Doppler	 showing	 high-velocity	 flow	 through	 the	
narrowed	transverse	arch	and	site	of	coarctation	in	the	suprasternal	notch	view	(A+B).	Low-velocity,	continuous	
flow	was	observed	in	the	abdominal	aorta	(C+D).	

	

Cardiac	magnetic	resonance	imaging		
Cardiac	magnetic	 resonance	 imaging	 (CMR)	 is	 the	 preferred	 advanced	 imaging	modality	
for	non-invasive	diagnosis	and	follow-up	of	CoA.5,25	A	major	advantage	of	CMR	is	the	lack	
of	 ionizing	 radiation,	making	 it	 ideally	 suitable	 for	 repeated	 imaging.	 Three-dimensional	
gadolinium	 enhanced	 CMR	 angiography	 provides	 excellent	 depiction	 of	 the	 aortic	
morphology	 and	 the	 location	 and	 degree	 of	 stenosis,	 as	well	 as	 the	 extent	 of	 collateral	
vessel	 formation	 (Figure	 3).25	 Importantly,	 sole	measurement	 of	 aortic	 dimensions	may	
not	be	sufficient	to	assess	the	degree	of	CoA	severity,	as	the	hemodynamic	effect	of	CoA	is	
influenced	 by	 a	 complex	 interplay	 of	 aortic	 geometry,	 vessel	 wall	 mechanics,	 flow	 and	
ventricular	 function.26,27	 Therefore,	 more	 indirect	 measurements	 of	 stenosis	 -	 including	
the	CoA-gradient	-	are	often	utilized.27	
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Figure	3.	Twenty-eight	year	old	male	with	known	aortic	coarctation.	The	examination	was	performed	for	follow-
up	 reasons.	 Color	 volume	 renderings	 in	 the	 left	 anterior	 oblique	 (A)	 and	 right	 posterior	 (B)	 views	 show	 the	
coarctation	 in	 the	 proximal	 descending	 aorta	 as	 well	 as	 the	 post-stenotic	 dilatation	 (arrows	 in	 A	 and	 B).	
Orthogonal	reformations	of	the	source	data	in	the	left	anterior	oblique	(C),	transverse	(D)	and	right	posterior	(E)	
orientations	 show	 the	 aortic	 narrowing	 and	 kinking	 in	more	 detail	 and	 reveal	 a	 small	web	 in	 the	 inner	 aortic	
curvature	(asterisks	in	C,	D	and	E).	

Cine-imaging	provides	analysis	of	LV	function	and	myocardial	mass,	while	phase	contrast	
flow	analysis	provides	an	estimated	pressure	gradient	across	 the	CoA	and	calculation	of	
collateral	flow.23,25	Novel	4-dimensional	flow	CMR	allows	for	assessment	of	flow	velocities	
and	pressure	 fields	along	 the	aorta,	 and	 the	pressure	gradient	across	a	CoA,	wall-shear-
stress	(WSS)	and	oscillatory	shear	index	(OSI)	can	be	calculated	using	computational	fluid	
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dynamics.28,29	 Despite	 these	 advantages,	 CMR	 is	 hampered	 by	 the	 long	 acquisition	 time	
and	need	for	breath-holds	during	scanning,	which	restricts	its	use	in	smaller	children	and	
claustrophobic	 patients.23	 Sedation	 or	 general	 anesthesia	 may	 then	 be	 necessary.	 In	
addition,	metal	 stent	 implantation	causes	CMR	artifacts	which	 limits	adequate	 follow-up	
assessment.23	

Figure	4.	(A)	Sub-atretic	coarctation	of	the	aorta	in	a	5	month	old	girl	with	a	gradient	of	50mmHg	across	the	sub-
atretic	segment.	(B)	The	aortic	arch	after	stent	implantation	with	complete	reduction	of	the	aortic	gradient.	

Catheter	angiography	
Catheter	angiography	is	the	gold-standard	for	assessment	of	the	pressure	gradient	across	
the	CoA	and	provides	high-resolution	images	of	the	aorta	and	aortic	geometry	in	3D	space	
(Figure	 4).5	 Catheter	 angiography	 also	 allows	 for	 accurate	 assessment	 of	 collateral	
circulation.4	Catheter	 angiography	 is	 the	 traditional	 reference	 standard	 for	CoA-imaging,	
but	 the	 invasive	 nature	 and	 radiation	 burden	 are	 important	 drawbacks.4,5	 With	 the	
emergence	of	CMR	and	CT,	CA	is	currently	preferred	when	treatment	options	like	balloon	
angioplasty	(BA)	or	stent	insertion	are	considered.4	

28

Chapter 2



	

	

TREATMENT	
If	 left	 untreated,	 the	 mean	 survival	 for	
CoA-patients	is	reduced	to	mid-adulthood	
due	to	long-term	sequelae	like	congestive	
heart	 failure,	endocarditis,	aortic	 rupture	
or	 cerebrovascular	 hemorrhage.4,5	 Life	
expectancy	largely	depends	on	severity	of	
the	 stenosis	 and	 presence	 of	 associated	
anomalies.5,8,9	 Indications	 for	 CoA-
intervention	are	listed	in	Table	2.9,21		
	
Normotensive	 but	 significant	 CoA	 with	
substantial	 collateral	 flow	 should	 also	be	
considered	 for	 treatment,	 as	 collateral	
flow	 reduces	 the	 perceived	 aortic	
gradient	 despite	 significant	 stenosis.8,9	
Clinicians	 should	 aim	 for	 complete	
elimination	 of	 the	 aortic	 pressure	
gradient	to	preserve	systolic-	and	diastolic	ventricular	function	over	time	and	prevent	or	at	
least	reduce	systemic	hypertension.21	Early	intervention	is	preferred,	as	older	age	at	time	
of	 treatment	 is	 associated	with	 increased	 risk	of	hypertension,	 aneurysm	 formation	and	
mortality.30,31	Timing	of	early	intervention	should	however	be	weighed	against	the	higher	
risk	of	re-stenosis	and	re-intervention.32,33		
	
Surgical	repair	
In	 neonates,	 infants	 and	 young	 children,	 surgical	 resection	 of	 the	 CoA-segment	 is	 the	
treatment	 of	 choice.32	 Several	 surgical	 techniques	 have	 been	 described.	 The	 surgical	
approach	of	choice	 is	based	on	age	and	aortic	arch	anatomy.9,34	Extended	CoA	resection	
with	 end-to-end	 anastomosis	 through	 a	 left	 thoracotomy	 is	 the	 preferred	 technique	 in	
neonates	and	children	with	discrete	CoA.32	In	infants	with	long-segment	CoA,	subclavian-
flap	aortoplasty	 through	a	median	sternotomy	can	be	performed.9	However,	 subclavian-
flap	aortoplasty	has	a	higher	chance	of	re-CoA	and	involves	sacrificing	the	left	subclavian	
artery	(main	arterial	blood	supply	to	the	left	arm).9	CoA-resection	and	patch	augmentation	
of	the	hypoplastic	segment	of	the	aortic	arch	is	therefore	preferred.	

In	 adults,	 resection	 of	 the	 CoA-segment	 with	 graft	 interposition	 can	 be	 considered.9	 A	
bypass	 graft	 across	 the	 CoA-segment	 can	 also	 be	 considered	 in	 case	 of	 complex	 CoA,	
extensive	 collaterals	 or	 other	 significant	 cardiac	 abnormalities	 in	 need	 of	 repair.9	

	

Indications	for	treatment:	

- Supine	non-invasive	pressure	gradient	
>20mmHg	between	upper-	and	lower	
limbs	

- Peak-to-peak	coarctation	gradient	
≥20mmHg	

- Peak	to	peak	coarctation	gradient	
<20mmHg	with	radiological	evidence	of	
significant	coarctation	with	significant	
collateral	flow	

- Pathological	blood	pressure	response	
during	exercise	

- Significant	left	ventricular	hypertrophy	

- Hypertension	with	≥50%	aortic	
narrowing	relative	to	the	aortic	diameter	
at	the	level	of	the	diaphragm	

- Upper	limb	hypertension	
	

	

Table	2.	Indication	for	treatment	of	native	CoA	
and	re-CoA	

29

Diagnosis, Imaging and Clinical Management of Aortic Coarctation



Prosthetic-patch	aortoplasty	should	be	avoided	due	to	high	risk	of	aortic	aneurysms	and	
rupture.9	 Surgical	 mortality	 in	 CoA-intervention	 is	 rare	 (<1%).35	 Early	 postoperative	
morbidity	 includes	 paradoxical	 hypertension,	 injury	 to	 the	 recurrent	 laryngeal	 nerve	 (or	
other	 adjacent	 nerves)	 and	 subclavian	 steal	 syndrome	 (with	 subclavian	 patch	
angioplasty).9	Although	very	rare,	spinal	cord	ischemia	with	paraplegia	(due	to	prolonged	
clamping	of	the	aorta)	has	been	reported.9	

Balloon	angioplasty	
Balloon	angioplasty	is	generally	performed	after	3-6	months	of	age,	because	of	high	risk	of	
re-CoA	in	younger	patients	due	to	reactive	PDA	tissue	and	the	highly	elastic	properties	of	
the	 aorta.36	 BA	 can	 be	 used	 in	 the	 neonatal	 period	 as	 palliative	 strategy	 in	 high-risk	
patients,	(i.e.	small	or	premature	neonates),	to	stabilize	their	condition	prior	to	definitive	
correction.8,37	With	BA,	a	catheter	 is	brought	up	to	the	CoA-segment.	The	balloon-size	 is	
chosen	based	on	a	maximum	of	300%	of	the	minimal	aortic	diameter.21	To	prevent	aortic	
recoil,	a	therapeutic	tear	of	the	aortic	wall	into	the	media	is	created	by	overdilation	of	the	
vessel.	After	dilation,	 the	 restored	blood	pressure	across	 the	CoA-segment	causes	aortic	
wall	remodeling,	intended	to	create	a	lasting	result.8,21	Due	to	tearing	of	the	aortic	intima,	
BA	predisposes	for	aortic	dissection	and	rupture.21	Long-term	complications	are	recurrent	
stenosis	 and	 aneurysm	 formation.21	 In	 the	 past,	 a	 high	 incidence	 of	 20%	 for	 aneurysm	
formation	 was	 reported	 for	 BA,	 but	 the	 risk	 is	 significantly	 reduced	 with	 technique-
modifications	 such	 as	 low-pressure-,	 progressive-	 or	 stepwise	 BA	 and	 smaller	 balloon	
sizes.9,21	Re-CoA	risks	are	relatively	low	for	adults,	but	increase	significantly	with	younger	
age	at	intervention	(>50%	for	patients	<1	year	of	age).21	

Stent	placement	
Endovascular	stent	placement	provides	a	solution	to	elastic	tissue-recoil	after	BA.9	In	older	
children	(>25kg)	and	adults,	transcatheter	treatment	 is	the	treatment	of	choice,	because	
of	 good	 results	 and	 the	 less	 invasive	 nature	 of	 this	 technique.9	 Endovascular	 stenting	 is	
preferred	 over	 BA	 alone,	with	 lower	 risk	 of	 restenosis	 and	 aneurysm	 formation.38	 Stent	
implantation	 in	 young	 children	 remains	 controversial	 due	 to	 the	 need	 for	 frequent	 re-
dilation	 to	 accommodate	 the	 growing	 aorta,	 lack	 of	 available	 re-dilatable	 stents,	 high	
incidence	 of	 intimal	 proliferation	 and	 restenosis,	 and	 risk	 of	 post-stent	 aneurysms.37	
Recently,	usage	of	growth-	and	biodegradable	 stents	 in	children	has	been	described39,40,	
although	long-term	results	of	these	new	techniques	have	not	been	reported	yet.8		
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With	endovascular	stenting,	a	stent	is	dilated	with	inflation	of	a	balloon	until	the	stent	is	
anchored	in	the	aorta	and	the	stenosis	is	sufficiently	relieved	(Figure	4).	Rapid	ventricular	
pacing	 can	be	used	 to	 lower	 the	 stroke	 volume	and	 facilitate	 proper	 stent	 placement.21	
Stent	placement	provides	a	more	sustainable	relief	of	 the	CoA-gradient,	with	more	even	
distribution	of	 forces	 across	 the	 vessel	wall.9	 The	 introduction	of	 covered	 stents	 -	 as	 an	
alternative	 to	bare	metal	 stents	 -	has	 further	 reduced	 the	 risk	of	aneurysm	 formation.30	
Despite	 these	 advantages,	 stent	 insertion	 is	 technically	 more	 complicated	 than	 BA	 and	
requires	a	bigger	catheterization	sheath,	 resulting	 in	higher	 risks	of	complications	at	 the	
insertion	 site.21	 Rare	 complications	 of	 stent	 placement	 include	 stent	 migration	 and/or	
embolization,	occlusion	of	aortic	side	branches	with	covered	stents	and	aortic	dissection	
and	 rupture,	 associated	 with	 cerebrovascular	 accidents	 in	 very	 rare	 cases.21	 Long-term	
complications	include	re-stenosis,	stent	fracture	and	aneurysm	formation.30		
	

FOLLOW	UP	
Despite	 excellent	 long-term	 survival	 after	 CoA-repair,	 patients	 have	 a	 reduced	 life	
expectancy	with	 increased	 risk	 for	morbidity.33,41	 Long-term	 complications	occur	despite	
adequate	 and	 timely	 repair,	 warranting	 life-long	 follow-up	 (Table	 3).	 Annual	 blood	
pressure	 evaluation	 (four	 limbs)	 and	 regular	 imaging	 of	 the	 heart	 and	 aorta	 are	
recommended.32,42	

Table	3.	Long-term	complications	of	CoA.		

Long-term	complications	

Local	 Re-coarctation,	aneurysm,	dissection,	rupture,	fistulae,	endocarditis	

Ascending	aorta	 Aneurysm,	dissection,	rupture,	sinus	of	Valsalva	fistula	

Aortic	valve	 (Bicuspid	valve),	stenosis,	regurgitation	

Left	ventricle	 Hypertrophy,	dilation,	systolic-	and/or	diastolic	dysfunction,	heart	failure,	
sudden	cardiac	death	

Coronaries		 Premature	atherosclerosis,	ischemic	heart	disease	

Cerebral	 Berry	aneurysms,	intracranial	bleeds,	atherosclerosis,	stroke	

Systemic	 Hypertension,	reduced	exercise	capacity	

	

Restenosis	and	re-intervention	
Cardiovascular	re-interventions	are	common	(25%)	among	CoA-patients.43	 Indications	for	
re-intervention	are:	re-CoA,	aortic	valve	dysfunction	and	other	cardiac	malformations	(i.e.	
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VSD)[43].	 Re-	 coarctation	 is	 seen	 in	 4-14%	of	 patients,	 caused	 by	 residual	 ductal	 tissue,	
scarring,	 unrelieved	 arch	 hypoplasia,	 and	 intimal	 hyperplasia	 after	 stenting.34,43	 Repair	
before	 one	 year	 of	 age	 carries	 a	 greater	 risk	 of	 re-CoA.32	 Re-interventions	 occur	 more	
frequently	after	 stent	placement	or	BA,	but	 these	 re-interventions	are	often	anticipated	
with	 growth	 of	 the	 child.30	 Unplanned	 re-intervention	 rates	 are	 similar	 for	 surgical	 and	
transcatheter	treatment.8	Indications	for	treatment	are	similar	as	for	native	CoA.9,38	More	
than	half	of	CoA-patients	suffer	from	a	BAV,	which	is	associated	with	a	high	risk	of	aortic	
valve	 repair	 or	 -replacement	 surgery	 during	 long-term	 follow-up.3	 Indeed,	 half	 of	 all	 re-
interventions	in	CoA-patients	are	due	to	aortic	valvulopathy,	so	assessment	of	aortic	valve	
function	should	be	part	of	follow-up.3		

Generalized	vasculopathy	and	aneurysm	formation	
The	 pre-stenotic	 arch	 and	 conduit	 arteries	 of	 CoA-patients	 show	 abnormal	 vascular	
compliance	 due	 to	 reduced	 smooth-muscle	 tissue	 and	 increased	 collagen,	 leading	 to	
increased	 intimal-media	 thickness.19,44	 The	 pre-stenotic	 arch	 also	 demonstrates	
endothelial	 dysfunction,	 possibly	 related	 to	 altered	 aortic	 flow	 dynamics.28	 Associated	
increased	 WSS	 and	 decreased	 OSI	 result	 in	 higher	 atherosclerotic	 susceptibility.45	
Abnormal	 compliance	 and	 endothelial	 dysfunction	 can	 persist	 after	 CoA-repair	 and	 are	
associated	with	genereralized	arterial	 vasculopathy	 later	 in	 life.46	Vascular	 complications	
include	 aortic	 aneurysm,	 hypertension,	 aortic	 root	 dilation,	 aortic-	 and	 mitral	 valve	
insufficiency,	 premature	 coronary	 artery	 disease	 and	 cerebrovascular	 disease	 (Figure	
5).32,42	 Aortic	 aneurysm	 is	 defined	 as	 >150%	dilation	of	 the	 repair-site	 in	 relation	 to	 the	
aorta	at	the	level	of	the	diaphragm,	and	occurs	with	an	incidence	of	13%.43	Aneurysms	are	
mostly	seen	after	patch	angioplasty,	and	less	often	after	BA	or	subclavian-flap	surgery.38,43		

Figure	5.	Twenty-six	year	old	male	with	known	aortic	coarctation	imaged	four	times	over	a	10-year	period	shows	
mildly	progressive	dilatation	of	the	poststenotic	part	of	the	proximal	descending	aorta	over	time	(arrows).	The	
study	in	(A)	was	obtained	in	2007;	the	study	in	(B)	in	2010;	the	study	in	(C)	in	2013	and	the	most	recent	follow-up	
examination	was	performed	in	2016	(D).	
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Hypertension	
Chronic	hypertension	remains	present	in	35-68%	of	CoA-patients,	even	in	the	presence	of	
an	 anatomically	 satisfactory	 repair.31,33,42	 Furthermore,	 exercise-induced	 hypertension	
occurs	in	over	one-third	of	normotensive	patients.44	Prevalence	of	systemic	hypertension	
is	significantly	lower	in	patients	treated	in	the	neonatal	period	or	infancy,	and	in	patients	
who	 underwent	 CoA	 resection	 with	 end-to-end	 anastomosis.32,33	 The	 exact	
pathophysiology	 of	 late-onset	 hypertension	 after	 CoA-repair	 remains	 to	 be	 elucidated.	
Reduced	aortic	 compliance,	 	 abnormal	baroreceptor	 function	and	altered	WSS	dynamics	
may	play	a	role.31	Hypertension	is	also	associated	with	an	abnormal	geometry	of	the	aortic	
arch	 (‘Gothic	 arch’	 configuration),	 when	 the	 arch	 is	 sharply	 angulated	 in	 the	 sagittal	
plane.33	 Mild	 residual	 morphological	 obstruction	 and	 a	 disturbed	 renine-angiotensine-
aldosteron-system	 appear	 to	 play	 no	 major	 role	 in	 late-onset	 hypertension.19	 Post-
treatment	 hypertension	 is	 a	 risk	 factor	 for	 premature	 death	 and	 requires	 aggressive	
treatment.31	 Follow-up	 should	 include	 24-hour	 blood	 pressure	measurement	 as	 well	 as	
exercise	 testing,	 as	 exercise-induced	 hypertension	 can	 predict	 future	 systemic	
hypertension.31	

Left	ventricular	function	
CoA-patients	 may	 suffer	 from	 LV	 pressure	 overload,	 which	 can	 cause	 compensatory	
hypertrophy.3	Ventricular	hypertrophy	can	lead	to	myocardial	fibrosis,	associated	with	LV	
systolic-	and	diastolic	dysfunction.3	Histological	studies	have	demonstrated	predominantly	
subendocardial	 fibrosis	 of	 the	 LV,	 suggesting	 insufficient	 coronary	 flow	 (reserve)	 with	
compromised	 diastolic	 myocardial	 perfusion.3	 Although	 LV	 changes	 tend	 to	 normalize	
after	CoA-repair,	LV	 function	remains	subnormal	 in	many	patients.3	Older	age	at	 time	of	
repair	is	associated	LV	hypertrophy	and	increased	LV	mass.31,32,34	The	ejection	fraction	and	
fractional	 shortening	may	 be	 preserved	 in	 the	 early	 stages	 of	 ventricular	 dysfunction.47	
However,	 abnormal	myocardial	 deformation	 indices	 (strain,	 strain	 rate	 and	 torsion)	 are	
found	even	 in	well-repaired	CoA-patients,	 preceding	 systolic	 dysfunction.3,44	 Assessment	
of	 LV	 function	 is	 therefore	 important	 in	 CoA	 follow-up	 and	 should	 include	 myocardial	
velocity	and	deformation	parameters.3		

Pregnancy	
Women	 with	 CoA	 have	 an	 increased	 risk	 of	 cardiovascular	 complications	 during	
pregnancy.48	Hypertensive	complications	occur	in	25%	of	pregnant	CoA-patients.48,49	Both	
pre-existing-	 and	 pregnancy-induced	 hypertension	 occur	 more	 often	 in	 CoA-patients,	
associated	 with	 adverse	 fetal	 outcome	 due	 to	 preterm	 delivery,	 low-birth-weight	 for	
gestational	age	and	admission	to	the	neonatal	 intensive	care	unit.49	Female	CoA-patients	
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with	pregnancy	wish	should	preferably	undergo	assessment	of	their	hemodynamic	status,	
severity	of	(re-)CoA	and	associated	lesions		before	conception.50	
	

CONCLUSIONS	
Despite	 widespread	 availability	 of	 fetal	 cardiac	 screening	 in	 the	 current	 era,	 CoA	 often	
remains	undiagnosed	prenatally	which	poses	significant	risks	of	mortality	and	morbidity	to	
the	 affected	 child.	 Prenatal	 screening	 for	 aortic	 arch	 abnormalities,	 adequate	 clinical	
examination	 and	 (if	 necessary)	 cardiovascular	 imaging	 of	 the	 neonate	 are	 therefore	 of	
great	 importance.	 Neonatal	 CoA	 is	 preferably	 repaired	 surgically,	 while	 BA	 and	 stent	
placement	 are	 the	 treatment	 of	 choice	 for	 older	 children	 and	 adults.	 Despite	 adequate	
treatment,	 patients	 with	 CoA	 have	 a	 reduced	 life	 expectancy	 and	 increased	 risk	 of	
cardiovascular	 complications	 later	 in	 life,	 related	 to	 hypertension,	 LV	 dysfunction	 and	
hypertrophy,	 re-stenosis,	 aneurysm	 formation,	 and	 cardiovascular-	 and	 cerebrovascular	
disease.	 Timely	 intervention	 is	 crucial,	 as	 early	 treatment	 may	 prevent	 cardiovascular	
complications.	 Re-coarctation	 should	 be	 proactively	 addressed.	 Cardiovascular	
complications	 may	 occur	 decades	 after	 initial	 treatment,	 warranting	 lifelong	 follow-up.	
Blood	pressure	controls	 should	be	performed	yearly	and	 regular	evaluation	of	 the	heart	
and	aorta	with	echocardiography	and/or	CMR	are	recommended.		
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ABSTRACT	
Background:	Aortic	arch	abnormalities	represent	five	to	eight	percent	of	all	congenital	
heart	disease.	Measurements	of	the	aortic	arch	dimensions	in	2D-echocardiographic	
images	remain	of	critical	importance	in	the	diagnosis	of	aortic	arch	pathology.	To	define	
aortic	hypoplasia	or	coarctation,	measured	dimensions	must	be	compared	to	normal	
values.	Normal	values	have	been	described	for	children	of	all	ages	in	earlier	studies.	
However,	normative	data	for	premature	infants	are	not	yet	available.	Therefore,	this	study	
sought	to	develop	normative	data	in	a	cohort	of	premature	infants,	which	could	be	used	in	
the	diagnosis	of	aortic	arch	abnormalities.		

Methods:	single	center	study	of	a	large	population	of	premature	infants	with	a	gestational	
age	of	32	weeks	or	less	without	hemodynamically	important	congenital	heart	disease,	
chromosomal	abnormalities	and/or	major	cerebral	congenital	malformations.	2D-
echocardiographic	measurements	of	four	aortic	arch	structures	were	made	on	the	second,	
fourth	and	sixth	day	after	birth.		

Results:	385	preterm	patients	were	included.	No	differences	in	dimensions	were	found	
between	day	2,	4	and	6.		The	dimension	of	the	isthmus	showed	no	significant	relation	to	
existence	of	a	patent	ductus	arteriosus.	Reference	intervals	with	mean	and	standard	
deviation	were	calculated	across	the	range	of	birth	weight.	Regression	analysis	was	
performed	with	multiple	determinants	in	different	models.	The	best	predictive	value	was	
found	for	birth	weight	in	a	cubic	model.		

Conclusion:	we	provide	regression	equations	for	the	calculation	of	z-scores	and	reference	
intervals	for	aortic	arch	dimensions	in	a	cohort	of	preterm	infants	born	at	a	gestational	
age	of	32	weeks	and	less.	The	normative	data	can	be	used	in	the	diagnosis	and	decision-
making	involving	aortic	arch	pathology	in	premature	infants.		
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INTRODUCTION	
Aortic	arch	abnormalities	represent	5	to	8	%	of	all	congenital	heart	disease.	About	14%	of	
all	 neonates	with	 congenital	 heart	 disease	 is	 born	 prematurely.1	 Decision-making	 in	 the	
diagnosis	 and	 treatment	 of	 pediatric	 patients	 with	 aortic	 arch	 abnormalities	 most	
commonly	 relies	 on	 measurements	 of	 the	 aortic	 arch	 using	 two-dimensional	
echocardiography.	 Measurements	 of	 the	 aortic	 dimensions	 are	 only	 useful	 when	 the	
obtained	values	can	be	compared	to	standard	values	for	the	patient’s	body	size.	In	order	
to	decide	whether	or	not	a	certain	measurement	falls	in	a	normative	range,	z-scores	and	
reference	 intervals	are	often	used	to	normalize	the	 found	measurement	to	the	patient’s	
body	size.2	So	far,	normative	data	have	been	collected	for	many	patient	groups.	However,	
no	normative	data	are	available	for	extremely	and	very	premature	patients.	This	presents	
us	 with	 a	 considerable	 difficulty	 in	 diagnosing	 aortic	 arch	 abnormalities	 in	 premature	
infants.	Developing	normative	data	for	extremely	and	very	premature	children	is	of	great	
importance	 in	 order	 to	 provide	 the	 best	 possible	 care	 to	 these	 children.	 However,	
obtaining	 applicable	 normative	 data	 for	 this	 special	 group	 of	 patients	 might	 be	
problematic,	considering	their	very	small	body	size	and	correlating	aortic	arch	dimensions.	
The	objective	of	this	study	is	to	develop	normative	data	for	the	calculation	of	z-scores	and	
reference	 intervals	 for	 premature	 aortic	 arch	 structures,	 which	 can	 be	 used	 for	 the	
diagnosis	of	aortic	arch	pathology.	

MATERIALS	AND	METHODS	
Study	population		
The	study	population	consisted	of	385	premature	patients	with	a	gestational	age	varying	
from	24.3	to	31.9	weeks.	Data	for	this	study	were	derived	from	the	Ductus-study	cohort,	a	
study	in	progress,	designed	to	investigate	the	hemodynamic	significance	of	patent	ductus	
arteriosus	(PDA).	Data	were	prospectively	collected	at	the	neonatal	intensive	care	unit	of	
the	 Wilhelmina	 Children’s	 Hospital,	 a	 tertiary	 pediatric	 hospital	 in	 Utrecht,	 The	
Netherlands.	 Infants	 born	 alive	 between	 September	 2008	 and	 October	 2010,	 with	 a	
gestational	 age	 of	 24	 (the	 viability	 threshold	 in	 The	 Netherlands)	 to	 32	 weeks,	 a	 birth	
weight	 of	 2000	 grams	 or	 less	 and	 a	 structurally	 and	 functionally	 normal	 heart	 or	 non-
significant	 structural	 heart	 defects	 (e.g.	 very	 small	muscular	 VSD)	 on	 echocardiographic	
examination	 were	 included.	 Exclusion	 criteria	 were	 the	 existence	 of	 hemodynamically	
important	 congenital	 heart	 disease	 on	 (repeated)	 echocardiographic	 examination	 (i.e.	
Tetralogy	 of	 Fallot,	 transposition	 of	 great	 arteries	 and	 coarctation	 of	 the	 aorta),	
chromosomal	abnormalities	and	major	cerebral	congenital	malformations.	A	flowchart	of	
inclusion	and	missings	is	presented	in	figure	1.	Due	to	the	design	of	the	study	and	innate	
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to	the	study	population,	the	presence	of	a	PDA	or	patent	foramen	ovale	(PFO)	could	not	
be	controlled	for	in	analysis	and	was	considered	physiological.		

Figure	1.	 Inclusion	and	missings	across	 the	 study	population.	T	=	1,2	and	3	 represents	 the	 second,	 fourth	and	
sixth	day	after	birth	respectively.	

Echocardiographic	examination	and	aortic	arch	measurements	
Patients	underwent	 two-dimensional	 transthoracic	echocardiography	on	2,	4	and	6	days	
after	birth	(t=1,2	and	3	respectively).		The	echocardiograms	were	performed	by	a	pediatric	
cardiologist	or	experienced	cardiac	sonographer	according	to	a	standardized	protocol.	All	
echocardiographic	examinations	were	performed	on	a	Vivid	I	ultrasound	system	with	a	10	
and/or	 7	MHz	 transducer	 (GE	Medical	 Systems,	Wauwatosa,	WI).	 The	 echocardographic	
images	 were	 analyzed	 using	 EchoPAC	 version	 112	 (GE	 Medical	 Systems).	 Aortic	 arch	
diameters	were	measured	by	one	investigator	after	training	by	a	pediatric	cardiologist,	in	
accordance	with	 the	 guidelines	 on	 quantification	methods	 of	 pediatric	 echocardiograms	
by	 the	 American	 Society	 of	 Echocardiography.2	 The	 peak	 systolic	 dimensions	 of	 the	
ascending-,	 transverse-	 and	 descending	 aorta	 and	 the	 isthmus	 were	 measured	 from	
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suprasternal	views.	 (Figure	2.)	Due	 to	 suboptimal	 image	quality,	not	all	echoes	could	be	
used	for	analysis	in	this	study.	Missings	as	a	result	of	inadequate	image	quality	accounted	
for	93%,	80%	and	52%	of	all	missings	at	t=1,2	and	3	respectively.		
	

Figure	2.	Aortic	arch	diameters	in	a	suprasternal	long-axis	view	in	
mid	systole.		AA,	ascending	aorta;	TA,	transverse	aorta;	AI,	aortic	
isthmus;	DA,	descending	aorta;	BA,	brachiocephalic	artery;	LCCA,	
left	common	carotid	artery;	LSA	,Left	subclavian	artery.	

	

	

	

	

	

	

Interobserver	variability	
Interobserver	variability	was	examined	 to	determine	 reproducibility	of	measurements	 in	
offline	analysis	between	researchers.	A	subset	of	87	patients	was	selected	at	random	by	
the	 supervising	 pediatric	 cardiologist	 and	 measured	 a	 second	 time.	 The	 second	
measurement	 by	 the	 pediatric	 cardiologist	 was	 performed	 in	 the	 original	
echocardiographic	 images,	 blinded	 from	 previous	 results,	 and	 compared	 to	 the	 first	
measurements.		
	
Statistical	analysis	
A	 paired	 t-test	 was	 applied	 to	 analyze	 differences	 in	 paired	 measurements	 (t=1/2/3).	
Pearson’s	correlation	was	applied	to	find	a	possible	correlation	between	the	independent	
variables.	 The	 differences	 between	 neonates	 with	 and	 without	 PDA	 were	 determined	
through	 an	 unpaired	 student’s	 t-test.	 Spearman’s	 rho	 was	 applied	 to	 find	 a	 correlation	
between	 the	diameter	of	 the	PDA	and	 the	dimension	of	 the	 isthmus.	Body	 surface	area	
(BSA,	 calculated	 according	 to	 the	 Haycock	 formula3),	 birth	 weight,	 birth	 height	 and	
gestational	 age	 were	 used	 as	 independent	 variables	 in	 the	 regression	 analysis	 for	 the	
predicted	 mean	 value	 of	 the	 ascending-,	 transverse-	 and	 descending	 aorta,	 and	 the	
isthmus.	Birth	weight	was	stratified	into	five	groups:	≤1000,	1001-1250,	1251-1500,	1501-
1750	 and	 ≥1751	 gram.	 The	 correlation	 between	 birth	 weight	 classes	 and	 cardiac	
measurements	 were	 calculated	 through	 a	 Spearman	 rank.	 Reference	 intervals	 are	
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presented	as	mean	and	standard	deviation	(SD)	for	birth	weight	in	their	stratified	groups.	
Regression	analysis	was	performed	 in	 accordance	 to	 an	earlier	 study	on	 calculation	of	 z	
scores	of	cardiac	structures	by	Pettersen	et	al.4	A	linear,	logarithmic,	quadratic,	cubic	and	
logistic	model	were	considered	for	regression	analysis.	The	goodness	of	fit	of	the	data	to	
the	 regression	model	 is	 described	 by	 the	 coefficient	 of	 determination	 (R2).	 This	 statistic	
value	 ranges	 from	0	 to	1,	wherein	a	value	of	1	 represents	a	perfect	 fit	 and	a	value	of	0	
represents	no	fit	at	all.	BSA,	birth	weight,	birth	height	and	gestational	age	were	again	used	
as	 independent	 variables	 for	 the	 calculation	 of	 reference	 intervals	 for	 the	 aortic	 arch	
dimensions	 at	 the	 four	 anatomical	 sites	 of	 measurement.	 An	 intraclass	 correlation	
coefficient	 was	 calculated	 to	 analyze	 interobserver	 variability.	 Data	 analyses	 were	
performed	using	SPSS,	version	22	(International	Business	Machines	Corporation,	Armonk,	
New	York,	United	States).	A	p	value	<	0.05	was	considered	statistically	significant.	
	

RESULTS	
The	 mean	 gestational	 age	 was	 29.5±1.8	 weeks	 (range:	 24.3-31.9	 weeks),	 mean	 birth	
weight	was	1295±357	grams	(range:	530-2750	grams),	mean	birth	height	was	38±3.0	cm	
(range:	 26-47	 cm)	 and	 mean	 BSA	 was	 0.12±0.02	 m2	 (range:	 0.06-0.17	 m2).	 The	 male	 :	
female	ratio	was	evenly	distributed	(51	:	49	percent).	Baseline	characteristics	of	the	study	
population	are	presented	 in	table	1.	At	t=1,	53%	of	the	patients	had	a	PDA,	with	34%	at	
t=2	 and	 25%	 at	 t=3.	 No	 significant	 difference	 was	 found	 between	 the	 times	 of	
measurement	 (t=1/2/3)	 and	 the	 dimensions	 of	 the	measured	 aortic	 arch	 structures.	 No	
significant	relation	was	found	between	the	dimension	of	the	isthmus	and	existence	of	PDA	
on	 t=1	 (p=0.48),	 t=2	 (p=0.40)	 and	 t=3	 (p=0.21).	 A	 significant	 relation	 between	 the	
dimension	of	the	isthmus	and	the	diameter	of	the	PDA	was	absent	at	t	=	2	(p=0.11),	but	
present	 at	 t	 =	 1	 (p=0.01)	 and	 t	 =	 3	 (p=0.01).	 The	 expressions	 of	 size	 with	 the	 highest	
correlation	to	aortic	structure	dimensions	were	BSA	and	birth	weight	for	all	four	variables.	
Birth	weight	measurement	 is	part	of	 standardized	postpartum	analysis,	 easily	applicable	
and	usually	well	documented.	Considering	optimal	clinical	applicability,	birth	weight	was	
used	as	predicting	variable	in	the	regression	equations	for	calculation	of	z-scores.		

Figure	 3	 shows	 the	mean	 dimensions	 and	 95%	 confidence	 intervals	 for	 the	 ascending-,	
transverse-	and	descending	aorta	and	the	isthmus	at	t=1.	All	aortic	measurements	showed	
a	highly	significant	correlation	with	birth	weight	(P	<	0.001	for	the	ascending-,	transverse-	
and	 descending	 aorta	 and	 P	 <	 0.05	 for	 the	 isthmus)	 at	 t=1,	 t=2	 and	 t=3.	 The	 strongest	
correlation	was	 found	 for	 the	 ascending	 and	 the	 transverse	 aorta.	 Reference	 ranges	 for	
the	four	aortic	structures,	with	mean	and	SD,	according	to	body	weight	are	shown	in	table	
2.		
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Table	1.	Descriptive	statistics	of	 the	study	population.	GA,	gestational	age;	BW,	birth	weight;	BH,	birth	height;	
BSA,	body	surface	area;	SD,	standard	deviation.		

	 n	 Mean	(SD)	 Range	 	

GA	(weeks)	 387	 29.5	(1.8)	 24.3-31.9	 	

BW	(g)	 384	 1295	(357)	 530-2750	 	

BH	(m)	 347	 0.38	(0.03)	 0.26-0.47	 	

BSA	(m2)	 345	 0.12	(0.02)	 0.06-0.19	 	

	
	

In	absence	of	significant	differences	between	the	times	of	measurement	and	the	highest	
number	 of	 measurements	 at	 t=1,	 calculation	 of	 normal	 values	 was	 based	 on	
measurements	 made	 at	 t=1.	 The	 relationships	 between	 birth	 weight	 and	 the	 four	
echocardiographic	 measurements	 are	 presented	 in	 table	 3.	 The	 cubic	 model	 has	 the	
highest	 coefficient	 of	 determination	 for	 all	 dimensions	 and	 is	 therefore	 considered	 the	
best	predictive	model.		

	

Table	2.	Mean	and	standard	deviation	for	aortic	arch	dimensions	across	the	range	of	birth	weight	at		t	=	1.	AoAsc,	
ascending	aorta.	AoTrans,	transverse	aorta.	Isth,	isthmus.	AoDesc,	descending	aorta.	

Birth	
Weight	
(grams)	

n	 Valid	
n	

AscAo	 Valid	
n	

TransAo	 Valid	
n	

Isthmus	 Valid	
n	

DescAo	

<1000	 91	 63	 4.7	±	0.6	 59	 3.7	±	0.6	 52	 2.8	±	0.7	 44	 3.8	±	0.6	

1000-
1250	

94	 70	 5.2	±	0.8	 66	 3.9	±	0.5	 53	 2.9	±	0.7	 37	 3.8	±	0.6	

1250-
1500	

93	 71	 5.5	±	0.6	 64	 4.1	±	0.5	 54	 3.1	±	0.9	 40	 4.1	±	0.8	

1500-
1750	

60	 47	 5.7	±	0.7	 44	 4.3	±	0.6	 35	 3.1	±	0.8	 31	 4.3	±	1.0	

>1750	 47	 30	 6.3	±	0.7	 31	 4.6	±	0.8	 23	 3.6	±	1.0	 17	 4.9	±	1.2	
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Figure	3.	Error	plots	of	the	aortic	arch	dimensions	on	the	second	day	after	birth.	The	ascending-,	transverse-	and	
descending	aorta	and	the	isthmus	are	plotted	across	the	range	of	birth	weight,	stratified	in	five	groups	(1:	<1000,	
2:	1000-1250,	3:	1250-1500,	4:	1500-1750	and	5:	>1750	gram).	

The	 relation	between	 the	aortic	dimensions	and	birth	weight	 (BW)	was	described	 in	 the	
following	equation:		

Aortic	dimension	=	y	=	intercept		+	b1x	+	b2x2	+	b3x3		

Figure	4	presents	 the	scattered	plots	of	 the	measured	aortic	dimensions	plotted	against	
birth	weight.	The	form	of	the	equation	is:	

Estimated	measurement	=	intercept		+	b1*(BW)	+	b2*(BW)2	+	b3*(BW)	3	

Where	 b1,	 b2	 and	 b3	 are	 the	 constants	 and	 BW	 is	 birth	 weight	 in	 grams.	 Z	 can	 be	
calculated	with	the	following	equation:	

Z-score		 =	(measurement	-	estimated	measurement)/standard	error

In	 this	 equation	 the	 measurement	 is	 the	 measured	 dimension	 in	 two-dimensional	
echocardiography.	Insertion	of	data	from	table	3	provides	the	following	equation	for	the	
ascending	aorta:	
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Estimated	measurement	=	2.332	+	0.004*(BW)	-	1.258E-6*(BW)2	+	2.111E-10*(BW)	3	

Z-score		 =		(measurement	–	(2.332	+	0.004*(BW)	-	1.258E-6*(BW)2	+	2.111E-10*(BW)	3))/0,041

The	equations	 for	 the	ascending-,	 transverse-	and	descending	aorta	and	the	 isthmus	are	
provided	in	table	3.		

Table	3.	Regression	analysis	of	arch	dimensions	related	to	birth	weight.	b1,	b2	and	b3,	the	constants	of	the	
equation.	SE,	standardized	error.	R2,	coefficient	of	determination.	AoAsc,	ascending	aorta.	AoTrans,	transverse	
aorta.	Isth,	isthmus.	AoDesc,	descending	aorta.		

Intercept	 b1	 b2	 b3	 SE		
Error	

R2	

AoAsc	 2.332	 0.004	 -1.258E-6 2.111E-10	 0.62	 0.427	

AoTrans	 3.910	 -0.001 1.087E-6	 -1.321E-10 0.61	 0.305	

Isth		 2.994	 -0.001 1.360E-6	 -2.8381E-10 0.79	 0.109	

AoDesc		 4.131	 -0.002 2.799E-6	 -7.4607E-10 0.78	 0.177	

Interobserver	variability	analysis	of	paired	measurements	amongst	87	patients	(504	valid	
measurements)	 showed	 low	 interobserver	 variability,	 with	 an	 intraclass	 correlation	
coefficient	(95%	CI)	of	0.897	(0.787-0.942)	for	the	ascending	aorta,	0.844	(0.720-0.905)	for	
the	transverse	aorta,	0.818	(0.735-0.875)	for	the	isthmus	and	0.730	(0.540-0.831)	for	the	
descending	aorta.		

DISCUSSION	
Echocardiographic	measurement	of	aortic	dimensions	is	a	crucial	aspect	in	diagnostics	and	
treatment	of	 children	with	aortic	 arch	disorders.	 Interventional	decisions	often	 rely	 to	a	
large	 extend	 on	 these	measurements.	Measured	 aortic	 structures	may	 be	 compared	 to	
normal	values	to	determine	the	need	for	surgical	intervention.	Because	cardiac	structures	
grow	along	with	 the	maturation	of	 the	 child,	 the	 size	of	 the	 child’s	body	must	be	 taken	
into	 account.	 Despite	 the	 importance	 of	 these	 measurements	 in	 clinical	 practice,	 a	
comprehensive	set	of	normative	data	derived	from	a	large	cohort	of	patients	is	lacking	for	
prematurely	born	 infants.	Pettersen	et	al	published	normative	data	 for	a	 large	cohort	of	
term	born	children	(age	1	to	18	years).4	However,	independent	normative	data	for		
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Figure	4.	Scatter	plots	of	the	aortic	arch	dimensions	versus	birth	weight.		

extremely	and	very	premature	infants	is	necessary	in	order	to	provide	reference	values	for	
this	 unique	 patient	 group.	 Previously	 published	 studies	 have	 related	 the	 size	 of	 cardiac	
structures	to	BSA4–12,	height10–12	and	body	weight.10–13	Hanseus	et	Al.11	demonstrated	that	
weight	as	well	as	height	and	BSA	showed	a	strong	correlation	to	dimensions	of	the	aorta.	
In	this	study	BSA	and	birth	weight	showed	a	stronger	correlation	than	height.	This	might	
be	 explained	 by	 the	 fact	 that	 precise	 birth	 length	 is	 difficult	 to	 measure	 in	 premature	
infants.	In	daily	practice,	birth	height	is	often	based	on	estimation	or	not	measured	at	all,	
resulting	in	unreliable	or	absent	BSA	calculations.	Therefore,	equations	in	this	study	were	
derived	relating	cardiac	dimension	to	birth	weight.	

When	 comparing	 measurements	 to	 normative	 ranges,	 z-scores	 are	 often	 calculated	 to	
determine	the	extent	of	deviation	from	the	mean.2	Pettersen	et	Al.	provided	the	equations	
for	the	calculation	of	z-scores	for	term	born	infants,	children	and	adolescents.4	A	current	
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z-score	calculator,	made	available	the	Boston	Children's	group,	provides	z-scores	for	aortic
dimensions	 in	 premature	 infants	 by	 entering	 height	 and	 weight.	 However,	 data	 for
construction	of	 this	 calculator	 is	derived	 from	a	 cohort	of	 infants	with	a	birth	weight	of
2100	 grams	or	more.8	 The	 calculator	 is	 therefore	not	 equipped	 to	 calculate	 z-scores	 for
the	very	premature	patients	described	in	this	study.		The	current	study	provides	predicting
models,	 necessary	 for	 the	 development	 of	 z-score	 equations	 for	 very	 prematurely	 born
infants.

Dimensions	of	premature	aortic	arches	are	so	small	that	a	slight	variation	in	measurement	
can	have	a	relatively	large	impact	on	the	results.	This	is	reflected	in	a	fairly	low	goodness	
of	 fit	 of	 the	 analyzed	models.	 Furthermore,	 the	 patient	 group	 involved	 consists	 of	 very	
fragile	and	often	sick	patients	with	a	large	diversity	in	comorbidity	and	physique.	On	top	of	
that,	 the	prematurely	born	population	 shows	a	 vast	heterogeneity,	 and	maturation	of	 a	
prematurely	born	infant	may	not	be	predicted	sufficiently	by	solely	looking	at	age	or	body	
size.14,15	

This	 study	 showed	 no	 influence	 of	 existence	 of	 PDA	 on	 the	 aortic	 isthmus	 dimension,	
against	 what	 was	 expected	 in	 advance.	 Recent	 studies	 of	 the	 ductal	 and	 isthmus	
diameters	 in	 fetuses	 showed	 that	 these	 dimensions	 strongly	 correlate	 in	 utero.16,17	
However,	literature	on	the	relation	between	aortic	isthmus	size	and	existence	of	a	PDA	in	
newborns	 is	 scarce.	A	 study	by	Skelton	et	al.	 found	no	difference	 in	 flow	velocity	 in	 the	
ascending	 and	 descending	 aorta	 between	 preterm	 infants	 with	 and	 without	 PDA.18	
Although	 this	 study	 did	 not	measure	 isthmus	 diameter	 directly,	 the	 lack	 of	 influence	 of	
PDA	 on	 flow	 velocity	 might	 indicate	 that	 the	 diameter	 of	 the	 aortic	 lumen	 is	 not	
significantly	altered	by	the	existence	of	PDA.		

In	regard	to	the	reliability	of	the	results,	a	few	limitations	of	the	study	must	be	considered:	
Firstly,	the	echocardiograms	used	in	this	study	were	performed	by	different	cardiologists	
and	 echo	 technicians,	 allowing	 for	 operator	 dependent	 differences	 in	 measurements.	
However,	 this	 setting	 represents	 daily	 practice.	 To	 reduce	 the	 operator	 dependent	
differences	 in	 measurements,	 all	 echocardiograms	 were	 analyzed	 by	 the	 same	
investigator.	 Interobserver	 variability	 was	 examined,	 using	 a	 set	 of	 random	 control	
measurements	in	offline	analysis	by	the	supervising	pediatric	cardiologist.	Analysis	of	the	
two	 separate	 measurements	 suggests	 a	 low	 level	 of	 interobserver	 variability	 in	
measurements	of	 two-dimensional	echocardiographic	 images.	A	 considerable	amount	of	
missings	 occurred	 throughout	 the	 dataset,	 either	 because	 no	 echocardiographic	 images	
were	 available	 or	 because	 the	 quality	 of	 the	 images	 was	 insufficient	 for	 accurate	
measurement.	 Therefore,	 these	 patients	 were	 excluded	 from	 analysis.	 The	 amount	 of	
missings	probably	did	not	influence	the	results	of	the	study,	as	missings	most	occurred	at	
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random	 and	 the	 number	 of	 patients	 for	 each	measurement	 was	 sufficient	 for	 analysis.	
Although	measurement	of	aortic	arch	dimensions	was	not	the	primary	goal	of	the	Ductus-
study,	optimal	imaging	of	the	arch	was	pursued	as	part	of	this	study.	Imaging	of	the	arch	is	
therefore	considered	adequate	for	retrospective	dimension	analysis.		

	

CONCLUSION	
This	 study	 is	 the	 largest	 series	 to	 report	 dimensions	 all	 around	 the	 aortic	 arch	 in	
premature	 neonates,	 using	 contemporary	 high-resolution	 2D	 imaging.	 We	 present	
regression	equations	for	the	calculation	of	z-scores	and	reference	 intervals	 for	the	mean	
dimensions	and	variances	across	the	range	of	birth	weight.	These	reference	values	may	be	
used	 in	 clinical	 decision	 making	 for	 premature	 pediatric	 patients	 with	 aortic	 arch	
disorders.	
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ABSTRACT 	
Background:	Coarctation	of	the	aorta	(CoA)	can	be	treated	either	surgically	or	with	balloon	
angioplasty	(BA).	Long-term	follow-up	for	either	treatment	has	been	limited.	Our	objective	
was	to	compare	long-term	results	of	BA	and	surgery	for	treatment	of	native	CoA	in	
childhood.	

Methods:	Retrospective	cohort	study	of	patients	with	native	CoA	treated	with	BA	or	
surgery	between	3	months	and	16	years	of	age.	48	patients	filled	out	questionnaires	and	
approved	review	of	their	medical	records.	24	underwent	additional	testing,	including	24-
hour	ambulatory	blood	pressure	measurement,	cardiopulmonary	exercise	testing	and	
cardiac	magnetic	resonance	imaging.	Results	were	analyzed	cross-sectionally	and	
longitudinally.	

Results:	19	and	29	patients	received	BA	and	surgery	respectively.	Prevalence	of	
hypertension	and	aneurysms	was	similar	in	both	groups.	50%	of	patients	were	
hypertensive.	Two-thirds	of	patients	demonstrating	hypertension	were	not	receiving	
antihypertensive	medication.	Aneurysm	formation	had	occurred	in	1	BA	(5%)	and	1	
surgery	(3%)	patient.	The	BA	group	had	a	significantly	higher	risk	of	re-coarctation	(47%	
versus	24%)	and	re-intervention	(hazard	ratio	2.95,	95%	confidence	interval	1.04-8.32).	
Exercise	capacity	and	global	left	ventricular	function	were	preserved	in	both	groups	and	
not	significantly	different	after	correction	for	age.	Quality	of	life	was	good	to	excellent	in	
the	majority	of	patients.		

Conclusion:	After	CoA-repair	in	childhood,	most	patients	perform	well	in	daily	life.	
However,	on	the	long	term,	more	than	half	of	the	patients	develop	hypertension	and	
many	develop	re-CoA,	especially	in	those	who	underwent	BA.	Therefore,	we	do	not	
recommend	BA	for	the	treatment	of	native	CoA	in	children.	
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INTRODUCTION	
Aortic	coarctation	(CoA)	is	a	common	congenital	cardiac	lesion	in	children,	which	accounts	
for	 8-10%	 of	 all	 congenital	 heart	 defects.	 Untreated	 CoA	 causes	 morbidity	 and	 early	
demise	by	way	of	hypertension,	congestive	cardiac	 failure,	myocardial	 infarction,	 stroke,	
infective	 endocarditis	 and	 aortic	 rupture.1	 After	 initial	 repair	 several	 complications	may	
develop,	including	hypertension,	restenosis	and	aneurysmal	dilatation	of	the	repair	site.2;3	
However,	 the	 exact	 prevalence	 and	 potential	 adverse	 impact	 on	 outcome	 of	 these	
complications	are	largely	unknown.	

Open	 surgery	 was	 the	 only	 treatment	 for	 CoA	 until	 balloon	 angioplasty	 (BA)	 was	
introduced	as	an	alternative	therapy	in	the	1980s.4	Since	then,	aortic	angioplasty,	thought	
to	be	 safer	 and	 less	 invasive,	 has	been	adopted	 for	CoA	 therapy.	 In	 2005,	Cowley	et	 al.	
published	the	results	of	a	long-term,	randomized	trial	comparing	BA	and	surgery	for	native	
CoA	 in	 childhood.3	 They	 concluded	 that	 BA	 is	 associated	 with	 a	 higher	 incidence	 of	
aneurysm	 formation	 than	 surgery.	 Other	 studies	 found	 a	 higher	 incidence	 of	 re-CoA	 in	
children	 treated	 with	 BA	 compared	 to	 surgery.5;6	 Because	 of	 the	 suspected	 higher	
complication	rate,	BA	as	primary	therapy	for	CoA	has	become	controversial.	

However,	 in	 a	 study	 performed	 in	 our	 center,	 with	 a	 follow-up	 of	 1	 to	 10	 years,	 no	
differences	in	development	of	re-CoA	and	aneurysm	formation	were	observed.7	Whether	
long-term	 complication-rates(>10	 years)	 are	 similar	 as	 well	 remains	 unclear.	 If	 the	
incidence	 of	 re-CoA	 and	 aneurysm	 formation	 in	 patients	 treated	 with	 BA	 is	 indeed	 no	
higher	 than	 in	 surgical	 patients,	 re-introduction	 of	 this	 technique	 should	 be	 considered.	
This	 study	 therefore	 aimed	 to	 investigate	 the	 long-term	outcome	 after	 repair	 of	 CoA	 in	
childhood	 and	 compare	 the	 complication	 rate	 between	 patients	 treated	 with	 BA	 and	
surgery.	

	

METHODS	
Patients	
To	 investigate	 long-term	 outcome	 of	 treatment	 of	 CoA	 in	 childhood,	 we	 performed	 a	
retrospective	 cohort	 study.	Only	 patients	with	 coarctation	of	 the	 localized	membranous	
form	were	included.	Patients	with	isthmus	hypoplasia,	defined	as	an	isthmus	diameter	less	
than	 40%	 of	 the	 diameter	 of	 the	 ascending	 aorta,	 nor	 arch	 hypoplasia,	 defined	 as	 a	
proximal	or	distal	transverse	arch	diameter	 less	than	60%	or	50%	of	the	diameter	of	the	
ascending	 aorta,	 respectively,	 were	 excluded.	 Other	 inclusion	 criteria	 were:	 first	 CoA	
procedure	between	3	months	 and	16	 years	of	 age	 and	a	 follow-up	of	 at	 least	 10	 years.		
Children	who	 had	 their	 first	 CoA	 procedure	 before	 the	 age	 of	 3	months	were	 excluded	
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from	 this	 study,	 because	 all	 (88)	 of	 these	 patients	 had	 severe	 CoA,	 and	 had	 a	 duct-
dependent	systemic	circulation	and	moderate	to	severe	left	ventricular	dysfunction.	All	of	
these	patients	underwent	surgery.	Consequently,	 inclusion	of	cases	below	three	months	
of	age	would	 result	 in	different	patient	 characteristics	between	surgery	and	BA	patients	
and	 would	 result	 in	 confounding	 by	 indication.	 We	 excluded	 patients	 with	 severe	
associated	congenital	heart	defects	(e.g.,	hypoplastic	left	heart	syndrome,	transposition	of	
the	great	arteries).	BA	was	performed	between	1990	and	2001.	Before	1990	only	surgery	
was	 performed.	After	 2001,	 surgery	 or	 BA	with	 stent	 placement	 (in	 the	 case	 of	 re-CoA)	
was	 performed.	 Consequently,	 treatment	 (surgery	 or	 BA)	 was	 determined	 by	 date	 of	
intervention	and	not	by	severity	of	the	stenosis	or	other	patient	characteristics.	Because	
the	two	groups	of	patients	were	not	contemporary,	the	surgery	patients	were	older	and	
had	 a	 longer	 follow-up	 than	 the	 BA	 patients	 at	 the	 time	 of	 this	 study.	 Patients	 who	
underwent	BA	with	stent	placement	for	native	CoA	were	excluded	from	this	study.		
	
Recruitment	
All	patients	who	underwent	primary	repair	of	CoA	in	our	hospital	between	3	months	and	
16	years	of	age	between	1969	and	2004	were	asked	to	participate	 in	our	study.	Patients	
were	 asked	 to	 fill	 out	 a	 questionnaire	 and	 undergo	 several	medical	 tests,	 including	 24-
hour	ambulatory	blood	pressure	measurement,	cardiopulmonary	exercise	testing	(CPET),	
cardiac	magnetic	resonance	(CMR)	imaging	and	echocardiography.	Patients	who	declined	
to	undergo	medical	testing	were	asked	to	only	fill	out	the	questionnaires.	This	study	was	
approved	 by	 the	 Medical	 Ethics	 Committee	 of	 the	 University	 Medical	 Center	 Utrecht	
(NL39345.041.12).		
	
Primary	interventions	
BA	was	 carried	out	 under	 complete	 anesthesia.	 There	were	no	 important	 differences	 in	
technique	or	equipment	over	 the	study	period.7	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	3	times,	to	optimize	the	final	result.	A	
catheter	 was	 passed	 over	 the	 guide	 wire	 to	 measure	 aortic	 pressures	 and	 perform	 an	
angiogram.	The	procedure	was	repeated	using	a	larger	balloon	diameter	when	the	result	
was	unsatisfactory.	The	size	of	the	balloon	did	not	exceed	the	aortic	diameter,	measured	
at	the	level	of	the	diaphragm,	initially,	and	(if	necessary)	in	a	secondary	stage	not	by	more	
than	2mm.	Three	different	surgical	procedures	were	performed.	The	majority	underwent	
coarctectomy	with	end-to-end	anastomosis	or	patch	angioplasty.	One	patient	received	an	
interposition	graft.	
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Testing	
CMR	studies	were	performed	on	a	1.5	T	scanner	(Ingenia	R4.1.2;	Philips	Healthcare,	Best,	
The	Netherlands).	Stenosis	or	dilatation	at	 the	 repair-site	was	determined	by	comparing	
the	 aortic	 diameter	 at	 the	 repair	 site	 relative	 to	 the	 aortic	 diameter	 at	 the	 level	 of	 the	
diaphragm,	the	“Repair	site-diaphragm	Ratio”,	or	“RDR”,	expressed	as	a	percentage.8;9	Any	
stenosis	 was	 defined	 as	 RDR≤70%	 or	 less	 and	 significant	 (moderate-severe)	 stenosis	 as	
RDR≤50%.	 Dilatation	 was	 defined	 as	 RDR>150%.	 The	 dimensions	 of	 discrete	 dilatations	
were	 measured	 in	 2	 orthogonal	 orientations	 and	 the	 largest	 diameter	 was	 used.	
Volumetric	analysis	including	left	ventricular	ejection	fraction	(LVEF)	and	mass	(indexed	to	
body	 surface	 area)	 was	 performed	 offline	 using	 QMass	 Enterprise	 Solution	 	 (Medis	
Medical	Imaging	Systems,	Leiden,	The	Netherlands).		
Patients	underwent	CPET	according	to	the	Godfrey	protocol.10	CPET	was	performed	on	an	
electronically	 braked	 upright	 cycle	 ergometer	 (Lode	 Corival,	 Lode	 bv,	 Groningen,	 The	
Netherlands),	 which	 is	 calibrated	 annually.	 Throughout	 the	 test,	 patients	 breathed	
through	 a	 face-mask	 (Hans	 Rudolph	 Inc,	 USA)	 connected	 to	 a	 calibrated	metabolic	 cart	
(ZAN	 600,	 Accuramed	 bvba,	 Lummen,	 Belgium).	 Volume	measurements	 and	 breath-by-
breath	 respiratory	 gas	 analyses	were	performed	with	a	 flow	meter	 and	gas	 analyzer	 for	
oxygen	and	carbon	dioxide.	Oxigen	output	 (VO2),	 carbon	dioxide	output	 (VCO2),	and	 the	
respiratory	 exchange	 ratio	 (RER)	 were	 automatically	 calculated	 using	 conventional	
equations.	Heart	rate	(HR)	and	oxygen	saturation	were	measured	continuously	with	a	12-
lead	 electrocardiogram	 (Spacelabs	 Cardioperfect,	 itMedical,	 Veenendaal,	 The	
Netherlands)	 and	 pulse	 oximeter	 (Masimo	 Rad8,	Masimo	 BV,	 Tilburg,	 The	 Netherlands)	
fitted	on	the	forehead.	The	pulse	oximeter	was	verified	with	the	ECG	heart	rate.	Results	
were	only	included	for	analysis	when	exercise	was	performed	to	exhaustion,	with	maximal	
effort	defined.11	Subjective	signs	of	maximal	effort	were	unsteady	biking,	sweating,	facial	
flushing,	 and	 clear	 unwillingness	 to	 continue	 despite	 strong	 verbal	 encouragement	 and	
objective	 signs	 of	 maximal	 effort	 were	 a	 peak	 RER>	 1.0	 or	 1.1	 for	 children	 and	 adults	
respectively.	The	test	was	terminated	when	the	participant	could	no	longer	maintain	the	
minimum	 required	 pedaling	 rate	 of	 50	 revolutions.min-1.	 Peak	 aerobic	 capacity	 was	
calculated	as	 the	peak	oxygen	uptake	averaged	over	 the	 last	30	seconds	of	 the	 test	and	
expressed	 as	 VO2peak	 corrected	 for	 body	 weight	 (VO2peak/kg;	 ml.kg-1.min-1).	 Maximal	
exercise	 values	were	 expressed	 as	 a	 percentage	 of	 predicted	 (VO2peak/kg%pred)	 using	
reference	values	of	healthy	Dutch	adolescents	who	were	tested	using	the	same	protocol	
and	equipment,	except	for	peak	blood	pressure,	for	which	German	reference	values	were	
used.12	Hypertension	was	defined	as	a	mean	24-hour	ambulatory	blood	pressure	>135/80	
mm	 Hg	 for	 adults13	 and	 an	 SDS	 score	 >2	 for	 children.14	 Ambulatory	 blood	 pressure	
measurement	 was	 performed	 according	 to	 the	 protocol	 of	 the	 European	 Society	 of	
Hypertension.15	 Patients	 filled	 out	 specifically	 designed	 questionnaire	 on	 their	 medical	
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history,	 current	 health	 and	 cardiovascular	 risk	 factors,	 as	 well	 as	 a	 Short	 Form	 36	
questionnaire	to	assess	quality	of	life.			
	
Statistics	
Differences	 in	 outcome	 between	 patients	 treated	 with	 BA	 and	 surgery	 were	 analyzed	
using	 Student’s	 T	 test	 for	 normally	 distributed	 continuous	 outcomes,	 Mann-Whitney	 U	
test	 for	 non-normally	 distributed	 continuous	 variables,	 and	 Chi	 square	 test	 for	
dichotomous	variables.	Kaplan–Meier	curves	were	constructed	to	determine	intervention	
free	survival	in	both	groups.	Differences	in	survival	were	analyzed	using	a	Cox	proportional	
hazards	model.	Test	results	with	a	P-value	 less	than	0.05	were	considered	significant.	All	
analyses	were	performed	using	IBM	SPSS	Statistics,	version	12.	
	

RESULTS	
A	total	of	72	patients	were	asked	to	participate.	48	of	them	filled	out	questionnaires	about	
their	past	and	current	medical	situation	and	gave	consent	to	review	their	medical	records	
for	this	study.	24	patients	agreed	to	undergo	additional	testing,	including	MRI	and	exercise	
testing.	 There	 were	 no	 differences	 in	 baseline	 characteristics	 and	 outcome	 parameters	
between	 the	 patients	 that	 filled	 out	 the	 questionnaires	 and	 the	 participants	 of	 the	
additional	testing.	Of	the	48	patients,	19	received	BA	as	primary	treatment	for	CoA,	and	29	
received	surgery	(Table	1).	Of	these	29	patients,	20	underwent	coarctectomy	with	end-to-
end	anastomosis,	15	patch	angioplasty,	1	received	an	interposition	graft	and	in	3	patients	
the	exact	surgical	procedure	could	not	be	retrieved.	Age	at	the	first	procedure	was	similar	
in	both	groups	 (~5	years).	Since	BA	was	not	performed	before	1990,	 the	year	of	birth	 in	
the	BA	group	was	higher	and	the	mean	duration	of	follow-up	was	shorter	compared	to	the	
surgery	 group.	 There	 was	 no	 statistically	 significant	 difference	 in	 the	 prevalence	 of	
bicuspid	aortic	valve	or	other	cardiac	anomalies	between	the	2	groups	(Table	2).	

Table	1.	Characteristics	of	the	study	population.	BA,	balloon	angioplasty.	SD,	standard	deviation.	

	

BA	

(n=19)	

Surgery	

(n=29)	

Total	

(n=48)	

P-value	

	

Gender	(male,	%)	 18	(95)	 13	(45)	 31	(65)	 <0.001	

Year	of	birth	 1992	(7)	 1979	(10)	 1984	(11)	 <0.001	

Age	at	first	procedure	(y,	SD)	 4.9	(5.2)	 5.4	(4.7)	 5.2	(4.9)	 0.69	

Age	at	study	(y,	SD)	 22.0	(7.3)	 34.3	(10.2)	 29.4	(10.9)	 <0.001	

Years	of	follow-up	(SD)	 17.1	(2.9)	 28.8	(9.7)	 24.2	(9.6)	 <0.001	

Full	study	participation	(%)	 10	(53)	 14	(48)	 24	(50)	 0.77	
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Table	2.	Presence	of	associated	anomalies	in	study	population.	BA,	balloon	angioplasty.		

	

BA	

(n=19)	

Surgery	

(n=29)	

Total	

(n=48)	

P-value	

	

Bicuspid	aortic	valve	(%)	 10	(53)	 13	(45)	 31	(65)	 0.60	

Other	cardiac	anomaly	(%)	 4	(21)	 6	(21)	 10	(21)	 0.98	

Aortic	stenosis	(valvular)	 1	 0	 1	 	

Aortic	stenosis	(subvalvular)	 0	 1	 1	 	

Atrial	septal	defect	 1	 1	 2	 	

Ventricular	septal	defect	 1	 4	 5	 	

Mitral	valve	dysplasia	 1	 0	 1	 	

Turner	syndrome	 0	 2		 2	 0.51*	

*Fisher’s	exact	test		

	

Table	 3.	 The	 presence	 of	 CoA	 related	 complications	 (obtained	 from	 questionnaires	 and	medical	 records).	 BA,	
balloon	angioplasty.		

	

BA	

(n=19)	

Surgery	

(n=29)	

Total	

(n=48)	

P-value	

	

Hypertension,	ever	(%)	 9	(47)	 15	(55)	 25	(52)	 0.60	

Hypertension,	now	(%)	 4	(21)	 9	(31)	 13	(27)	 0.45	

Re-CoA	(%)	 9	(47)	 7	(24)	 15	(31)	 0.09	

Aneurysm	(%)	 1	(5)	 1	(3)	 2	(4)	 0.76	

Second	CoA	procedure	(%)	 9	(47)	 7	(24)	 16	(33)	 0.09	

Third	CoA	procedure	(%)	 2	(11)	 1	(3)	 3	(6)	 0.56*	

*Fisher’s	exact	test		

More	than	half	of	the	patients	reported	to	have	experienced	hypertension	at	some	point	
after	 repair	 (Table	3).	 This	was	not	different	between	 the	2	 groups.	 There	was	a	higher	
prevalence	 of	 re-CoA	 in	 the	 BA	 group	 compared	 to	 the	 surgery	 group	 (47%	 and	 24%,	
respectively),	but	this	difference	was	not	statistically	significant	(p=0.09).	All	patients	with	
re-CoA	 underwent	 re-intervention.	 Two	 patients	 in	 the	 BA	 group	 and	 1	 patient	 in	 the	
surgery	group	underwent	a	third	procedure.	Aneurysm	formation	was	rare	in	our	patients:	
only	 2	 patients	 (1	 BA	 and	 1	 surgery)	 had	 developed	 an	 aneurysm	 according	 to	 their	
medical	records.	Re-intervention	free	survival	is	displayed	in	Figure	1.		
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Figure	1.	Intervention	free	survival	after	the	first	procedure	for	CoA	in	children	between	3	months	and	16	years	
of	age,	managed	with	BA	(blue)	and	surgery	(red).	Hazard	ratio	2.95,	95%	confidence	interval	1.04-8.32.	

	
BA	patients	had	a	significantly	higher	risk	of	re-intervention	compared	to	surgery	(hazard	
ratio	2.95,	95%	confidence	interval	1.04-8.32).	Twenty	years	after	the	first	procedure,	54%	
of	the	BA	group	and	22%	of	the	surgery	group	had	undergone	a	second	intervention.		
The	average	time	between	the	first	and	the	second	intervention	was	14	years	(range:	2	-	
40	years).	The	types	of	interventions	and	re-interventions	are	displayed	in	Figure	2.	
The	quality	of	life	of	patients	with	CoA	did	not	seem	to	be	affected.	Quality	of	life	was	very	
good	 or	 excellent	 in	 50%	 and	 47%	 and	 good	 in	 50%	 and	 42%,	 for	 BA	 and	 surgery	
respectively.	Quality	of	life	was	moderate	in	10%	of	the	surgery	patients,	but	all	of	these	
patients	also	suffered	from	non-cardiac	diseases.	
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Figure	2.	Interventions	and	re-interventions	in	48	patients	with	CoA,	treated	with	balloon	angioplasty	or	surgery	
between	3	months	and	16	years	of	age.	

	

Additional	testing	
The	mean	age	(SD)	of	the	participants	at	the	day	of	study	was	significantly	lower	in	the	BA	
group	compared	to	the	surgery	group	(22.3	(6.7)	and	35.9	(8.8)	years,	respectively).		

Half	 of	 the	 patients	 who	 underwent	 additional	 testing	 had	 hypertension	 on	 24-hour	
ambulatory	blood	pressure	 testing	 (Table	4).	 This	did	not	differ	between	groups.	Only	4	
(33%)	 of	 the	 hypertensive	 patients,	 diagnosed	 with	 ambulatory	 blood	 pressure	
measurement,	were	using	anti-hypertensive	medication.	One	patient	in	the	surgery	group	
had	a	mild	stenosis	at	the	CoA	repair	site	and	1	patient	in	the	BA	group	had	a	significant	
re-stenosis	and	was	referred	for	BA	with	stent	placement.	Only	1	patient	(surgery	group)	
had	a	dilatation	and	aneurysm	at	the	repair	site.	Two	patients	in	the	surgery	group	had	a	
decreased	 LVEF	 and	 the	 average	 LVEF	 was	 significantly	 lower	 in	 the	 surgery	 group	
compared	 to	 the	 BA	 group.	 At	 cardiopulmonary	 exercise	 testing,	 BA	 patients	 reached	 a	
significantly	higher	peak	heart	 rate	and	a	higher	peak	work	 rate	 (Table	4).	 Furthermore,	
they	had	a	better	aerobic	capacity.	However,	when	corrected	for	age,	height	and	gender,	
no	 significant	 differences	 were	 found	 between	 the	 two	 groups.	 Mean	 systolic	 blood	
pressure	at	peak	exercise	as	percentage	of	predicted	 (SD)	was	102	 (14)%.	There	was	no	
significant	 difference	 in	 peak	 systolic	 blood	 pressure	 between	 BA	 and	 surgery	 (p=0.64).	
Five	 (4	 BA	 and	 1	 surgery)	 of	 the	 24	 participants	 indicated	 that	 they	 were	 not	 under	
medical	 follow-up	 because	 they	 thought	 their	 disease	 had	 been	 cured	 and/	 or	 had	 no	
medical	complaints.	Two	of	them	(40%)	had	hypertension.	
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Table	 4.	 Test	 results	 of	 24-hour	 ambulatory	 blood	 pressure	measurement,	 cardiac	MRI	 and	 cardiopulmonary	
exercise	 testing.	 Abbreviations:	 BA,	 balloon	 angioplasty.	 MRI,	 magnetic	 resonance	 imaging.	 LV,	 left	 ventricle;	
HRpeak,	peak	heart	rate;	RERpeak,	peak	respiratory	exchange	rate;	VO2peak,	peak	oxygen	uptake;	Wpeak,	peak	
workload;	BP,	blood	pressure;	VE/VCO2–slope,	minute	ventilation	carbon	dioxide	production	relationship.	
	

	

BA	

(n=10)	

Surgery	

(n=14)	

Total	

(n=24)	

	

P-value	

Hypertension	(%)	 5	(50)	 7	(50)	 12	(50)	 1.0*	

Aortic	arch	abnormality	(MRI)	 	 	 	 	

Any	stenosis	(%)*	 1	(10)	 1	(7)	 2	(8)	 1.0**	

Significant	stenosis	(%)*	 1(10)	 0	(0)	 1	(4)	 0.42**	

Dilatation	(%)*	 0	(0)	 1	(7)	 1	(4)	 1.0**	

Aneurysm	(%)	 0	(0)	 1	(7)	 1	(4)	 1.0**	

Function	of	LV	(MRI)	 	 	 	 	

Ejection	fraction	(%)	 60.9	(3.8)	 56.9	(4.8)	 58.7	(4.7)	 0.05	

Ejection	fraction	<55%	(%)	 0	(0)	 2	(17)	 2	(9)	 0.48**	

Maximal	exercise		 	 	 	 	

HRpeak	(beats/min)	 190	(14)	 171	(19)	 179	(19)	 0.02	

RERpeak	 1.13	(0.11)	 1.12	(0.07)	 1.13	(0.09)	 0.85	

Wpeak/kg	(W/kg)	 3.88	(0.64)	 2.97	(0.93)	 3.36	(0.92)	 0.02	

Wpeak	(%	of	predicted)	 107	(24)	 114	(22)	 111	(22)	 0.53	

VO2peak	(mL/min/kg)	 46.3	(8.8)	 36.3	(12.5)	 40.7	(11.9)	 0.05	

VO2peak	(%	of	predicted)	 107	(19)	 102	(23)	 105	(21)	 0.58	

Peak	O2	pulse	(%	of	predicted)	 107	(21)	 106	(24)	 106	(22)	 0.98	

Peak	systolic	BP	(mmHg)	 214	(17)	 201	(27)	 207	(24)	 0.21	

Peak	systolic	BP	(%	of	predicted)	 101	(10)	 103	(17)	 102	(14)	 0.64	

VE/VCO2	-slope	 22.8	(4.6)	 24.3	(4.6)	 23.6	(4.6)	 0.45	

*Any	 stenosis:	 repair	 site-diaphragm	 ratio	 (RDR)≤70%;	 significant	 (moderate-severe)	 stenosis:	 RDR≤50%;	
dilatation:	RDR>150%.	**Fisher’s	exact	test.		

	
DISCUSSION	
This	 study	on	 the	 long-term	outcome	of	 patients	 treated	 for	CoA	between	 the	 age	of	 3	
months	 and	 16	 years	 demonstrated	 that	 the	 prevalence	 of	 hypertension	 and	 re-
coarctation	is	high.	In	contrast	to	previous	studies,	the	prevalence	of	aneurysm	formation	
is	 low,	 even	 in	 the	 BA	 group.	However,	 patients	 treated	with	 BA	 have	 a	 3	 times	 higher	
hazard	for	re-intervention	compared	to	surgery.	CoA	intervention	does	not	seem	to	affect	
global	cardiac	function	and	exercise	capacity	many	years	after	the	intervention.	Although	
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LVEF	was	significantly	lower	in	the	surgery	group	compared	to	BA,	mean	LVEF	was	within	
normal	range	(>55%)	in	both	groups.	

As	 a	 less	 invasive	 treatment,	 BA	 was	 expected	 to	 replace	 surgery	 in	 treating	 CoA.	
However,	the	number	of	randomized	trials	comparing	BA	and	surgery	is	still	limited.	In	the	
past	years,	several	observational	reports	and	case-matched	studies	have	been	published,	
but	the	number	of	patients	enrolled	in	each	trial	is	small,	and	the	statistical	power	of	most	
trials	is	too	low	to	document	significant	differences	in	clinical	outcomes	between	surgery	
and	BA.	Therefore,	the	issue	of	whether	BA	could	take	the	place	of	surgery	is	still	a	matter	
of	debate.		

In	an	earlier	study	from	our	center	on	the	short	term	results	(mean	follow-up	of	7	years)	
of	 treatment	 of	 CoA	 in	 children,	 there	was	 no	mortality	 and	 no	 differences	 in	 pressure	
gradient	decrease	and	morbidity	were	found	between	BA	and	surgery.7	A	meta-analysis	on	
the	outcomes	BA	 versus	 surgery	 for	native	CoA	was	 recently	published.16	 The	quality	of	
the	 evidence	 ranged	 from	 very	 low	 to	 moderate	 for	 the	 following	 reasons:	 (1)	 lack	 of	
allocation	 concealment	 and	 blinding,	 (2)	 small	 number	 of	 patients,	 and	 (3)	 publication	
bias.	 The	 investigators	 included	 9	 studies.	 After	 >1	 year	 of	 follow-up	 23	 out	 of	 147	 BA	
patients	 (15.6%)	 and	 3	 out	 of	 228	 surgery	 patients	 (1.3%)	 had	 developed	 an	 aneurysm	
(p=0.0001).	 However,	 there	 was	 a	 significant	 variation	 in	 aneurysm	 formation	 between	
studies,	 varying	 between	 0%	 and	 44%	 in	 the	 BA	 group	 and	 0	 and	 13%	 in	 the	 surgery	
group.15	 One	 explanation	 for	 the	 enormous	 variation	 in	 aneurysm	 formation	 in	 the	 BA	
group	 is	differences	 in	BA	technique	between	centers,	 including	type	of	balloon,	balloon	
size,	balloon	pressure,	and	number	of	inflations.	In	our	population	only	5%	of	BA	patients	
developed	an	aneurysm.	Unfortunately,	we	were	not	able	to	compare	BA	technique	in	our	
center	 with	 the	 technique	 of	 the	 center	 with	 the	 highest	 prevalence	 of	 aneurysms,	
because	 the	 technique	 was	 not	 described	 in	 that	 study.17	 Variation	 in	 prevalence	 of	
aneurysms	could	also	be	explained	by	differences	in	screening	for	aneurysm	formation.	In	
a	previous	study	from	our	center,	patients	were	screened	with	echocardiography,	which	is	
a	 less	sensitive	method	for	detection	of	aneurysms	than	CT	or	MRI.18	Most	other	studies	
used	CT,	MRI	or	angiography	 to	screen	 for	aneurysms.	However,	patients	 in	 this	current	
study,	 who	 underwent	 CMR	 imaging	 for	 the	 detection	 of	 aneurysms,	 also	 had	 a	 low	
prevalence	 of	 aneurysms:	 0	 patients	 in	 the	 BA	 group	 and	 1	 in	 the	 surgery	 group.	
Furthermore,	the	age	at	primary	repair	may	play	a	role.	In	some	studies	the	results	were	
biased,	because	 surgery	was	performed	 in	younger	 children	and	BA	 in	older	 children.	 In	
our	study,	we	excluded	patients	<3	months	of	age,	and	there	was	no	significant	difference	
in	age	at	the	first	procedure	between	the	two	groups.	Finally,	confounding	by	 indication	
may	 play	 a	 role:	 in	 several	 studies,	 patients	 with	 less	 severe	 CoA,	 and	 consequently	 a	
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lower	 risk	 for	 aneurysm	 formation,	 received	BA,	whereas	more	 severe	 cases	underwent	
surgery.	 The	 previous	 study	 from	 our	 center	 has	 demonstrated	 that	 there	 are	 no	
differences	in	baseline	aortic	gradient	between	the	BA	and	surgery	in	our	patients.7	

In	 a	 meta-analysis	 of	 4	 studies	 on	 the	 development	 of	 re-CoA	 >5	 years	 after	 BA	 and	
surgery,	 31	 out	 of	 103	 (30%)	 patients	 and	 48	 out	 of	 176	 (27%),	 respectively,	 had	
developed	re-CoA	(p=0.11).	In	our	study	a	significant	difference	in	re-CoA	was	also	absent.	
However,	this	lack	of	difference	could	be	due	to	longer	follow-up	in	the	surgery	group,	and	
a	consequently	longer	time	span	to	develop	re-CoA	in	these	patients.	Longitudinal	analysis	
of	 re-interventions	 for	 re-CoA	 showed	 a	 3	 times	 higher	 hazard	 for	 re-intervention	 in	
patients	who	underwent	BA	compared	to	patients	who	underwent	surgery.		
The	 arguments	 for	 the	 observed	 differences	 in	 prevalence	 of	 aneurysms	 apply	 for	 the	
difference	 in	prevalence	of	 re-CoA	as	well.	 Less	 aggressive	BA	 in	our	patients	may	have	
resulted	 in	 a	 higher	 risk	 to	 develop	 re-CoA	 and	 a	 lower	 risk	 to	 develop	 an	 aneurysm	
compared	to	other	studies.	The	prevalence	of	re-CoA	in	our	patients,	both	in	the	BA	and	
surgery	 group	 is	 relatively	 high	 compared	 to	 other	 studies.3;19	 This	 difference	 could	 be	
explained	by	a	significantly	longer	follow-up	in	our	patients	(mean	follow-up	of	24	years).				
Hypertension	 is	 a	 frequent	 complication	 in	 patients	 with	 CoA.	 More	 than	 half	 of	 our	
patients	experienced	hypertension	after	CoA	repair.	This	hypertension	could	be	due	to	re-
CoA,	but	several	patients	without	re-CoA	were	also	hypertensive.	Even	in	the	infant	CoA-
population,	 hypertensive	 changes	 have	 been	 described	 in	 the	 vasculature	 of	 the	 aortic	
arch,	which	may	explain	the	development	of	hypertension	in	some	children	despite	early	
and	successful	CoA	repair.	20	There	was	no	difference	in	hypertension	between	the	BA	and	
surgery	group,	but	these	results	may	be	confounded	by	a	higher	age	of	the	surgery	group.	
Unfortunately	the	number	of	patients	 included	did	not	allow	for	correction	for	age	using	
multivariate	analysis.	

Only	one	third	of	 the	patients	who	showed	hypertension	on	24	hours	ambulatory	blood	
pressure	measurement	were	using	anti-hypertensive	medication.	Most	of	 these	patients	
were	unaware	of	their	hypertension.	Furthermore,	some	patients	were	not	under	medical	
follow-up	 and	had	not	 seen	 a	 doctor	 for	more	 than	 5	 years.	 40%	of	 these	 patients	 had	
hypertension.	This	stresses	the	importance	of	careful	 life-long	follow-up	of	patients	after	
CoA	repair,	with	regular	24	hours	ambulatory	blood	pressure	measurements.	
On	average,	patients	showed	good	global	systolic	function	of	the	left	ventricle.	LVEF	was	
lower	 in	the	surgery	group,	which	was	 likely	due	to	the	higher	age	of	the	surgery	group,	
with	mean	 LVEF	within	 normal	 range.	 The	 participants	 of	 our	 study	 performed	well	 on	
CPET.	The	mean	aerobic	capacity	was	105%	of	predicted	and	the	peak	workload	was	111%	
of	predicted.	After	 correction	 for	 age	and	gender,	 there	was	no	 significant	difference	 in	
results	between	the	two	procedures.	Mean	peak	systolic	blood	pressure	was	only	102%	of	
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predicted.	This	is	probably	due	to	the	reference	values	used,	which	correct	for	peak	work	
load.12	Since	our	participants	had	a	peak	work	 load	 that	was	above	average	 (111%),	 the	
peak	 blood	 pressure	 measurements	 as	 a	 percentage	 of	 predicted	 are	 likely	
underestimated.	 Peak	 oxygen	 uptake	was	 similar	 in	 both	 groups.	 Patients	 in	 our	 cohort	
showed	 a	 relatively	 high	 oxygen	 uptake	 compared	 to	 earlier	 reported	 data	 on	
cardiopulmonary	exercise	testing	 in	CoA	patients.21	No	significant	difference	was	seen	 in	
the	 VE/VCO2-slope	 between	 BA	 and	 surgery	 (p=0.46).	 A	 higher	 VE/VCO2-slope	 is	 a	 risk	
factor	 for	 development	 of	 hypertension.	 However,	 the	 mean	 VE/VCO2-slope	 remained	
within	normal	range	(<27)	in	both	groups.21	Coarctation	patients	have	the	highest	exercise	
capacity	 among	 Grown	 Ups	 with	 Congenital	 Heart	 defects	 (GUCH)	 patients.22	 However,	
our	values	are	significantly	higher	than	previously	reported	in	CoA	patients.22	

The	 present	 study	 was	 limited	 to	 a	 retrospective	 analysis	 with	 unbalanced	 patient	
numbers	 in	 the	 2	 groups.	 The	 relatively	 small	 sample	 size	 in	 the	 BA	 group	might	 have	
reduced	 the	power	 to	detect	differences	between	 the	2	groups.	Additionally,	 the	higher	
age	in	the	surgery	group	at	time	of	this	study	may	have	resulted	in	an	overestimation	of	
complications	 compared	 to	 the	BA	 group.	 Thus,	 the	potential	 bias	might	 have	 relatively	
optimized	the	results	for	the	BA	group.	
	

CONCLUSION	
This	 study	 on	 the	 long-term	 follow-up	 after	 CoA-repair	 in	 childhood	 demonstrates	 that	
most	patients	are	doing	well	in	daily	life,	with	a	good	exercise	capacity	and	a	good	quality	
of	life.	However,	more	than	half	of	the	patients	develop	hypertension	and	a	large	number	
of	 patients	 develop	 re-CoA,	 especially	 those	 who	 underwent	 BA	 (three	 times	 higher	
hazard).	Based	on	these	results	we	do	not	recommend	BA	as	primary	therapy	for	native	
CoA.	Angioplasty	with	intravascular	stent	placement	had	become	a	possible	alternative	to	
BA	and	surgery.	Stent	placement	has	the	advantage	of	being	less	invasive	than	surgery	and	
having	lower	complication	rates	than	BA.17	Furthermore,	it	is	recommended	as	first	choice	
treatment	of	CoA	 in	adults	with	CoA.23	With	new	expandable	stents,	 this	 treatment	may	
also	be	a	good	option	for	children.	However,	due	to	somatic	growth	of	children,	there	is	a	
need	 for	 further	 redilatation	 after	 stent	 implantation.24	 Furthermore,	 stent	 placement	
cannot	 be	 judged	 superior,	 as	 long	 as	 long	 term	 beneficial	 results	 of	 stent	 placement	
compared	to	surgery	in	children	are	not	available.	The	ESC	Guideline	for	the	management	
of	 grown-up	 congenital	 heart	 disease	 recommends	 “regular	 follow-up	 at	 least	 every	
second	 year	 including	 evaluation	 in	 specialized	 GUCH	 centers.	 Imaging	 of	 the	 aorta	
(preferably	 with	 CMR)	 is	 required	 to	 document	 the	 post-repair	 or	 post-interventional	
anatomy	and	complications.”23	The	results	of	this	study	underscore	the	importance	of	this	
recommendation.	
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ABSTRACT		
Objective:	Since	the	first	successful	surgical	treatment	of	coarctation	of	the	aorta	(CoA)	in	
1944,	 surgical	 techniques	 were	 modified	 and	 catheter	 intervention	 was	 introduced.	
Controversy	exists	with	respect	to	superior	therapy	and	data	on	long-term	results	of	these	
different	 techniques	 in	 children	 is	 limited.	 This	 study	 sought	 to	 evaluate	 evolution	 of	
techniques	 and	 to	 assess	 the	 prevalence	 of	 long-term	morbidity	 in	 patients	 treated	 for	
native	CoA.		
Methods:	 In	 this	 single	 center	 retrospective	 cohort	 study	we	 evaluated	patients	 treated	
for	 CoA	 from	 1987	 until	 2010,	 patients	 had	 at	 least	 7	 years	 of	 follow-up.	 Three	 time	
periods	 were	 distinguished	 based	 on	 year	 of	 primary	 intervention	 (era	 1,	 2	 and	 3).	
Operative-	and	long-term	follow-up	data	were	derived	from	patient’s	records.			
Results:	The	study	population	consisted	of	207	patients,	with	a	median	 follow-up	of	151	
(range	 75-347)	 months.	 Surgery	 was	 performed	 in	 177	 patients	 and	 catheter-based	
intervention	 in	 30.	 Anterior	 approach	 with	 simultaneous	 repair	 of	 aortic	 arch	 and	
associated	cardiac	lesions	was	typically	more	frequent	in	the	most	recent	era.	Median	age	
at	 intervention	was	 similar	 in	 each	 era.	 	 Reintervention	was	 necessary	 in	 a	 third	 of	 the	
cohort	with	an	event-free	survival	of	74%	at	5	years	and	68%	at	10	years	 follow-up.	The	
interval	 between	 initial	 treatment	 and	 first	 reintervention	 was	 shorter	 in	 the	 last	
treatment	period	with	a	median	of	9	 (range	2-140)	months,	compared	 to	52	 (range	0.2-
322)	 and	 34	 (range	 1-190)	months	 in	 era	 1	 and	 2,	 respectively	 (p=0.02).	 Reintervention	
rates	 were	 significantly	 higher	 after	 catheter-based	 treatment	 compared	 to	 surgical	
treatment	 (hazard	 ratio	 1.8,	 95%	CI	 1.04-3.00).	Hypertension	was	 present	 in	 one	out	 of	
five	patients.		
Conclusion:	 Complex	 patients	with	 associated	 cardiac	 defects	 and	 arch	 hypoplasia	were	
treated	 surgically	 in	 the	 latest	 time	 period	 whereas	 catheter-based	 intervention	 was	
selected	for	non-complex	patients.	Reintervention	is	common	after	CoA	repair.	It	is	more	
frequent	 after	 catheter-based	 treatment	 and	 in	 patients	 under	 3	 months	 of	 age.	
Hypertension	occurred	 in	20%	of	patients.	 Long-term	surveillance	 is	mandatory	 in	 these	
patients.	
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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	is	a	relatively	common	congenital	anomaly,	responsible	for	
5-10%	of	all	congenital	heart	defects.1–3	The	first	documented	therapy	for	CoA	was	surgical	
resection	 of	 the	 narrowed	 segment	 followed	by	 end-to-end	 anastomosis	 in	 1945.4	Over	
the	past	decades	surgical	techniques	have	been	modified	and	catheter	based	treatment	of	
CoA	 has	 been	 introduced	 as	 an	 alternative	 to	 surgery	 in	 both	 children	 and	 older	
patients.2,5,6	Despite	anatomically	 successful	 repair,	patients	 continue	 to	have	a	 reduced	
life	 expectancy,	 due	 to	 complications	 later	 in	 life,	 including	 hypertension,	 and	
reinterventions	 for	 recoarctation,	 aneurysm	 formation	 and	 aortic	 rupture.1,3,6,7	 This	
morbidity	warrants	close	long-term	follow-up.	This	study	sought	to	evaluate	modification	
of	techniques	and	long-term	morbidity	in	patients	treated	for	native	CoA.	We	present	our	
single	institution	24-year	experience	with	aortic	coarctation	treatment.		
	
	
METHODS	
Study	population	
Patient	 characteristics	are	depicted	 in	Table	1.	Patients	 treated	 for	native	CoA	aged	<18	
years,	 at	 our	 center	 (	Wilhelmina	Children’s	Hospital,	Utrecht,	 The	Netherlands)	with	 at	
least	7	years	follow	up	(=intervention	before	2010)	were	included.	Patients	were	grouped	
based	on	year	of	treatment:	between	1987	and	1995	(era	1),	between	1996	and	2002	(era	
2)	and	between	2003	and	2010	(era	3),	and	treatment	strategy:	surgery	((extended)	end-
to-end	 anastomosis	 (ETE),	 patch	 angioplasty	 (PA),	 bypass	 graft)	 versus	 catheter	 based	
treatment	 (balloon	 angioplasty	 (BA)	 and	 endovascular	 stent	 placement).	 Data	 on	 long-
term	 follow-up	were	 collected	 from	patients’	medical	 records.	 A	 hypoplastic	 aortic	 arch	
was	defined	as	a	proximal	or	distal	transverse	arch	diameter	less	than	60%	or	50%	of	the	
diameter	 of	 the	 ascending	 aorta,	 respectively.8	 The	 Medical	 Ethics	 Committee	 of	 the	
University	Medical	Center	Utrecht	waivered	that	an	official	approval	of	this	study	by	the	
Medical	Ethics	Committee	was	not	required.		
	
Treatment	strategies	
Surgical	repair	with	end-to-end	anastomosis	(ETE)	was	either	performed	through	a	lateral	
thoracotomy	without	use	of	extracorporeal	circulation	(ECC)	or	a	median	sternotomy	with	
use	 of	 ECC,	 depending	 on	 the	 extent	 of	 hypoplastic	 arch	 repair	 and	 treatment	 of	
associated	 cardiac	 defects	 in	 a	 single	 session.	 In	 the	 early	 years,	 patch	 angioplasty	 (PA)	
was	 performed	 through	 a	 lateral	 thoracotomy	 without	 use	 of	 ECC.	 However,	 over	 the	
years	a	 shift	occurred	 towards	PA	 through	a	median	 sternotomy	with	use	of	ECC.	Patch	
angioplasty	 was	 performed	 either	 with	 (era	 3)	 or	 without	 ECC	 (era	 1).	 Catheter	 based	
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treatment	 consisted	 of	 balloon	 angioplasty	 (BA)	 with	 or	 without	 stent	 placement.	 The	
technique	was	introduced	in	1990	and	stent	placement	in	2008	in	our	center.	
	
Reinterventions	
Reintervention	was	defined	as	the	need	for	repeated	surgical	or	catheter-based	treatment	
for	residual-	or	recurrent	coarctation	or	aneurysm	formation	at	the	CoA	site.	
	
Follow-up	data	
Data	 on	 long-term	 follow-up	 focused	 on	 reintervention	 rate,	 presence	 of	 hypertension	
and	aneurysm	 formation.	Aneurysm	 formation	was	assessed	 in	patients	who	underwent	
computed	tomography	(CT)	or	magnetic	resonance	imaging	(MRI)	study	during	follow-up.	
Presence	of	hypertension	was	defined	as	use	of	antihypertensive	medication,	mentioning	
of	hypertension	in	the	patient	file,	a	blood	pressure	of	≥140/90mmHg	in	adults9	or	a	blood	
pressure	 of	 ≥95th	 percentile	 in	 patients	 under	 18	 years	 of	 age	 (measured	 at	 least	 3	
consecutive	times	or	during	a	24h	blood	pressure	measurement).10		
	
Statistical	analysis	
Statistical	 analyses	 were	 performed	 using	 IBM	 SPSS	 Statistics,	 version	 25.	 Dichotomous	
variables	 were	 compared	 using	 the	 Pearson	 Chi-Square	 test.	 For	 every	 continuous	
variable,	the	Kolmogorov-Smirnov	test	was	used	to	determine	if	the	values	were	normally	
distributed.	Normally	distributed	continuous	variables	were	compared	using	ANOVA	and	
the	mean	value	was	described	in	the	results.	If	the	variable	was	not	normally	distributed,	
the	 Kruskal-Wallis	 test	 was	 used	 and	 the	 median	 value	 was	 described	 in	 the	 results.	
Reintervention	 free	 survival	 analysis	 was	 performed	 using	 a	 Kaplan	Meier	 curve.	 A	 log-
rank	test	was	used	to	assess	differences	in	reintervention	free	survival.	Test	results	with	a	
P-value	<0.05	were	considered	significant.	
	
	
RESULTS	
Study	population	
A	 total	 of	 207	 patients	 (66%	 male)	 had	 a	 follow-up	 of	 at	 least	 7	 years.	 Patient	
characteristics	 are	 summarized	 in	 Table	 1.	 Associated	 cardiac	 defects	 were	 reported	 in	
114	patients	(ventricular	septal	defect	(39%),	bicuspid	aortic	valve	(39%),	a	patent	ductus	
arteriosus	(21%)	and	a	hypoplastic	aortic	arch	(21%)).		Two-thirds	of	patients	were	treated	
in	 the	 first	 3	 months	 of	 life.	 Median	 age	 at	 intervention	 was	 30	 (range	 2-6413)	 days.	
Surgical	treatment	was	performed	in	177	patients	(75	with	ETE,	29	with	extended	ETE,	33	
with	PA	through	a	lateral	thoracotomy	without	use	of	ECC,	37	with	PA	through	a	median	
sternotomy	with	use	of	ECC	and	3	with	bypass	graft)	and	catheter	based	treatment	in	30	
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patients	 (7	with	and	23	without	 stent)	 (Figure	1,	 Table	2).	Median	age	at	 follow	up	was	
15.5	years	 (range	7-35).	 Interval	between	 initial	 intervention	and	 last	 follow	up	was	151	
(range	 75-347)	 months.	 CT	 or	 MRI	 imaging	 was	 performed	 in	 41%	 of	 patients	 after	 a	
minimum	follow-up	of	7	years.			
	
Table	1.	Baseline	characteristics	of	the	study	population.	Data	are	presented	as	median	(range)	or	number	of	
patients	(percentage).	Era	1,	treatment	between	1987	and	1995.	Era	2,	treatment	between	1996	and	2002.	Era	3,	
treatment	between	2003	and	2010.	

	 	 Overall		
(n=207)	

Era	1	
(1987-1995)		

(n=59)	

Era	2		
(1996-2002)	

(n=58)	

Era	3	
(2003-2010)	

(n=89)	

P-value	

Age	at	intervention	
(days)	

30	(2-6413)	 35	(2-5579)	 28	(4-5231)	 26	(5-6413)	 0.54	

Intervention	≤3	
months	of	age	

135	(66%)	 40	(68%)	 38	(66%)	 57	(64%)	 0.90	

Age	at	study	
(years)	

15.5	(7.0-35.5)	 22.7	(7.0-30.8)		 17.4	(7.0-35.5)	 11.0	(7.0-25.3)	 <0.01	

Sex	(male)	 137	(66%)	 36	(61%)	 42	(72%)	 57	(64%)	 0.93	

Follow-up	(months)	 152	(75-347)	 268	(83-347)	 205	(79-274)	 117	(75-166)	 <0.01	

Bicuspid	aortic	
valve		

80	(39%)	 22	(37%)	 22	(38%)	 36	(40%)	 0.92	

Hypoplastic	aortic	
arch		

43	(21%)	 6	(10%)	 8	(14%)	 29	(33%)	 <0.01	

Hemodynamically	
significant	
comorbidity		

114	(55%)	 31	(53%)	 23	(40%)	 59	(66%)	 <0.01	

	

	
Treatment		
Data	 on	 CoA-treatment	 in	 the	 three	 different	 treatment	 eras	 are	 presented	 in	 Table	 2.	
Number	of	patients	increased	significantly	over	the	years.	More	patients	were	treated	for	
hypoplastic	 arch	 in	 the	 most	 recent	 era	 (p=0.001)	 and	 more	 patients	 had	 associated	
cardiac	defects	(p=0.006).	Mean	age	at	 initial	 intervention	decreased	from	30	to	26	days	
(p=0.54)	 and	 overall,	 two-thirds	 of	 patients	 were	 treated	 in	 the	 first	 3	 months	 of	 life	
irrespective	of	era.		
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Figure	1.		Overview	of	treatment	strategy	in	patients	treated	for	CoA	between	1987	and	2010	with	>7	year	
follow-up,	divided	by	type	of	primary	intervention.	Blue:	(extended)	end-to-end	anastomosis;	Orange:	patch	
angioplasty	through	a	lateral	thoracotomy	without	use	of	extracorporeal	circulation.	Red:	patch	angioplasty	
through	a	median	sternotomy	with	use	of	extracorporeal	circulation.	Purple:	bypass	graft;	Green:	balloon	
angioplasty;	Yellow:	endovascular	stent	placement.		
	

	
	
Table	2.	Treatment	strategies	used	for	primary	treatment	

	 	 Overall		
(n=207)	

Era	1	
(1987-1995)		

(n=59)	

Era	2		
(1996-2002)	

(n=58)	

Era	3	
(2003-2010)	

(n=89)	
	 	 	 	 	 	
	 End-to-end	anastomosis	 104	(50%)	 25	(42%)	 31	(53%)	 48	(54%)	

	 Patch	angioplasty	 70	(34%)	 27	(46%)	 12	(21%)	 31	(35%)	

	 Bypass	graft	 3	(1%)	 -	 -	 3	(3%)	

	 Balloon	angioplasty	alone	 23	(11%)	 7	(12%)	 15	(26%)	 1	(1%)	

	 Balloon	+	stent	placement	 6	(3%)	 -	 -	 6	(7%)	
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Follow-up	
Data	on	long-term	follow-up	is	presented	in	Table	3.		
	
Reintervention:	
Reinterventions	were	reported	in	85	(41%)	patients	required	one	or	more	reinterventions	
(82	for	residual-	or	restenosis	and	3	for	aneurysm	formation).	Event	free	survival	was	74%	
at	5-year	follow-up	and	68%	at	10-year	follow-up,	without	differences	between	treatment	
periods	 (p=0.11	and	p=0.16,	 respectively).	Patients	whom	had	catheter-based	 treatment	
had	 a	 significantly	 higher	 risk	 of	 reintervention	 compared	 to	 surgically	 treated	 patients,	
hazard	ratio	1.8	(95%	CI	1.04-3.00).	At	10-year	follow-up	event	free	survival	was	63%	for	
surgically	 treated	patients	 compared	 to	40%	 for	patients	with	 catheter-based	 treatment	
(p=0.03).	 Although	 no	 differences	 in	 reintervention	 rates	 were	 found	 between	 the	
different	treatment	periods,	the	interval	between	initial	treatment	and	first	reintervention	
was	shorter	 in	era	3	the	 last	treatment	period	(9	(range	2-140)	months	versus	52	(range	
0.2-322)	and	34	(range	1-190)	in	era	1	and	2,	respectively	(p=0.02).		A	Kaplan-Meijer	curve	
comparing	 reintervention	 free	survival	among	 treatment	periods	 is	depicted	 in	Figure	2.		
Patients	 treated	before	3	months	of	age	had	a	 significantly	higher	 risk	of	 reintervention	
compared	 to	 patients	 treated	 later	 in	 life	 (hazard	 ratio	 2.1,	 95%	 CI	 1.27-3.55,	 p=0.003)	
(Figure	3).		
	
	
Table	3.	Longterm	outcome	after	treatment	of	native	coarctation	of	the	aorta.	Era	1,	treatment	between	1987	
and	1995.	Era	2,	treatment	between	1996	and	2002.	Era	3,	treatment	between	2003	and	2010.	CT,	computed	
tomography.	MRI,	magnetic	resonance	imaging.		

	 	 Overall		
(n=207)	

Era	1		
(n=59)	

Era	2		
(n=58)	

Era	3	
(n=89)	

P-value	

Reintervention	 85	(41%)	 21	(36%)	 31	(53%)	 32	(36%)	 0.07	

Hypertension	 42	(20%)	 14	(24%)	 14	(24%)	 14	(16%)	 0.35	

Aneurysm	formation	 7	(3%)	 2	(3%)	 3	(5%)	 2	(2%)	 0.80	

	 CT	or	MRI	imaging	 84	(41%)	 34	(58%)	 31	(53%)	 19	(21%)	 <0.01	
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Figure	2.		Kaplan	Meier	curve	showing	reintervention	free	survival	in	the	different	treatment	periods.	Blue	line:	
Group	1,(1987	and	1995).	Red	line:	Era	2,(1996	and	2002).	Green	line:	Era	3,	(2003	and	2010).	Black	line:	mean	
reintervention	free	survival	(p=0.06).		

	

Figure	3.		Kaplan	Meier	curve	of	the	reintervention	free	survival	in	patients	comparing	treatment	<3	(blue	line)	
and	>	3	months	of	age	(red	line)	(p<0.01).	
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Hypertension:	
Hypertension	 was	 reported	 in	 42	 (20%)	 patients.	 No	 differences	 in	 prevalence	 of	
hypertension	were	found	between	the	different	treatment	periods	(p=0.35).	Hypertension	
occurred	more	often	in	patients	following	catheter-based	treatment	compared	to	surgical	
treatment	(38%	versus	18%,	respectively,	p=0.01).	Aneurysm	formation	was	described	in	7	
(3%)	 of	 patients,	 although	 adequate	 imaging	 was	 available	 in	 only	 84	 (41%)	 patients	
beyond	seven	years	follow-up.		
	
	
DISCUSSION	
This	 study	 assessed	 changes	 in	 strategy	 pattern	 and	 long-term	 morbidity	 in	 patients	
following	treatment	for	aortic	coarctation	in	childhood.		
	
Treatment	
We	found	that	over	time	the	number	of	patients	 increased.	The	cause	of	this	 increase	 is	
possibly	 the	 result	 of	 changes	 in	 patient	 referral,	 improved	 diagnostics	 and	 earlier	
intervention.11–13	 In	contrast	to	patients	treated	in	the	early	era,	operations	 in	 later	time	
periods	were	performed	through	a	median	sternotomy	with	the	use	of	ECC,		hypothermic	
circulatory	arrest	or	selective	antegrade	cerebral	perfusion	.	These	Surgical	patients	more	
often	 had	 associated	 cardiac	 lesions	 that	 were	 simultaneously	 repaired.	 Aortic	 arch	
hypoplasia	was	described	more	often	in	surgical	patients	treated	in	the	most	recent	era.	In	
former	 times,	 the	 aortic	 arch	 was	 expected	 to	 show	 catch	 up	 growth	 after	 end-to-end	
anastomosis.	 However,	 this	 did	 not	 appear	 to	 happen	 consistently.	Whether	 the	 aortic	
arch	 grows	 with	 the	 patient	 after	 CoA	 repair	 might	 be	 related	 to	 the	 extend	 of	 arch	
hypoplasia.14	Several	studies	have	assessed	growth	of	the	aortic	arch	after	repair	of	CoA	in	
association	with	arch	hypoplasia	and	 found	 that	normal	blood	 flow	over	 the	coarctation	
site	 does	 not	 always	 ascertain	 normal	 growth	 of	 the	 arch	 if	 arch	 hypoplasia	 is	 not	
addressed.14,15	 Furthermore,	 nowadays	 the	 threshold	 to	 address	 the	 arch	 is	 lower	 since	
early	 aortic	 arch	 enlargement	 is	 expected	 to	 reduce	 incidence	 of	 late	 hypertension.	
Despite	improved	diagnosis,	age	at	referral	did	not	change	over	time,	reflected	by	a	similar	
mean	age	in	all	3	eras.		
	
Follow-up	
	Reinterventions	were	relatively	frequent	with	a	68%	event-free	survival	at	10-year	follow-
up	 and	 more	 common	 in	 catheter-based	 treated	 patients.	 Pioneer	 experience	 with	
exclusive	use	of	balloon	dilatation	without	the	use	of	stent	may	explain	this	high	rate	of	
reinterventions.14,16,17	 Supplemental	 stenting	 was	 only	 introduced	 in	 2008.	 Apparently,	
dilatation	of	the	coarctation	 is	 less	effective	than	surgical	repair,	as	reinterventions	after	
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surgery	 were	 less	 common.	Modification	 of	 surgical	 technique	 from	 a	 lateral	 approach	
without	ECC	to	anterior	approach	with	ECC	did	not	change	reintervention	rates	over	time.	
However,	 the	 interval	 between	 initial	 treatment	 and	 reintervention	 was	 significantly	
shorter	 in	 the	 later	 treatment	eras.	 Reintervention	 rates	 after	CoA	 repair	 vary	widely	 in	
the	available	literature.	1,2,4,7,19	Brown	et	al.	described	reintervention	rates	of	7.2%,	14.3%	
and	23.4%	at	10,	20	and	30	years	after	initial	surgical	treatment	in	a	cohort	of	819	patients	
treated	at	a	mean	age	of	17	years.20	In	contrast,	Choudhary	et	al.	showed	a	reintervention	
rate	of	31%	in	patients	treated	surgically	at	a	mean	age	of	5	years,	with	a	follow-up	of	26	
years.7		Our	relatively	higher	reintervention	rates	might	be	explained	by	a	younger	age	at	
intervention	 in	our	cohort.	 	Repair	before	the	age	of	1	year	has	been	 identified	as	a	risk	
factor	 for	 re-coarctation	 and	 reintervention.6,20	 Indeed,	 our	 study	 confirms	 a	 significant	
risk	of	reintervention	for	patients	treated	before	3	months	of	age.	Hypertension	occurred	
more	 often	 in	 patients	 following	 catheter-based	 treatment	 compared	 to	 surgery.	
Comparative	 data	 on	 hypertension	 in	 long-term	 follow-up	 is	 very	 limited.	 Chiu	 et	 al	
described	equal	 prevalence	of	hypertension	 in	 surgical	 and	 catheter-based	 treatment	 at	
10-year	follow-up.	However,	 lacking	of	baseline	patient	characteristics	prevented	further	
comparison	of	results.21		
	
Limitations	
Comparison	 of	 the	 different	 treatment	 periods	 might	 be	 influenced	 by	 differences	 in	
length	of	follow-up.	Secondly,	data	collection	was	restricted	to	the	available	information	in	
the	patients’	medical	 records,	 resulting	 in	 incomplete	data	 for	 the	assessed	parameters.	
However,	with	the	use	of	composite	endpoints	we	were	able	to	obtain	outcome	data	for	
all	of	our	patients.		
	
	
CONCLUSION	
Coarctation	 treatment	 strategy	 has	 changed:	more	 often	 coarctectomy	 is	 performed	on	
pump	 with	 aortic	 arch	 enlargement	 and	 repair	 of	 associated	 lesions	 whereas	 in	 older	
patients	with	simple	coarctation	balloon	catheter	and	stenting	is	preferred.	Reintervention	
was	 required	 in	 one-third	 of	 patients	 and	 was	 more	 frequent	 after	 catheter-based	
treatment.	Hypertension	was	present	in	one	out	of	five	and	more	frequent	after	catheter-
based	 treatment.	 Our	 results	 underscore	 the	 importance	 of	 regular	 follow-up	 with	
adequate	imaging	after	coarctation	successful	repair.		
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ABSTRACT	
Background:	 Arterial	 vasculopathy	 and	 residual	 aortic	 obstruction	 can	 lead	 to	 left	
ventricular	 (LV)	 dysfunction	 in	 patients	 with	 coarctation	 of	 the	 aorta	 (CoA)	 related	 to	
adverse	ventriculo-arterial	coupling.	This	study	aimed	to	investigate	potential	differences	
in	 LV	 myocardial	 deformation	 indices	 between	 repaired	 CoA-patients	 and	 healthy	
controls.		

Methods:	 Twenty-two	 CoA	 patients	 (age	 30±10.6	 years)	 after	 surgical	 repair	 (n=12)	 or	
balloon	angioplasty	(BA)	(n=10)	without	residual	stenosis,	between	3	months	and	16	years	
of	age	with	>10	years	follow-up	were	compared	to	22	healthy	age-	and	gender-matched	
controls	 (age	 30±3.8	 years).	 Cardiac	magnetic	 resonance	 feature	 tracking	 (CMR-FT)	was	
used	for	LV	longitudinal-,	circumferential-	and	rotational	deformation	indices.		

Results:	 Global	 systolic	 LV	 function	 was	 preserved	 in	 CoA	 patients	 (LV	 ejection	 fraction	
58±4.8%	 vs.	 60±6.8%,	 p=0.56)	 when	 compared	 to	 controls,	 with	 normal	 LV-dimensions	
and	 -mass	 (p>0.05).	 Twelve	CoA	patients	 (55%)	were	hypertensive,	 of	whom	4	were	on	
antihypertensive	 medication.	 LV	 global	 longitudinal	 strain	 was	 preserved	 in	 the	 four-
chamber	 (-18±4.4%	 vs.	 -16±4.7%,	 p=0.06)	 and	 two-chamber	 (-22±5.1%	 vs.	 -20±6.0%,	
p=0.22)	orientations	in	CoA	patients.	Global	circumferential	strain	was	preserved	at	basal	
(-29±4.1%	 vs.	 -28±4.8%,	 p=0.43),	 mid-ventricular	 (-27±4.2%	 vs.	 -25±3.0%,	 p=0.09)	 and	
apical	levels	(-35±7.8%	vs.	-32±34.9%,	p=0.32).	No	differences	were	found	in	global	torsion	
(2.4±1.3°/cm	vs.	2.0±1.4°/cm,	p=0.28),	twist	(14±5.8°	vs.	12±6.3°,	p=0.34)	and	recoil	rate	(-
17±9.7°/cm/s	 vs.	 -17±7.1°/cm/s,	 p=0.97).	 Analysis	 of	 intra-observer	 variability	
demonstrated	good	reproducibility	for	all	CMR	deformation	indices.		

Conclusion:	 Global	 and	 rotational	 myocardial	 deformation	 indices	 are	 preserved	 in	 CoA	
patients	 long-term	 after	 repair	 without	 residual	 stenosis,	 despite	 a	 high	 incidence	 of	
hypertension.	
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BACKGROUND	
Coarctation	of	the	aorta	(CoA)	is	defined	as	a	localized	narrowing	of	the	aorta,	which	can	
be	repaired	through	endovascular	and/or	surgical	 treatment.1,2	Despite	adequate	relieve	
of	the	stenosis,	CoA	patients	still	have	a	reduced	life	expectancy	and	an	increased	risk	for	
cardiovascular	 complications	 including	 hypertension,	 left	 ventricular	 (LV)	 dysfunction,	
atherosclerosis	 and	 coronary	 artery-	 and	 cerebrovascular	 disease.3	 These	 long-term	
increased	 risks	 for	 morbidity	 and	 mortality	 suggest	 residual	 and/or	 progressive	
cardiovascular	 alterations	 long-term	 after	 CoA	 repair.3,4	 Coarctation	 is	 associated	 with	
aortic	 vasculopathy,	which	may	 lead	 to	 increased	 stiffness	 of	 the	 arterial	 vascular	 bed.4	
Residual	aortic	obstruction	 in	CoA	patients	 is	also	associated	with	 increased	LV	afterload	
and	 adverse	 ventricular-arterial	 coupling,	 ultimately	 resulting	 in	 LV	 myocardial	
dysfunction.5–10	 Whether	 adverse	 ventricular-arterial	 coupling	 is	 also	 present	 in	 well-
repaired	CoA	patients	is	unclear.		

Previous	studies	have	demonstrated	preserved	or	even	increased	global	cardiac	function,	
e.g.	 LV	 ejection	 fraction	 (LVEF),	 in	 patients	 treated	 for	 CoA.6,11	However,	 LVEF	has	 been	
demonstrated	 to	 be	 a	 poor	 determinant	 of	 cardiovascular	 events	 as	 LVEF	 can	 remain	
within	 normal	 range	 despite	 ventricular	 dysfunction.11,12	 Recent	 reports	 indicate	 that	
quantification	of	myocardial	deformation	provides	a	better	 insight	 in	global	and	regional	
ventricular	 function,	 with	 a	 strong	 correlation	 to	 cardiovascular	 outcome.13–15	
Cardiovascular	 magnetic	 resonance	 imaging	 (CMR)	 is	 currently	 the	 preferred	 advanced	
imaging	 modality	 for	 non-invasive	 follow-up	 of	 congenital	 heart	 disease.2,16	 Recently	
developed	CMR	feature	tracking	 (CMR-FT)	software	provides	 fast	and	accessible	analysis	
of	myocardial	deformation	of	standard	CMR	cine	images.17–19	This	study	therefore	aimed	
to	investigate	CMR-FT	myocardial	deformation	indices	of	the	LV	in	CoA	patients	long-term	
after	repair	without	residual	stenosis,	with	comparison	between	two	treatment	strategies:	
surgical	repair	and	balloon	angioplasty	(BA).				

	

METHODS	
Study	population	
The	study	population	consisted	of	22	patients	that	were	successfully	treated	for	CoA	(no	
signs	 of	 obstruction	 on	 echocardiographic	 imaging,	 arm-leg	 blood	 pressure	 gradient	
<20mmHg)	with	 surgery	 or	 balloon	 angioplasty	 (BA)	 and	 had	 a	 follow-up	 of	 at	 least	 10	
years.	Patients	who	underwent	primary	 repair	of	 localized	membranous	CoA	between	3	
months	and	16	years	of	age	between	1969	and	2004	 in	our	 institution	were	 included	 in	
the	 study.	 To	allow	 for	 comparison	between	 surgery	and	BA,	CoA	patients	with	primary	
repair	before	3	months	of	age	were	not	included	as	surgical	repair	was	routine	for	those	
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patients.	 Patients	 with	 isthmus	 hypoplasia,	 aortic	 arch	 hypoplasia	 and/or	 severe	
associated	heart	defects	(e.g.,	hypoplastic	left	heart	syndrome,	transposition	of	the	great	
arteries)	were	excluded.	Twenty-two	of	the	72	included	patients	agreed	to	undergo	CMR	
testing	 (inclusion	 rate:	 31%).	 Controls	 were	 recruited	 from	 a	 local	 cohort	 of	 healthy	
volunteers	and	were	age-	and	gender	matched	to	the	CoA	patient	group.				
	
Imaging	
CMR	 imaging	was	 performed	on	 a	 1.5	 Tesla	 scanner	 (Ingenia	 R4.1.2;	 Philips	Healthcare,	
Best,	 The	 Netherlands).	 Cine	 images	 were	 obtained	 using	 a	 electrocardiogram-gated	
breath-hold	balanced	 fast-field	echo	sequence	 (SSFP)	 in	 long-axis	planes	 (two-	and	 four-
chamber	views)	and	short-axis	slices	covering	the	LV	from	the	annulus	of	the	mitral	valve	
to	 the	 LV	 apex.	 Results	 for	 cardiac	 dimensions	 and	 LVEF	 were	 derived	 from	 short-axis	
slices	 according	 to	 the	 Society	 for	 Cardiovascular	 Magnetic	 Resonance	
recommendations.20	 End-diastolic	 LV	 mass,	 LV	 end-diastolic	 volume	 (EDV)	 and	 LV	 end-
systolic	volume	(ESV)	were	indexed	to	body	surface	area	(BSA)	as	described	by	Mosteller.21		
	
CMR	Analysis	
Cardiac	 magnetic	 resonance	 feature-tracking	 analysis	 was	 performed	 using	 feature-
tracking	 software	 (2D	 Cardiac	 Performance	 Analysis	 MR	 1.0;	 TomTec	 Imaging	 Systems,	
Unterschleissheim,	 Germany),	 based	 on	 tissue	 voxel	 motion	 tracking	 to	 analyze	
mechanical	deformation.22	Initial	endo-	and	epicardial	borders	are	drawn	manually	in	the	
longitudinal	 and	 short	 axis	 images.22	 The	 software	 subsequently	 assigns	 several	
characteristics	(i.e.	brightness,	inhomogeneities,	tissue	patterns	and	anatomic	structures)	
to	48	tissue	voxels	in	the	initially	set	contour	and	tracks	these	voxels	frame-by-frame	using	
a	hierarchical	algorithm.22	Movement	of	the	features	throughout	the	cardiac	cycle	enables	
derivation	of	deformation	parameters	such	as	strain	and	strain-rate,	as	well	as	myocardial	
velocity	and	rotation.22	Endocardial	and	epicardial	borders	were	manually	drawn	 in	end-
diastole	with	exclusion	of	papillary	muscles	 in	 the	endocardial	border.	The	automatically	
propagated	contour	was	assessed	visually	and	adjustments	were	made	manually	in	case	of	
inappropriate	tracking.		

Longitudinal	 strain,	 strain-rate,	 velocity	 and	 displacement	 were	 measured	 in	 two-	 and	
four-chamber	 long-axis	 views	 (Figure	 1).	 Circumferential	 strain,	 strain	 rate,	 velocity	 and	
displacement,	as	well	as	rotation	and	rotation	rates	were	measured	in	short-axis	views	at	
basal	 (slice	 closest	 to	 the	 base	 with	 a	 full	 circle	 of	 myocardium),	 mid-ventricular	 (slice	
where	the	papillary	muscles	are	free	from	the	wall)	and	apical	levels	(apical	slice	showing	
LV	cavity	at	end-systole,	around	25%	LV	distance,	as	this	is	has	been	shown	to	be	the	most	
appropriate	apical	location	for	analysis	of	rotational	deformation23)	(Figure	2).	
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Myocardial	deformation	was	analyzed	in	16	myocardial	segments,	in	accordance	with	the	
American	 Heart	 Association’s	 standardized	 myocardial	 segmentation.10	 If	 adequate	
tracking	 of	 certain	 segments	 was	 not	 possible,	 these	 segments	 were	 excluded	 from	
analysis.	 Inadequate	 tracking	 was	 defined	 as	 a	 tracking	 deviation	 from	 the	 moving	
myocardial	 border	 >50%	 of	 the	 myocardial	 width.18	 All	 myocardial	 deformation	 indices	
were	 measured	 three	 times	 in	 each	 patient	 in	 all	 views,	 and	 an	 average	 of	 all	 three	
measurements	was	used	 for	 results.	Global	 longitudinal-	and	circumferential	 strain	were	
calculated	as	the	average	of	the	peak	strain	values	of	the	subsequent	segments.		
	

	

Figure	1.	Longitudinal	myocardial	strain	analysis	using	CMR	Feature	tracking	in	(A)	4-chamber	and	(B)	2-chamber	
view.	 The	 left	 panels	 show	 endocardial	 tracking	 in	 4-	 and	 2-chamber	 views,	 resulting	 in	 horizontal	 (top)	 and	
vertical	 (bottom)	 strain	 curves.	 The	 coordinated	 curves	 with	 synchronized	 peak	 strain	 indicate	 preserved	
myocardial	deformation.		

Rotation	was	calculated	in	systole	and	diastole	for	the	basal	and	apical	slices,	by	averaging	
the	rotation	for	all	segments	in	the	respective	slice	relative	to	the	LV	center	axis.	Positive	
rotation	 is	 considered	 counterclockwise	when	 viewed	 from	 caudal	 to	 cranial	 position.22	
Torsion	was	calculated	as	the	difference	in	apical	(counterclockwise)	and	basal	(clockwise)	
rotation	divided	by	the	inter-slice	distance.23	Calculation	of	torsion	allows	for	comparison	
of	twist-deformation	between	patients	with	different	cardiac	sizes,	especially	applicable	to	
the	pediatric	population.22	Peak	 recoil	 rate	was	calculated	as	 the	maximum	slope	of	 the	
torsion-time	curve	as	a	measure	of	LV	diastolic	performance.22		
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Figure	2.	Circumferential	myocardial	strain	analysis	using	CMR	Feature	tracking	in	(A)	basal,	(B)	mid-ventricular	
and	(C)	apical	sagittal	view.	The	 left	panels	show	endocardial	 tracking	 in	basal-	 (top),	mid-ventricular-	 (middle)	
and	apical	(bottom)	views.	The	coordinated	curves	with	synchronized	peak	strain	indicate	preserved	myocardial	
deformation.	

	
Statistical	Analysis	
Data	are	expressed	as	mean	±	standard	deviation.	Statistical	comparisons	of	longitudinal-,	
and	 circumferential	 strain	 and	 strain	 rates,	 torsion	 and	 recoil	 rates	 between	 the	 CoA	
group,	 subgroups	 and	 normal	 controls	were	 performed	 using	 unpaired	 Student’s	 t-tests	
and	 one-way	 analysis	 of	 variance.	 Multiple	 regression	 was	 used	 to	 assess	 correlations	
between	different	cardiac	variables	and	deformation	indices.	Intra-observer	variability	was	
assessed	using	 the	 intraclass	correlation	coefficient	 (ICC).	Data	analyses	were	performed	
using	SPSS,	version	22	(International	Business	Machines	Corporation,	Armonk,	New	York,	
United	States).	A	p-value	<0.05	was	considered	statistically	significant.		
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RESULTS	
The	 study	 population	 consisted	 of	 22	 CoA	 patients	 and	 22	 healthy	 controls.	 Baseline	
characteristics	 of	 the	 study	 population	 are	 presented	 in	 Table	 1.	 All	 CoA	 patients	were	
primarily	 treated	 with	 surgery	 by	 end-to-end	 anastomosis	 (12	 patients)	 or	 BA	 (10	
patients).	 Mean	 age	 at	 intervention	 was	 5.9	 years	 (range	 0.35-14.4	 years)	 and	 mean	
follow-up	at	 time	of	CMR	was	23.9	years	 (range	10.8-42.4	years).	Surgical	patients	were	
significantly	 older	 than	 BA	 patients	 (35±9.5	 versus	 22±6.7	 years,	 p<0.01),	 with	 a	 longer	
follow-up	 to	 CMR	 (29±8.5	 versus	 18±2.9	 years,	 p<0.01),	 as	 BA	 is	 a	 more	 recently	
introduced	technique	in	our	practice.		
	
Table	1.	Baseline	characteristics	of	 the	study	population.	CoA	coarctation	of	 the	aorta,	BSA	body	surface	area,	
MAP	mean	arterial	pressure,	 SBP	 systolic	blood	pressure,	HR	heart	 rate,	BA	balloon	angioplasty,	BAV	bicuspid	
aortic	valve.	
	 CoA	(n=22)	 Control	(n=22)	 p-value	

Age	 30	±	10.6	 30	±	3.8	 0.87	

BSA	 1.9	±	0.22	 2.0	±	0.12	 0.81	

MAP	 96	±	8.8	 94.8	±	8.5	 0.72	

SBP	 135	±	13.2		 129	±	10.8		 0.12	

HR	 65	±	11.0	 60	±	9.7	 0.11	

Intervention	 	 	 	

	 Surgery	 12	(55%)	 -	 	

	 BA	 10	(45%)	 -	 	

Hypertension	 12	(55%)	 -	 	

BAV	 9	(41%)	 -	 	

Re-intervention	 5	(23%)	 -	 	

	
Systolic-,	 diastolic-	 and	 mean	 arterial	 blood	 pressures	 (SBP,	 DBP,	 MAP)	 were	
135±13.2mmHg,	76+±8.5mmHg	and	96±8.8mmHg,	respectively,	 for	CoA	patients.	Twelve	
CoA	patients	(55%)	were	hypertensive	according	to	the	European	Society	of	Hypertension	
Guidelines	 (SBP≥95th	 percentile)24)	 at	 time	 of	 investigation,	 of	 whom	 seven	 (58%)	 had	
undergone	 surgery	 and	 five	 (42%)	 BA.	 Five	 patients	 were	 using	 anti-hypertensive	
medication,	 of	whom	 four	were	 still	 hypertensive	 at	 time	 of	 investigation.	 None	 of	 the	
normotensive	 CoA	 patients	 were	 on	 anti-hypertensive	 medication.	 Nine	 patients	 (41%)	
had	a	bicuspid	aortic	valve,	none	of	which	had	significant	valve	dysfunction.	Five	patients	
(23%),	 2	 BA	 and	 3	 surgical	 patients,	 had	 been	 successfully	 treated	 for	 re-CoA:	 two	
underwent	 surgery,	 one	 received	BA	 and	 two	were	 treated	with	 an	 endovascular	 stent.	
The	median	 time	 between	 primary	 repair	 and	 re-CoA	 was	 8.8	 years	 (mean	 13.8	 years;	
range	2.1-40.4	years).	LV	mass	showed	a	significant	positive	correlation	with	age	at	time	of		
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Table	 2.	 Global	 left	 ventricular	 (LV)	 function	 and	 LV	 deformation	 in	 coarctation	 versus	 healthy	 controls.	 CoA	
coarctation	of	the	aorta,	LVEF	LV	ejection	fraction,	EDV	left	ventricular	end	diastolic	volume,	ESV	left	ventricular	
end	 systolic	 volume,	GLS	 global	 longitudinal	 strain,	 GCS	 global	 circumferential	 strain,	 GLSR	 global	 longitudinal	
strain	rate,	GCSR	global	circumferential	strain	rate.	*	LV	mass,	EDV	and	ESV	are	indexed	to	body	surface	area.	

CoA		 Controls	 p-value

n	=	22	 n	=	22	

LVEF	 59	±	4.77	 60	±	6.84	 0.56	

LV	mass	 68	±	8.49	 64	±	8.63	 0.08	

EDV	 93	±	15.2	 94	±	9.3	 0.79	

ESV	 26	±	7.0	 31	±	7.3	 0.05	

Strain	

GLS	

horizontal	 -18.5	±4.37 -15.8	±	4.69 0.06	

vertical	 -21.8	±5.10 -19.7	±	6.04 0.22	

GCS	

basal	 -29.3	±4.06 -28.2	±	4.79 0.43	

mv	 -27.0	±4.19 -25.1	±	2.96 0.09	

apex	 -34.6	±7.79 -32.6	±	4.88 0.32	

Strain	rate	

GLSR	

horizontal	 -0.8±0.23 -0.7	±	0.22 0.02	

vertical	 -1.1±0.31 -0.8	±	0.30 0.02	

GCSR	

base	 -1.5±0.30 -1.4	±	0.31 0.25	

mv	 -1.4±0.31 -1.3	±	0.25 0.33	

apex	 -1.9±0.47 -1.7	±	0.32 0.07	

Rotation	

Twist	 12.3	±	6.29	 14.2±5.83	 0.33	

Torsion	 2.0	±	1.35	 2.4	±1.35	 0.28	

Recoil	rate	 -17.8	±	7.11 -17.7±9.73 0.97	

repair	(R2=0.78,	p=0.046).	No	significant	correlation	was	found	between	LV	mass	and	age,	
blood	 pressures,	 time	 between	 repair	 and	 CMR,	 the	 repair	 to	 reintervention	 interval	 or	
the	reintervention	to	CMR	interval	(R2=0.01-0.66,	p>0.05).	Systolic	blood	pressure	was	not	
significantly	correlated	with	age,	BSA,	LV	mass,	 intervention	to	CMR	interval,	age	at	time	

97

Preserved Myocardial Deformation after Successful Coarctation Repair, a CMR Feature Tracking Study



	

	

of	repair,	repair	to	reintervention	interval	or	reintervention	to	CMR	interval	(R2=0.03-0.69,	
p>0.05).		
	
Global	cardiac	function	
All	 CoA	 patients	 had	 preserved	 global	 systolic	 LV	 function	 when	 compared	 to	 controls	
(LVEF	 59±4.8%	 vs.	 60±6.8%,	 p=0.56)	 (Table	 2).	 LV	 mass,	 LVEDV	 and	 LVESV	 were	 also	
normal	 in	 CoA	 patients	 (p≥0.05	 for	 all).	 No	 significant	 difference	 in	 LVEF	 was	 found	
between	 patients	 treated	 for	 re-CoA	 and	 patients	 without	 re-CoA	 (LVEF	 59±3.9%	 vs.	
59±5.1%,	p=0.75).		
	
Left	ventricular	myocardial	deformation	
LV	 global	 longitudinal	 strain	 in	 the	 four-chamber	 and	 two-chamber	 planes	 was	 similar	
between	 CoA	 patients	 and	 controls	 (p=0.06	 and	 p=0.22,	 respectively).	 Global	
circumferential	 strain	was	also	preserved	at	basal	 (p=0.43),	mid-ventricular	 (p=0.09)	and	
apical	 levels	(p=0.32).	Global	 longitudinal	strain	rate	was	increased	in	CoA	patients	when	
compared	to	controls	 (four-chamber:	 -0.8±0.23%	vs.	 -0.7±0.22%,	p<0.05;	two-chamber:	 -
1.1±0.31%	vs.	-0.8±0.30%,	p<0.05).	Global	torsion	(p=0.28),	twist	(p=0.34)	and	recoil	rate	
(p=0.97)	 demonstrated	 no	 differences	 between	CoA	patients	 and	 controls	 (p=0.28,	 0.34	
and	0.97	respectively).		
Global	 longitudinal	 strain	was	 significantly	 correlated	with	 LVEF	 (R2=0.234,	 p<0.01),	 and	
global	circumferential	strain	was	significantly	correlated	with	LVEF	at	the	mid-ventricular	
and	 apical	 levels	 (R2=0.01,	 p=0.01	 and	 R2=0.09,	 p=0.047,	 respectively).	 Basal	
circumferential	strain	showed	a	significant	correlation	with	age	at	time	of	repair	(R2=0.29,	
p<0.01).	None	of	the	studied	LV	myocardial	deformation	indices	correlated	with	SBP,	DPB	
and	MAP	(R2=0.001-0.156,	p>0.05	for	all	indices).	
	
Balloon	angioplasty	compared	to	surgery	
Patients	treated	with	BA	were	significantly	younger	at	time	of	investigation	(22±6.7yrs	vs.	
36±9.5yrs,	p<0.01)	and	showed	a	slightly	higher	LVEF	(61±4.0%	vs.	57±4.7%,	p<0.05)	when	
compared	to	CoA	patients	treated	with	surgery.	Two	surgical	patients	had	an	LVEF	below	
55%	 (48%	 and	 49%,	 respectively),	 versus	 one	 BA	 patient	 (54%).	 No	 CoA	 patient	 had	 an	
LVEF	 <40%.	 Global	 strain	 and	 rotational	 indices	 between	 the	 two	 patient	 groups	 were	
comparable	 (p>0.05),	 despite	 a	 slightly	 decreased	 apical	 circumferential	 strain	 rate	 in	
surgical	CoA	patients	(-1.7±0.47	s-1	vs.	-2.1±0.38	s-1,	p<0.05).	No	significant	differences	in	
SBP	(136±13mmHg	vs.	133±14mmHg,	p=0.66),	DBP	(75±4mmHg	vs.	78±12mmHg,	p=0.56)	
and	 MAP	 (96±6mmHg	 vs.	 96±12mmHg,	 p=0.88)	 were	 found	 between	 surgical	 and	 BA	
patients.		
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Table	3.	Global	left	ventricular	(LV)	function	and	LV	deformation	in	normotensive-	and	hypertensive	CoA	patients	
and	controls.	P-values	are	given	in	the	three	most	right	columns.	CoA	coarctation,	HT	hypertensive	patients,	NT	
normotensive	patients,	Co	controls,	LVEF	LV	ejection	fraction,	EDV	LV	end	diastolic	volume,	ESV	LV	end	systolic	
volume,	MAP	mean	arterial	pressure,	SBP	systolic	blood	pressure,	HR	heart	rate,	GLS	global	 longitudinal	strain,	
GCS	global	circumferential	strain,	GLSR	global	longitudinal	strain	rate,	GCSR	global	circumferential	strain	rate.	*	
LV	mass,	LVEDV	and	LVESV	are	indexed	to	body	surface	area.	

	 	
Controls	

	
CoA	NT	

	
CoA	HT	

	
p-value	

		 		 n	=	22	 		 n	=	10	 		 n	=12	 		

LVEF	 60	±	6.8	
	

59	±	6.3	
	

58	±	3.3	
	

0.83	

LVmass	 63	±	8.6	
	

67	±	8.4	
	

68	±	8.9	
	

0.21	

EDV	 94	±	8.6	
	

90	±	13.3	
	

96	±	16.7	
	

0.62	

ESV	 31	±	7.3	
	

24	±	6.9	
	

27	±	7.1	
	

0.09	

MAP	 94.8	±	8.5	

	
89	±	4.2	

	
101	±	8.0	

	
<0,01	

SBP	 129	±	10.8		

	
123	±	6.4	

	
144	±	9.3	

	
<0,01	

HR	 60	±	9.7	
	

62	±	10.8	
	

68	±	10.8	
	

0.12	

Strain	
	 	 	 	 	 	 	GLS	
	 	 	 	 	 	 	

	
horizontal	 -15.8	±	4.69	

	
-17.4	±	5.34	

	
-19.4	±	3.33	

	
0.10	

	
vertical	 -19.7	±	6.04	

	
-22.8	±	5.06	

	
-21.1	±	5.24	

	
0.38	

GCS	
	 	 	 	 	 	 	

	
basal	 -28.2	±	4.79	

	
-29.7	±	4.97	

	
-28.9	±	3.31	

	
0.68	

	
mv	 -25.1	±	2.96	

	
-27.7	±	2.62	

	
-26.4	±	5.19	

	
0.17	

	
apex	 -32.6	±	4.88	

	
-35.1	±	8.01	

	
-34.2	±	7.93	

	
0.58	

Strain	rate	
	 	 	 	 	 	 	GLSR	
	 	 	 	 	 	 	

	
horizontal	 -0.7	±	0.22	

	
-0.8	±	0.25	

	
-0.8	±	0.21	

	
0.07	

	
vertical	 -0.8	±	0.30	

	
-1.1	±	0.31	

	
-1.0	±	0.33	

	
0.07	

GCSR	
	 	 	 	 	 	 	

	
base	 -1.4	±	0.31	

	
-1.5	±	0.31	

	
-1.5	±	0.32	

	
0.51	

	
mv	 -1.3	±	0.25	

	
-1.4	±	0.21	

	
-1.4	±	0.37	

	
0.48	

	
apex	 -1.7	±	0.32	

	
-1.9	±	0.49	

	
-1.9	±	0.48	

	
0.17	

Rotation	
	 	 	 	 	 	 	Twist	 12.3	±	6.29	

	
14.9	±	5.92	

	
13.6	±	5.95	

	
0.55	

Torsion	 2.0	±	1.35	
	

2.7	±	1.64	
	

2.2	±	1.07	
	

0.34	

Recoil	rate	 -17.8	±	7.11	
	

-19.7	±	12.71	
	

-16.0	±	6.45	
	

0.60	
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Hypertension	
Hypertensive	CoA	patients	(with	SBP≥95th	percentile	according	to	the	European	Society	of	
Hypertension	 Guideline24)	 demonstrated	 a	 similar	 LV	 mass	 when	 compared	 to	
normotensive	 CoA	 patients	 or	 controls	 (68±8.9g/m2	 vs.	 67±8.4g/m2	 and	 64±8.6g/m2,	
p=0.20)	 and	 a	 similar	 LV	 mass	 to	 LVEDV	 ratio	 (0.83±0.14g/ml	 vs.	 0.90±0.18g/ml	 and	
0.85±0.15g/ml,	 p=0.59).	 No	 significant	 differences	 were	 found	 for	 LVEF	 (p=0.83)	 or	 LV	
dimensions	 (p=0.62	 and	 0.09	 for	 LVEDV	 and	 LVESV,	 respectively).	 Hypertensive	 CoA	
patients	demonstrated	a	slightly	 increased	global	 longitudinal	strain	 in	the	four-chamber	
plane	when	compared	to	normotensive	patients	and	controls	(-19.4±3.33%	vs.	-17.4	±	5.34	
and	-15.8±4.69%,	respectively,	p=0.10),	but	this	difference	was	not	statistically	significant	
(Table	 3).	 No	 significant	 differences	 were	 found	 in	 strain	 rate	 or	 rotational	 indices	
between	hypertensive	CoA	patients,	normotensive	patients	and	controls.		
	
Reproducibility	
CMR-FT	demonstrated	good	 intra-observer	 reproducibility,	with	an	 intraclass	 correlation	
coefficient	 >0.8	 for	 all	 global	 strain,	 strain	 rate	 and	 rotational	 indices.	 All	 ICCs	 are	
presented	in	Table	4.		
	
Table	4.	The	intraclass	correlation	coefficients	(ICC)	for	global	myocardial	deformation	measurements.	GLS	global	
longitudinal	strain,	GCS	global	circumferential	strain,	GLSR	global	longitudinal	strain	rate,	GCSR	global	
circumferential	strain	rate.	

		 		 ICC	 95%	CI	

Strain	
	 	 	GLS	 Horizontal	 0.939	 (0.875-0.973)	

	
Vertical	 0.927	 (0.850-0.968)	

GCS	 Basal	 0.952	 (0.903-0.979)	

	
mid	ventricular	 0.945	 (0.890-0.976)	

	
Apical	 0.980	 (0.958-0.991)	

Strain	rate	
	 	 	GLSR	 Horizontal	 0.859	 (0.716-0.937)	

	
Vertical	 0.925	 (0.846-0.967)	

GCSR	 Basal	 0.964	 (0.928-0.984)	

	
mid	ventricular	 0.985	 (0.970-0.993)	

	
Apical	 0.938	 (0.875-0.972)	
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DISCUSSION	
	Repaired	 CoA	 patients	 demonstrate	 an	 increased	 susceptibility	 for	 cardiovascular	
morbidity	and	mortality	at	long-term	follow-up.9,10,25–27	Residual	aortic	obstruction	in	CoA	
patients	 is	 associated	 with	 adverse	 ventricular-arterial	 coupling	 related	 to	 increased	 LV	
afterload.10	 Whether	 a	 similar	 cascade	 is	 also	 present	 in	 well-repaired	 CoA	 patients	 is	
unknown.	The	present	study	quantifies	myocardial	deformation	in	CoA	patients	long-term	
after	surgical	or	BA	repair	without	residual	stenosis.	This	study	adds	the	following	to	our	
understanding	 of	 cardiovascular	 health	 in	 well-repaired	 CoA	 patients	 long-term	 after	
repair:		

- Global	LV	systolic	function	is	generally	normal;	

- Global	 and	 regional	 myocardial	 deformation	 indices	 are	 preserved	 in	 well-
repaired	CoA	patients,	despite	a	high	incidence	of	hypertension;		

- The	 choice	 for	 treatment	modality	 -	 surgery	 versus	 BA	 –	 has	 no	 impact	 on	 LV	
systolic	function	or	LV	myocardial	deformation.	

	

Global	cardiac	function	
Global	LV	function	was	preserved	in	our	cohort	of	well-repaired	CoA	patients	at	long-term	
follow-up	as	previously	described,	expressed	by	normal	LVEF.4,9,12,26	Our	CoA	cohort	also	
demonstrated	 normal	 LV	 mass	 and	 LV	 dimensions,	 suggesting	 that	 no	 significant	 LV	
remodeling	 related	 to	 potentially	 increased	 LV	 afterload	 is	 present	 in	well-repaired	CoA	
patients,	 which	 is	 consistent	 with	 other	 CMR	 and	 echocardiographic	 reports.9,10,26	 In	
contrast,	 several	 echocardiographic	 studies	 showed	 increased	 LV	mass	 after	 CoA	 repair,	
although	 these	studies	 included	CoA	patients	 treated	at	 significantly	older	age	or	with	a	
longer	follow-up	duration	(>20	years).4,11,25	 Increased	LV	mass	is	thought	to	be	the	result	
of	 increased	 afterload	 and	 has	 been	 related	 to	 residual	 aortic	 stenosis	 at	 the	 site	 of	
previous	 repair.26	 Our	 study	 demonstrates	 that	 repaired	 CoA	 patients	 without	 residual	
stenosis	not	only	have	preserved	LV	systolic	function	by	LVEF,	but	also	normal	myocardial	
mass.		
	
Left	ventricular	myocardial	deformation	
Myocardial	 deformation	was	 preserved	 in	 our	 CoA	 patients	 when	 compared	 to	 healthy	
controls,	 in	 agreement	 with	 previous	 echocardiography	 and	 CMR	 FT	 reports	 indicating	
preserved	longitudinal	and	circumferential	strain	in	CoA	patients	with	preserved	global	LV	
systolic	function	and	normal	LV	mass.9,11	Jashari	et	al.	found	reduced	LV	global	longitudinal	
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strain	 and	 strain	 rate	 prior	 to	 surgical	 CoA	 repair,	 with	 a	 further	 decrease	 shortly	 after	
intervention.28	 Interestingly,	 progressive	 normalization	 of	 strain	was	 observed	 over	 two	
years	 after	 satisfactory	 repair,	 resulting	 in	 near-normal	 LV	 longitudinal	 strain	 values.28	
Kowalski	 et	 al.	 also	 showed	normal	 global	 LV	 function	 and	 LV	 longitudinal	 strain	 in	 CoA	
patients	by	2D	echocardiographic	deformation	10	years	after	surgical	repair,	suggesting	a	
full	 recovery	 of	 the	myocardium	 at	 long-term	 follow-up.11	 In	 contrast,	 a	 recent	 CMR-FT	
study	by	Shang	et	al.	showed	impaired	longitudinal	deformation	in	CoA	patients	treated	in	
the	neonatal	period.10	This	study	included	well-repaired	CoA	patients	treated	with	surgery,	
BA	or	stent	placement	at	an	early	age	(before	three	months	of	age).10	In	the	current	study,	
patients	treated	before	3	months	of	age	were	excluded,	as	most	patients	treated	at	this	
young	 age	 suffer	 from	 a	 more	 severe	 coarctation,	 requiring	 immediate	 correction.	
Abnormal	 longitudinal	 deformation	 was	 explained	 by	 Shang	 et	 al	 by	 increased	 arterial	
stiffness	and	altered	ventriculo-arterial	coupling.10	The	pulse	wave	velocity	in	the	proximal	
aorta	 was	 increased	 with	 increased	 aortic	 stiffness,	 resulting	 in	 an	 early	 return	 of	 the	
reflected	wave,	imposing	increased	afterload	and	impaired	LV	relaxation.10		
Surprisingly,	 our	 CoA	 patients	 demonstrated	 increased	 systolic	 global	 longitudinal	 strain	
rate	when	 compared	 to	 our	 control	 group.	 Systolic	 strain	 rate	 has	 been	 identified	 as	 a	
strong	indicator	for	LV	contractility.	Increased	contractile	performance	has	been	described	
in	 CoA	 patients	 after	 repair,	 as	 CoA	 patients	 experience	 increased	 afterload	which	may	
lead	 to	 myocardial	 remodeling	 and	 LV	 hypertrophy	 to	 maintain	 normal	 LV	 wall	 stress	
levels.29	 Kimball	 et	 al.	 suggested	 that	 repair	 of	 coarctation	 may	 relieve	 the	 increased	
afterload,	 but	 myocardial	 hypertrophy	 may	 partially	 persist	 which	 results	 in	 a	
hypercontractile	 myocardial	 state	 after	 repair.29	 In	 addition,	 GLS	 demonstrated	 a	 trend	
towards	 lower	 GLS	 in	 controls,	 which	 may	 reflect	 the	 same	 phenomenon	 of	 a	
hypercontractile	state	in	the	CoA	patient	group.	

Conflicting	 data	 on	 myocardial	 deformation	 after	 CoA	 repair	 may	 be	 explained	 by	
differences	in	age	at	time	of	repair,	associated	severity	of	CoA	and	duration	of	follow-up	
between	studies.	The	myocardial	response	to	increased	pressure	load	is	age-dependent	as	
the	myocardium	has	the	ability	to	regenerate	and	increase	vascularity	in	children,	thereby	
restoring	 pressure	 induced	 remodeling	 with	 preservation	 of	 coronary	 blood	 flow	 and	
reduction	of	development	of	myocardial	fibrosis.12,30	Delayed	repair	of	CoA	may	induce	a	
maladaptive	response	of	the	LV,	resulting	in	adverse	outcome	later	in	life.12	Age	at	time	of	
repair	 has	 therefore	 been	 identified	 as	 a	 predictor	 for	 impaired	 longitudinal	 strain.31	 In	
addition,	 the	set	point	of	 the	renin-angiotensin-aldosteron	system	 is	defined	 in	neonatal	
life.32	Delayed	CoA	repair	may	therefore	lead	to	more	abnormal	development	of	the	renin-
angiotensin-aldosteron	system,	which	may	in	turn	lead	to	hypertension	and	concomitant	
increased	 LV	 afterload.33,34	 This	 study	 showed	 a	 significant	 correlation	 between	 age	 at	
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time	of	repair	and	LV	mass.	However,	we	found	no	 influence	of	age	at	time	of	repair	on	
longitudinal	 strain	 in	 patients	with	mild	 to	moderate	 CoA	 treated	 at	 a	mean	 age	 of	 5.9	
years.	 Preserved	 longitudinal	 strain	 might	 suggest	 limited	 effects	 of	 adverse	 arterio-
ventricular	coupling	in	this	patient	group	long-term	after	successful	CoA-repair.	However,	
as	 assessment	 of	 aortic	 vascular	 function	 was	 not	 performed	 in	 this	 study,	 we	 cannot	
assess	the	influence	of	arterial	stiffness.		

Jashari	 et	 Al.	 reported	 more	 impaired	 longitudinal	 strain	 in	 CoA	 patients	 with	 LV	
hypertrophy,	 as	 confirmed	 by	 other	 studies.9,27,28,31	 The	 myofiber	 orientation	 changes	
throughout	 the	 myocardium,	 with	 a	 predominantly	 longitudinal	 orientation	 in	 the	
endomyocardium.10,27	 The	 endomyocardial	 fibers	 are	 most	 sensitive	 to	 pressure-load	
induced	 fibrosis.27	 Therefore,	 longitudinal	 strain	 is	 primarily	 affected	 in	 patients	 with	
pressure-load	 induced	 LV	 hypertrophy	 and	 LV	 myocardial	 dysfunction.27	 Well-repaired	
CoA	patients	in	our	cohort	showed	normal	LV	mass	-	hence	the	absence	of	compensatory	
LV	hypertrophy	-	which	may	explain	the	preserved	LV	deformation	indices.	Our	findings	of	
preserved	myocardial	deformation	after	coarctation	repair	 in	absence	of	LV	hypertrophy	
are	in	line	with	a	previous	report	of	Kutty	et	al.,	who	demonstrated	reduced	longitudinal	
LV	 strain	 in	 CoA	 patients	 with	 increased	 LV	 mass	 and	 preserved	 longitudinal	 strain	 in	
patients	with	normal	LV	mass	by	use	of	CMR-FT.9	 In	contrast	to	the	study	by	Kutty	et	al.	
our	current	study	also	assessed	the	influence	of	hypertension	on	myocardial	deformation.	
Our	results	demonstrate	preserved	myocardial	deformation	even	in	hypertensive	patients	
in	absence	of	LV	hypertrophy,	which	might	suggest	that	LV	myocardial	dysfunction	occurs	
at	a	later	stage	in	the	cascade	of	arterio-ventricular	coupling.		

No	 difference	 in	myocardial	 deformation	 was	 observed	 between	 CoA	 patients	 after	 BA	
and	surgery	 in	our	 study.	Patients	after	 surgery	had	slightly	 lower	LVEF	compared	 to	BA	
patients,	possibly	due	to	the	older	age	of	the	surgical	patients.	Similar	results	have	been	
described	 by	 Chui	 et	 al.	 who	 showed	 a	 minor	 –	 non-significant	 -	 difference	 in	 LVEF	
between	both	treatment	groups.35		
	
Hypertension	
Hypertension	 is	 a	 well-described	 long-term	 complication	 of	 CoA.3,22,36	 Hypertension	 is	
associated	with	an	increased	afterload,	LV	hypertrophy	and	myocardial	fibrosis.27	Despite	
a	high	prevalence	of	hypertension	in	our	patient	group,	LV	mass	and	LV	dimensions	were	
preserved	 in	 our	 CoA	 patients.	 Hypertension	 did	 not	 affect	 global	 LV	 function	 or	
myocardial	deformation	in	our	cohort,	suggesting	that	hypertension	does	not	significantly	
affect	 cardiac	 function	 of	 well-repaired	 CoA	 patients	 at	 this	 point	 in	 follow-up.	 In	 fact,	
hypertensive	CoA	patients	seemed	to	have	slightly	increased	strain	compared	to	controls.	
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This	difference	is	most	likely	not	clinically	relevant,	as	both	strain	values	fall	within	normal	
range.17	Left	ventricular	remodeling	and	hypertrophy	with	impaired	LV	deformation	have	
been	described	in	hypertensive	patients.37–41	In	contrast	to	our	current	findings,	Shang	et	
Al.	 reported	 increased	 LV	mass	 and	 decreased	myocardial	 deformation	 in	 hypertensive	
CoA	 patients	 compared	 to	 healthy	 controls.	 However,	 in	 accordance	 to	 our	 results,	 LV	
mass	and	myocardial	deformation	did	not	differ	significantly	between	normotensive	and	
hypertensive	 CoA	 patients.10	 Indeed,	 increased	 systolic	 blood	 pressure	 has	 been	
associated	 with	 concentric	 hypertrophy	 (increased	 LV	 mass	 combined	 with	 increased	
relative	wall	thickness).42	However,	development	of	myocardial	concentric	hypertrophy	is	
a	 gradual	 progressive	 process,	 which	 is	 usually	 preceded	 by	 concentric	 remodeling	 in	
which	the	relative	wall	thickness	is	increased,	but	LV	mass	is	preserved.42		
	
Limitations	
A	 few	 limitations	 should	 be	 addressed	 regarding	 this	 study.	 The	 relatively	 small	 sample	
size	 limits	 the	 generalizability	 of	 the	 results	 and	may	 have	 obscured	 further	 differences	
and	 associations.	 Our	 CoA	 patients	 were	 not	 analyzed	 for	 arterial	 stiffness,	 so	 direct	
assessment	 of	 arterio-ventricular	 coupling	 could	 not	 be	 performed.	 Nevertheless,	 this	
study	provides	 insight	 in	myocardial	deformation	in	CoA	patients	at	 long-term	follow-up,	
suggesting	good	LV	 function	 in	well-repaired	patients.	The	 long-term	 implications	of	our	
findings	need	to	be	substantiated	with	follow-up	studies.	
	

CONCLUSIONS	
Feature	 tracking	 by	 CMR	 provides	 easily	 accessible	 and	 reproducible	 analysis	 of	
myocardial	deformation.	Well-repaired	CoA	patients	show	preserved	cardiac	 function	by	
normal	 LV	 ejection	 fraction	 and	 normal	 myocardial	 deformation	 indices	 at	 long-term	
follow-up,	 despite	 a	 high	 incidence	 of	 hypertension.	We	 found	 good	 reproducibility	 for	
strain,	strain-rate	and	rotational	 indices	with	CMR-FT,	suggesting	CMR-FT	 is	a	useful	tool	
for	analysis	of	myocardial	deformation.	
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ABSTRACT	
Background:	Hypertension	is	common	in	patients	with	coarctation	of	the	aorta	(CoA),	even	
after	successful	repair.	 Increased	aortic	stiffness	has	been	 implicated	 in	the	pathology	of	
CoA-associated	hypertension.	This	study	aimed	to	investigate	aortic	vascular	function	and	
its	 relationship	 with	 hypertension	 in	 well-repaired	 CoA-patients	 at	 long-term	 follow-up.	
Furthermore,	 we	 assessed	 the	 additive	 effect	 of	 hypertension	 to	 adverse	 arterio-
ventricular	coupling	associated	with	increased	aortic	stiffness.		

Methods:	 Twenty-two	 CoA-patients	 (age	 30±10.6	 years)	 with	 successful	 surgical	 repair	
(n=12)	or	balloon	angioplasty	 (BA)	 (n=10)	between	3	months	and	16	years	of	age	with	a	
follow-up	 of	 >10	 years	 and	 22	 healthy	 controls	 underwent	 cardiac	magnetic	 resonance	
imaging	 (CMR),	 at	 mean	 follow-up	 of	 29.3	 years,	 to	 study	 aortic	 pulse	 wave	 velocity	
(PWV),	 aortic	 distensibility,	 global	 left	 ventricular	 (LV)	 function,	 LV	 dimensions,	 and	 LV	
myocardial	deformation.	

Results:	CoA-patients	had	significantly	increased	aortic	arch	PWV	(5.6±1.9	m/s	vs.	4.5±1.0	
m/s,	p=0.02)	and	decreased	distensibility	(4.5±1.8	x10-3	mmHg-1	vs.	5.8±1.8	x10-3	mmHg-
1,	 p=0.04)	 compared	 to	 controls.	 Significant	 differences	 in	 aortic	 arch	 PWV	were	 found	
between	 hypertensive	 patients,	 normotensive	 patients	 and	 controls	 (6.1±1.8	 m/s	 vs.	
4.9±1.9	 m/s	 and	 4.5±1.0	 m/s,	 respectively,	 p=0.03).	 Aortic	 arch	 PWV	 and	 distensibility	
were	correlated	with	systolic	blood	pressure	(R=0.37	and	R=-0.37,	respectively,	p=0.03	for	
both).	 Global	 LV	 function,	 LV	 mass,	 LV	 dimensions	 and	 myocardial	 deformation	 were	
similar	in	CoA-patients	when	compared	to	controls.		

Conclusions:	Central	aortic	stiffness	is	significantly	increased	in	well-repaired	CoA-patients	
long-term	after	repair,	and	is	associated	with	hypertension.	Global	LV	function,	myocardial	
deformation	indices	and	LV	dimensions	are	however	preserved.		 	
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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	is	defined	as	a	localized	narrowing	of	the	aorta,	which	can	
be	repaired	through	endovascular	and/or	surgical	treatment.1,2	Patients	with	CoA	have	a	
reduced	 life	 expectancy	 and	 increased	 risk	 for	 cardiovascular	 morbidity,	 despite	 timely	
and	 anatomically	 successful	 repair.3	 Hypertension	 is	 present	 in	 35-68%	 of	 CoA-patients	
long-term	 after	 repair	 and	 predisposes	 to	 cardiovascular	 sequelae	 like	 congestive	 heart	
failure,	 coronary	 artery	 disease,	 endocarditis,	 aortic	 rupture	 or	 cerebrovascular	
hemorrhage.3,4	 In	 the	majority	 of	 hypertensive	 patients,	 hypertension	 is	 not	 associated	
with	residual	or	restenosis	of	the	aorta,	and	the	pathogenesis	of	CoA-related	hypertension	
in	well-repaired	patients	remains	unclear.4		

Several	 studies	 have	 implicated	 vascular	 dysfunction	 of	 the	 pre-coarctation	 aorta	 and	
conduit	 arteries	 in	 the	 development	 of	 CoA-associated	 hypertension.4–6	 Impaired	 aortic	
distensibility	may	also	lead	to	increased	left-ventricular	(LV)	afterload	and	adverse	arterio-
ventricular	 coupling,	 resulting	 in	 LV	 hypertrophy	 and	 LV	 dysfunction.4,6	 Several	
echocardiographic	 studies	 have	 shown	 increased	 aortic	 stiffness	 in	 CoA-patients	 after	
anatomically	satisfying	repair5,6,	but	the	impact	on	LV	function	and	the	potential	additive	
role	of	hypertension	are	unclear.		

Cardiac	magnetic	resonance	imaging	(CMR)	is	currently	the	imaging	technique	of	choice	in	
the	follow-up	of	CoA	as	 it	allows	for	high	resolution	imaging	and	accurate	assessment	of	
both	vascular	and	LV	function.3,7	CMR	has	been	validated	against	echocardiography	for	the	
non-invasive	 assessment	 of	 arterial	 distensibility	 and	 endothelial	 function	 and	
distensibility	 and	 has	 shown	 superior	 reproducibility	 in	 comparison	 to	 ultrasound.8	
Therefore,	this	study	aimed	to	investigate	aortic	vascular	function	and	arterio-ventricular	
coupling	using	CMR	imaging	in	well-repaired	CoA-patients	long-term	after	repair.		

	
METHODS	
Study	population	
Patients	treated	with	surgery	or	balloon	angioplasty	(BA)	between	3	months	and	16	years	
of	age	between	1969	and	2004	with	a	follow-up	of	at	least	10	years	were	included	in	this	
study.	 Patients	who	had	 their	primary	CoA	procedure	before	 the	age	of	 3	months	were	
excluded	 from	 this	 study,	 as	 overall	 these	 patients	 had	 more	 severe	 CoA	 with	 varying	
degrees	 of	 LV	 dysfunction	 prior	 to	 repair.	 Patients	with	 isthmus	 hypoplasia,	 aortic	 arch	
hypoplasia	and/or	severe	associated	heart	defects	(e.g.,	hypoplastic	 left	heart	syndrome,	
transposition	 of	 the	 great	 arteries)	 were	 excluded.	 Of	 the	 72	 eligible	 CoA-patients,	 22	
agreed	to	undergo	CMR	testing	(31%	inclusion	rate),	resulting	in	a	study	population	of	22	
patients	with	successfully	repaired	CoA,	defined	as	an	arm-leg	blood	pressure	gradient	<20	
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mmHg	and	no	signs	of	aortic	obstruction	on	echocardiographic	imaging.	The	control	group	
consisted	 of	 22	 age-	 and	 gender-matched	 individuals,	 recruited	 from	 a	 local	 cohort	 of	
healthy	 volunteers.	 Clinical	 data	 of	 the	 study	 participants	 were	 derived	 from	 patient’s	
charts.	 This	 study	 was	 approved	 by	 the	 Medical	 Ethics	 Committee	 of	 the	 University	
Medical	 Center	 Utrecht	 (NL	 39345041.12)	 and	 informed	 consent	was	 obtained	 from	 all	
participants.	The	study	was	funded	by	a	grant	from	the	“Stichting	Hartekind”.	The	authors	
are	 solely	 responsible	 for	 the	 design	 and	 conduct	 of	 this	 study	 all	 study	 analyses,	 the	
drafting	and	editing	of	the	paper	and	its	final	contents.	
	
Imaging	
CMR	 imaging	was	 performed	on	 a	 1.5	 Tesla	 scanner	 (Ingenia	 R4.1.2;	 Philips	Healthcare,	
Best,	 The	 Netherlands).	 Cine	 imaging	 of	 the	 LV	 long-axis	 planes,	 LV	 short-axis	 slices	
(covering	the	LV	from	the	annulus	of	the	mitral	valve	to	the	LV	apex),	 the	aortic	oblique	
sagittal	 plane	 and	 cross-sectional	 slices	 of	 the	 aorta	 was	 performed	 using	 an	
electrocardiogram-gated	breath-hold-balanced	fast-field	echo	sequence	(SSFP)	with	either	
20	 or	 50	 phases	 per	 cardiac	 cycle.	 Aortic	 pulse	 wave	 velocity	 (PWV)	 was	 measured	
between	 the	 ascending	 (PWV	 AA)	 and	 proximal	 descending	 aorta,	 and	 between	 the	
proximal	descending	aorta	and	the	descending	aorta	at	the	level	of	the	diaphragm	(PWV	
DA).	For	this,	through-plane	flow	imaging	was	performed	at	the	proximal	ascending	aorta,	
the	 proximal	 descending	 aorta	 and	 the	 descending	 aorta	 at	 the	 level	 of	 the	 diaphragm.	
PWV	was	calculated	according	to	the	following	formula:	Δx	/	Δt	(m/s),	 in	which	Δx	is	the	
length	of	the	aorta	between	2	imaging	levels	and	Δt	is	the	time	delay	between	the	foot	of	
the	distal	flow	curve	relative	to	the	proximal	flow	curve	as	previously	reported.9		
Aortic	distensibility	of	the	ascending	aorta	was	assessed	from	the	modulus	images	of	the	
ascending	 aortic	 flow	measurement,	 and	 calculated	 according	 to	 the	 following	 formula:	
(Amax–Amin)	/	(Aminx(Pmax–Pmin)),	in	which	Amax	and	Amin	represent	the	maximal	and	minimal	
aortic	 lumen	 area	 (mm2),	 and	 Pmax	 and	 Pmin	 represent	 the	 systolic	 and	 diastolic	 blood	
pressure	 (mmHg).8	Amax	 is	 expected	 to	 coincide	with	 the	peak	of	 aortic	 flow,	 and	Amin	 is	
expected	 to	 coincide	 with	 the	 isovolumetric	 contraction	 phase,	 immediately	 before	 the	
systolic	 flow	 curve.9	 Volumetric-	 and	 flow	 analysis	 were	 performed	 using	 QMass	 and	
QFlow	 Enterprise	 Solution,	 respectively	 (Medis	 Medical	 Imaging	 Systems,	 Leiden,	 The	
Netherlands).	Cardiac	dimensions	and	 the	LV	ejection-fraction	 (LVEF)	were	derived	 from	
short-axis	 slices	 according	 to	 the	 Society	 for	 Cardiovascular	 Magnetic	 Resonance	
recommendations.10	 End-diastolic	 LV	 mass,	 LV	 end-diastolic	 volume	 (EDV)	 and	 LV	 end-
systolic	volume	(ESV)	were	indexed	to	body	surface	area	(BSA)	as	described	by	Mosteller.11	
Myocardial	 deformation	 analysis	 was	 performed	 on	 the	 cine	 short-axis	 images	 using	
feature-tracking	 software	 (2D	 Cardiac	 Performance	 Analysis	 MR	 1.0;	 TomTec	 Imaging	
Systems,	Unterschleissheim,	Germany),	based	on	tissue	voxel	motion	tracking	to	analyze	
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mechanical	 deformation.12	 Longitudinal	 strain	 was	measured	 in	 two-	 and	 four-chamber	
long-axis	 views.	 Circumferential	 strain	 was	 measured	 in	 short-axis	 views	 at	 basal,	 mid-
ventricular	 and	apical	 levels.13	Global	 longitudinal	 strain	 (GLS)	 and	 circumferential	 strain	
(GCS)	 were	 calculated	 as	 the	 average	 of	 the	 peak	 strain	 values	 of	 the	 subsequent	
segments.	 Hypertension	 was	 defined	 as	 a	 mean	 24-hour	 ambulatory	 blood	 pressure	
>135/80mmHg	for	adults14	and	an	SD	score	>2	for	children.15	Ambulatory	blood	pressure	
measurement	 was	 performed	 according	 to	 the	 protocol	 of	 the	 European	 Society	 of	
Hypertension.16	
	
Statistical	analysis	
Data	 are	 presented	 as	 mean	 ±	 standard	 deviation.	 Statistical	 comparisons	 of	 PWV,	
distensibility	 and	 LV	 function	 between	CoA-patients	 and	 controls	were	 performed	using	
unpaired	 Student’s	 t-tests	 and	 one-way	 analysis	 of	 variance.	 Correlations	 between	
different	cardiac	variables	and	elasticity	indices	were	assessed	using	Pearson's	correlation.	
Linear	trends	between	groups	were	analyzed	using	linear	contrast	analysis.	Data	analyses	
were	 performed	 using	 SPSS,	 version	 22	 (International	 Business	 Machines	 Corporation,	
Armonk,	New	York,	United	States).	A	p-value	<0.05	was	considered	statistically	significant.	
	
	
Table	1.	Baseline	characteristics	of	 the	study	population.	CoA	coarctation	of	 the	aorta,	BSA	body	surface	area,	
SBP	systolic	blood	pressure,	DBP	diastolic	blood	pressure,	HR	heart	 rate,	BA	balloon	angioplasty,	BAV	bicuspid	
aortic	valve.	

	

CoA	 Control	 p-value	 	

		 n	=	22	 n	=	22	 		 	

Age	(years)	 30	±	10.6	 30	±	3.8	 0.87	 	

BSA	(m2)	 1.9	±	0.22	 2.0	±	0.12	 0.81	 	

SBP	(mmHg)	 135	±	13.2	 129	±	10.8	 0.12	 	

DBP	(mmHg)	 76	±	8.5	 78	±	7.8	 0.54	 	

HR	(bpm)	 65	±	11.0	 60	±	9.7	 0.11	 	

Intervention	
	 	

	 	

	

Surgery	 12	(55%)	 -	 	 	

	

BA	 10	(45%)	 -	 	 	

Hypertension	 12	(55%)	 -	 	 	

BAV	 9	(41%)	 -	 	 	

Re-intervention	 5	(23%)	 -	 	 	
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RESULTS	
Study	population	
The	 study	 population	 consisted	 of	 22	 CoA-patients	 and	 22	 controls.	 Baseline	
characteristics	 of	 the	 study	 population	 are	 presented	 in	 table	 1.	 Primary	 treatment	 of	
CoA-patients	 was	 performed	 with	 BA	 (10	 patients)	 or	 surgery	 with	 end-to-end	
anastomosis	(12	patients)	at	a	mean	age	of	5.9	years	(range	0.4-14.4	years).	Mean	follow-
up	at	time	of	investigation	was	23.9	years	(range	10.8-42.2	years).	Surgical	patients	were	
significantly	older	 than	BA	patients	 (35±9.5	versus	22±6.7	years,	p=0.001),	with	a	 longer	
follow-up	(29±8.5	versus	18±2.9	years,	p=0.001).		
A	 bicuspid	 aortic	 valve	 (BAV)	 was	 present	 in	 9	 CoA-patients	 (41%),	 and	 none	 of	 these	
patients	had	more	than	mild	aortic	insufficiency.	Re-coarctation	had	occurred	in	5	(23%)	of	
CoA-patients	(2	BA	and	3	surgical	patients).	All	patients	with	re-CoA	had	been	successfully	
treated	 with	 surgery	 (2	 patients),	 BA	 (1	 patient)	 or	 endovascular	 stent	 placement	 (2	
patients).	The	median	time	between	primary	treatment	and	re-CoA	was	8.8	years	(mean	
13.8	 years;	 range	 2.1-40.4	 years).	 At	 time	 of	 the	 investigation,	 12	 CoA-patients	 (55%),	
were	 hypertensive,	 of	 whom	 5	 BA	 (42%)	 and	 7	 surgical	 (58%)	 patients.	 Five	 patients	
received	anti-hypertensive	medication,	of	whom	4	were	still	hypertensive.		
	
Table	 2.	 Global	 left	 ventricular	 (LV)	 function	 and	 aortic	 stiffness	 in	 coarctation	 versus	 healthy	 controls.	 CoA	
coarctation	of	the	aorta,	LVEF	LV	ejection	fraction,	LV	EDV	end	diastolic	volume,	LV	ESV	end	systolic	volume,	SBP	
mean	 systolic	 blood	 pressure	 during	 daytime,	 DBP	 diastolic	 blood	 pressure	 during	 daytime,	 PWV	 pulse	 wave	
velocity,	AA	aortic	arch,	DA	descending	aorta.	*	indexed	to	body	surface	area.	

	

CoA	 Controls		 p-value	 	

		
		

n	=	22	 n	=	22	 		
		
		

	

LVEF	(%)	 59	±	4.8	 60	±	6.8	 0.56	
	

LV	mass	(g/m2)*	 68	±	8.5	 63	±	8.6	 0.08	
	

LV	EDV	(mL/m2)*	 93	±	15.2	 94	±	9.3	 0.88	
	

LV	ESV	(mL/m2)*	 26	±	7.0	 31	±	7.3	 0.05	
	

SBP	(mmHg)	 135	±	13.2	 129	±	10.8	 0.12	 	

DBP	(mmHg)	 76	±	8.5	 78	±	7.8	 0.54	 	

	 	 	 	
	

PWV	AA	(m/s)	 5.6	±	1.9	 4.5	±	1.0	 0.03	
	

PWV	DA	(m/s)	 3.8	±	1.0	 3.4	±	0.9	 0.21	
	

Distensibility	(mmHg-1)	 4.5	±	1.8		 5.8	±	1.8	 0.04	
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Aortic	pulse	wave	velocity	
Aortic	 arch	 PWV	 was	 significantly	 increased	 in	 CoA-patients	 compared	 to	 controls	
(5.6±1.9m/s	 vs.	 4.5±1.0m/s,	 p=0.02),	 in	 contrast	 to	 the	 PWV	 DA,	 which	 was	 similar	
between	CoA-patients	and	controls	(3.8±1.0	m/s	vs.	3.4±0.9m/s,	p=0.21)(Table	2).		

Hypertensive	 CoA-patients	 showed	 a	 significantly	 higher	 PWV	 AA	 compared	 to	
normotensive	patients	and	controls	(6.1±1.8m/s	vs.	4.9±1.9m/s	and	4.5±1.0m/s,	p=0.03),	
but	a	similar	PWV	DA	(p=0.43)	(Table	3).	
	

Table	3.	Global	 left	ventricular	(LV)	function	and	aortic	stiffness	in	healthy	controls,	normotensive	patients	and	
hypertensive	 patients.	 CoA	 coarctation	 of	 the	 aorta,	 NT	 normotensive,	 HT	 hypertensive,	 LVEF	 LV	 ejection	
fraction,	 LV	 EDV	 end	 diastolic	 volume,	 LV	 ESV	 end	 systolic	 volume,	 SBP	mean	 systolic	 blood	 pressure	 during	
daytime,	DBP	diastolic	blood	pressure	during	daytime,	PWV	pulse	wave	velocity,	AA	aortic	arch,	DA	descending	
aorta,	GLS	global	longitudinal	strain,	GCS	global	circumferential	strain.	*	indexed	to	body	surface	area.	

	

Controls		 CoA	NT	 CoA	HT	 p-value	 	

		
		

n	=	22	 n	=	10	 n	=	12	 		
		
		

	

LVEF	(%)	 60	±	6.8	 59	±	6.6	 59	±	3.2	 0.85	 	

LV	mass	(g/m2)*	 63	±	8.6	 67	±	8.9	 68	±	8.5	 0.21	 	

EDV	(mL/m2)*	 94	±	9.3	 89	±	14.0	 96	±	16.0	 0.53	 	

ESV	(mL/m2)*	 31	±	7.3	 24	±	6.9	 27	±	7.1	 0.09	 	
SBP	(mmHg)	 129	±	10.8	 122	±	6.0	 143	±	9.6	 <0.01	 	

DBP	(mmHg)	 78	±	7.8	 71	±	5.8	 80	±	8.4	 0.06	 	

	 	 	 	 	 	

PWV	AA	(m/s)	 4.5	±	1.0	 4.9	±	1.9	 6.1	±	1.8	 0.03	 	

PWV	DA	(m/s)	 3.4	±	0.9	 3.7	±	0.8	 3.9	±	1.2	 0.43	 	

Distensibility	(mmHg-1)	 5.8	±	1.8	 5.0	±	2.0		 4.3	±	1.7		 0.08	 	

	 	 	 	 	 	

GLS	(%)	 	 	 	
	

	

	 4	chamber	 -15.8	±	4.7	 -18.0	±	5.2	 -18.5	±	3.9	 0.16	 	

	 2	chamber	 -19.7	±	6.0	 -22.8	±	5.1	 -21.1	±	5.2	 0.38	 	

GCS	(%)	 	 	 	 	 	

	 Basal	 -28.2	±	4.8	 -30.5	±	4.6	 -28.5	±	3.6	 0.43	 	

	 Mid	ventricular	 -25.1	±	3.0	 -28.2	±	2.3	 -25.1	±	5.0	 0.11	 	

	 Apical	 -32.6	±	4.9	 -35.7	±	8.3	 -33.9	±	7.8	 0.49	 	
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Linear	 contrast	 analysis	 showed	 a	 significant	 positive	 linear	 trend	 in	 PWV	 AA	 between	
controls,	normotensive	patients	and	hypertensive	patients	(p=0.03).	No	difference	in	PWV	
AA	 or	 PWV	 DA	 was	 found	 for	 CoA-patients	 with	 or	 without	 a	 BAV	 (p=0.46	 and	 0.37,	
respectively).	No	differences	in	PWV	AA	or	PWV	DA	were	found	between	surgical	and	BA	
patients	(p=0.14	and	0.52,	respectively),	or	between	patients	who	had	been	treated	for	re-
CoA	and	patients	without	re-CoA	(p=0.72	and	0.38,	respectively).	
PWV	 AA	 significantly	 correlated	 with	 age	 at	 CMR,	 the	 intervention-CMR	 interval,	 and	
systolic	blood	pressure	(R=0.43,	p<0.01;	R=0.70,	p<0.01;	R=0.37,	p=0.03,	respectively).	 In	
patients	 treated	 for	 re-CoA,	 PWV	 AA	 significantly	 correlated	 to	 the	 birth-reintervention	
interval	 and	 the	 intervention-reintervention	 interval	 (p=0.04	 and	0.01,	 respectively),	 but	
not	to	global	LV	function,	mass,	dimensions	or	deformation	indices	(p>0.05).		

	
Aortic	distensibility	
Distensibility	 of	 the	 ascending	 aorta	 was	 significantly	 decreased	 in	 CoA-patients	 when	
compared	to	controls	(4.5±1.8x10-3	mmHg-1	vs.	5.8±1.8x10-3	mmHg-1,	p=0.04).	In	addition,	
hypertensive	patients	showed	significantly	decreased	aortic	distensibility	when	compared	
to	 normotensive	 patients	 and	 controls	 (5.6±1.9x10-3	 mmHg-1	 vs.	 4.3±1.7x10-3	 mmHg-1,	
p=0.04).	Linear	contrast	analysis	showed	a	significant	negative	linear	trend	in	distensibility	
between	 controls,	 normotensive	 patients	 and	 hypertensive	 patients	 (p=0.04).	 CoA-
patients	 with	 BAV	 and	 CoA-patients	 without	 BAV	 showed	 similar	 distensibility	 of	 the	
ascending	 and	 descending	 aorta	 (4.3±1.8x10-3	mmHg-1	 vs.	 4.7±1.8x10-3	mmHg-1,	 p=0.72).	
Surgical	patients	 showed	a	 significantly	 lower	aortic	distensibility	when	compared	 to	BA	
patients	 (3.7±1.5x10-3	mmHg-1	 vs.	 5.4±1.6x10-3	mmHg-1,	 p=0.03),	 even	after	 adjusting	 for	
age	 (p=0.04).	No	 difference	 in	 distensibility	was	 found	 between	 patients	 treated	 for	 re-
CoA	and	patients	without	re-CoA	(p=0.25).	Distensibility	of	the	ascending	aorta	showed	a	
significant	correlation	with	age	at	CMR,	the	 intervention-CMR	interval	and	systolic	blood	
pressure	 (R=-0.45,	 p<0.01;	 R=-0.49,	 p=0.03	 and	 R=-0.37,	 p=0.02,	 respectively).	
Distensibility	was	not	significantly	correlated	with	global	LV	function,	mass,	dimensions	or	
deformation	indices	(p>0.05).	
	
Left	ventricular	function	
LVEF	was	similar	in	CoA-patients	compared	to	controls	(59±4.8%	vs.	60±6.8%,	p=0.56),	as	
were	LV	mass	and	LV	dimensions	(p>0.05).	No	significant	differences	in	LVEF,	LV	mass	and	
LV	dimensions	were	found	between	hypertensive	and	normotensive	patients	or	between	
hypertensive	 patients	 and	 controls	 (p>0.05).	 Surgical	 patients	 had	 a	 mildly	 lower	 LVEF	
compared	to	BA	patients	(56.8±4.7%	vs.	60.9±4.0%,	p=0.04).	However,	the	surgery	group	
was	 significantly	 older	 than	 the	 BA	 group.	 After	 correction	 for	 age,	 the	 LVEF	 difference	
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was	 no	 longer	 significant	 (p=0.85).	 No	 differences	 in	 global	 LV	 function,	 mass	 and	
dimensions	were	found	between	patients	treated	for	re-CoA	and	patients	without	re-CoA,	
or	for	patients	with	and	patients	without	a	BAV	(p>0.05).		
LVEF	 was	 negatively	 correlated	 with	 age	 at	 time	 of	 repair	 (p=0.04).	 No	 significant	
correlations	were	 found	between	 LVEF	 and	 LV	 dimensions.	 LVEF	 showed	no	 association	
with	LV	hypertrophy.	Systolic	blood	pressure	showed	no	significant	correlation	with	age,	
LV	mass,	 age	 at	 time	 of	 repair,	 the	 repair-reintervention-interval	 or	 the	 reintervention-
CMR-interval.		
Deformation	indices	(GLS	and	GCS)	of	the	LV	were	preserved	in	CoA-patients	compared	to	
controls	 (p>0.05).	Hypertensive	patients,	normotensive	patients	and	controls	showed	no	
significant	differences	in	myocardial	deformation	(Table	3).		
	

DISCUSSION	
Increased	aortic	stiffness	has	been	implicated	in	the	development	of	hypertension	in	CoA-
patients,	even	after	anatomically	successful	 repair.17–22	 Impaired	aortic	distensibility	may	
also	lead	to	increased	LV	afterload	and	adverse	arterio-ventricular	coupling.4,6	The	impact	
of	increased	aortic	stiffness	on	LV	function	and	the	potential	additive	role	of	hypertension	
is	however	unclear	in	CoA-patients	after	anatomically	satisfying	repair.	The	purpose	of	this	
study	 was	 to	 assess	 aortic	 wall	 elasticity	 and	 its	 impact	 on	 LV	 function	 long-term	 after	
repair	of	native	CoA.		
The	 study	 adds	 the	 following	 to	 our	 understanding	 of	 cardiovascular	 health	 in	 pediatric	
patients	after	successful	CoA-repair:	

1. Patients	 treated	 for	CoA	 in	 childhood	 show	 reduced	aortic	wall	 elasticity	of	 the	
aortic	arch	long-term	after	CoA-repair.		

2. This	increased	aortic	stiffness	is	associated	with	elevated	blood	pressures.		

3. Despite	 increased	 aortic	 stiffness,	 patients	 after	 successful	 CoA-repair	 show	
preserved	 global	 LV	 function,	 mass,	 dimensions	 and	 myocardial	 deformation	
when	compared	to	healthy	controls.		

	
Aortic	pulse	wave	velocity	and	distensibility	
PWV	AA	was	 significantly	 increased	 and	 aortic	 distensibility	was	 significantly	 reduced	 in	
CoA-patients	 long-term	 after	 anatomically	 successful	 repair,	 indicating	 increased	 aortic	
stiffness.	 This	 increase	 in	 PWV	 was	 significantly	 higher	 in	 hypertensive	 patients	 when	
compared	 to	 normotensive	 patients	 and	 controls,	 suggesting	 a	 relationship	 between	
reduced	 elasticity	 of	 the	 pre-coarctation	 aorta	 and	 the	 presence	 of	 CoA-associated	
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hypertension.4	 Interestingly,	PWV	AA	was	 increased	even	 in	normotensive	CoA-patients,	
and	 a	 significant	 positive	 linear	 effect	 was	 observed	 for	 PWV	 AA	 between	 controls,	
normotensive	 patients	 and	 hypertensive	 patients.	 Furthermore,	 a	 significant	 negative	
linear	 trend	 was	 observed	 in	 aortic	 distensibility	 of	 hypertensive	 CoA-patients,	
normotensive	 CoA-patients	 and	 controls,	 suggesting	 that	 vascular	 pathology	 of	 the	 pre-
CoA	aorta	may	precede	clinical	hypertension	in	CoA-patients.5		

Our	findings	are	consistent	with	previous	studies.4–7,23	 In	a	CMR	study	Ou	et	al.	analyzed	
aortic	compliance	in	40	normotensive,	asymptomatic	CoA-patients,	who	received	surgical	
CoA-repair	 before	 the	 age	 of	 six	 months	 after	 follow-up	 of	 at	 least	 three	 years.4	 They	
found	 increased	aortic	PWV	and	decreased	aortic	distensibility	 in	 the	ascending	aorta	of	
normotensive	CoA-patients,	 indicating	 important	residual	pathophysiologic	abnormalities	
in	 the	 aortic	 arch,	 despite	 early	 and	 successful	 repair.4	 Our	 study	 showed	 a	 significant	
correlation	between	PWV	and	age	at	CMR	and	the	intervention-CMR	interval,	suggesting	
an	increase	in	aortic	stiffness	with	longer	follow-up.	Indeed,	age	has	been	identified	as	risk	
factor	 for	 increased	 stiffness	 of	 the	 aorta	 and	might	 add	 to	 the	 risk	 of	 CoA-associated	
aortic	 stiffness.24	 As	 increased	 aortic	 stiffness	 may	 lead	 to	 hypertension	 and	 LV	
hypertrophy	late	during	follow-up,	it	underscores	the	need	for	careful	and	regular	follow-
up	 of	 CoA-patients	 long-term	 after	 CoA-repair.4	 Furthermore,	 these	 findings	 may	 have	
therapeutic	 implications	as	calcium-channel	blockers	and	angiotensin-converting	enzyme	
inhibitors	 have	 been	 shown	 to	 be	 more	 effective	 than	 β-blockers	 or	 diuretics	 in	 the	
treatment	of	central	aortic	hemodynamic	abnormalities.4	A	recent	CMR	study	by	Quail	et	
al.	also	showed	reduced	arterial	compliance	and	increased	stiffness	of	the	ascending	aortic	
arch,	 consistent	with	 aortopathy	 in	well-repaired,	 normotensive	CoA-patients	who	were	
treated	surgically	at	a	mean	age	of	four	months.23	Similar	to	our	current	findings,	PWV	and	
distensibility	 in	 the	 descending	 aorta	 were	 comparable	 between	 CoA-patients	 and	
controls	in	these	studies,	suggesting	that	only	the	aortic	arch	is	affected.4–7,23	

Reduced	aortic	wall	 elasticity	may	be	explained	by	 intrinsic	wall	 abnormalities.25	 Several	
histological	studies	have	shown	increased	collagen	and	elastin	levels	with	reduced	smooth	
muscle	 cells	 in	 the	 wall	 of	 the	 pre-CoA	 aorta.3,4,7,26	 These	 changes	 in	 vascular	 wall	
composition	have	been	previously	attributed	to	aortic	wall	remodeling	as	a	compensating	
mechanism	 to	 increased	 wall-shear-stress.23	 However,	 persistent	 changes	 in	 aortic	 arch	
stiffness	long-term	after	repair,	as	shown	in	this	study,	suggest	irreversible	changes	in	wall	
composition	 and/or	 endothelial	 function	 of	 the	 aortic	 arch	 proximal	 to	 the	 CoA	 site.	
Another	cause	for	reduced	elasticity	in	CoA-patients	could	be	local	fibrous	scar	tissue	as	a	
result	 of	 CoA-repair.23,27	 Indeed,	 our	 patients	 treated	 surgically	 showed	 reduced	 aortic	
distensibility	when	compared	to	patients	treated	with	BA.	In	a	recent	CMR	study	on	aortic	
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wave	 reflections	 in	 well-repaired	 CoA-patients,	 Quail	 et	 al.	 found	 a	 significantly	 higher	
aortic	 arch	 pulsatile	 load	 in	 CoA-patients	 when	 compared	 to	 controls.23	 As	 local	
characteristic	impedance	of	the	ascending	aorta	was	preserved,	Quail	et	al.	suggested	that	
the	differences	in	pulsatile	load	may	be	more	related	to	pathology	of	the	distal	portions	of	
the	central	aorta,	such	as	the	aortic	repair	site.23	However,	increased	stiffness	of	the	aortic	
arch	found	in	our	study	suggest	a	broader	vascular	pathology	in	CoA-patients.6,23	Altered	
blood	 flow	patterns	 in	 utero	have	 also	 been	 implicated	 in	 increased	 aortic	 stiffness.26	 It	
has	 been	 hypothesized	 that	 regulation	 of	 angiogenic	 and	 vasculogenic	 pathways	 is	
abnormal	in	CoA-patients,	resulting	in	disturbed	endothelial	function.26		
	
Hypertension	
A	primary	objective	of	 this	 study	was	 to	assess	 the	 relationship	between	aortic	 stiffness	
and	the	presence	of	hypertension	in	CoA-patients.	Our	study	shows	that	increased	aortic	
stiffness	 was	 associated	 with	 higher	 blood	 pressures	 in	 CoA-patients.	 Increased	 central	
aortic	 stiffness	 and	 PWV	 have	 been	 previously	 associated	 with	 progression	 to	 future	
hypertension	even	after	adjustment	for	classic	cardiovascular	risk	factors,	and	have	shown	
a	strong	association	with	cardiovascular	morbidity	and	mortality	in	follow-up.4,5	Moreover,	
high	 blood	 pressure	 as	 a	 result	 of	 increased	 aortic	 stiffness	 contributes	 to	 decreased	
elasticity	 of	 the	 arterial	wall,	which	may	 lead	 to	 even	 higher	 blood	 pressure,	 creating	 a	
vicious	circle	of	aortic	stiffening	and	hypertension.6	Hypertension	is	a	well-described	long-
term	 comorbidity	 after	 CoA-repair,	 but	 the	 exact	 pathophysiology	 remains	 uncertain.3	
Several	 pathophysiological	 pathways	 have	 been	 implicated.3	Our	 current	 results	 show	 a	
strong	 relationship	between	 reduced	compliance	and	hypertension	 long-term	after	CoA-
repair.	 Reduced	 compliance	 of	 the	 aortic	 arch	 and	 conduit	 arteries	 may	 also	 lead	 to	
reduced	 baroreceptor	 sensibility	 to	 high	 blood	 pressure,	 resulting	 in	 a	 decreased	
baroreflex	regulating	function.5,28	Furthermore,	altered	wall-shear-stress,	associated	with	
altered	 blood	 flow	 in	 the	 case	 of	 scar	 tissue	 and	 graft	 material,	 may	 lead	 to	 arterial	
remodeling,	endothelial	dysfunction	and	eventually	to	hypertension.19	Another	hypothesis	
describes	 an	 altered	 renine-angiotensine-aldesterone	 system	 set-point	 as	 a	 result	 of	
reduced	renal	blood	flow	due	to	the	narrowed	aorta.3,29–31		
	
Left	ventricular	function	
We	 found	preserved	 LVEF	with	normal	 LV	mass	 and	 LV	dimensions	 in	 our	 repaired	CoA	
patient	cohort,	suggesting	that	significant	LV	remodeling	related	to	increased	LV	afterload	
had	 not	 occurred	 in	 these	 patients.	Myocardial	 deformation	 was	 also	 preserved	 in	 our	
cohort	 of	 well-repaired	 CoA-patients,	 suggesting	 that	 even	 subtle	 contractile	
abnormalities	were	 not	 present.	 Altered	myocardial	 deformation	 has	 been	 described	 in	
hypertensive	patients	and	patients	with	LV	hypertrophy.22	However,	 the	 literature	on	LV	
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hypertrophy	and	LV	myocardial	deformation	in	CoA-patients	is	ambivalent.	In	accordance	
to	 our	 current	 findings,	 preserved	 myocardial	 deformation	 has	 been	 described	 in	 CoA-
patients	 with	 preserved	 LV	 systolic	 function	 and	 normal	 LV	 mass.21,32	 An	
echocardiographic	 study	 by	 Jashari	 et	 al.	 showed	 pre-operative	 abnormalities	 in	 global	
longitudinal	strain.33	Global	 longitudinal	strain	subsequently	normalized	after	CoA-repair,	
with	full	recovery	of	myocardial	function	at	a	follow-up	of	10	years.32,33	In	contrast,	a	CMR-
FT	study	by	Shang	et	al.	showed	impaired	LV	myocardial	deformation	at	long-term	follow-
up	 in	 a	 group	 of	 well-repaired	 CoA-patients	 treated	 in	 the	 neonatal	 period.22	 The	
ambivalent	 literature	 on	 LV	 mass	 and	 LV	 deformation	 may	 be	 explained	 by	 the	 vast	
heterogeneity	 of	 the	 study	 populations.	 Differences	 in	 severity	 of	 CoA,	 age	 at	 time	 of	
repair	 and	 duration	 of	 follow-up	 may	 all	 influence	 outcome,	 as	 progression	 to	
hypertension,	 increased	 afterload,	 LV	 hypertrophy	 and	 myocardial	 dysfunction	 is	 a	
dynamic	cascade	which	 is	 influenced	by	all	of	these	factors.17,18,25	Although	hypertension	
was	associated	with	increased	aortic	arch	stiffness	in	our	population	of	well-repaired	CoA-
patients,	 the	 presence	 of	 hypertension	 appeared	 not	 to	 contribute	 to	 increased	 LV	
afterload	with	adverse	arterio-ventricular	coupling	and	impaired	LV	function.		
	
Limitations	
Regarding	the	results	of	 this	study,	a	 few	 limitations	should	be	addressed.	The	relatively	
small	 sample	 size	 limits	 generalization	 of	 the	 results	 and	 may	 have	 obscured	 further	
differences	 and	 associations,	 although	 no	 trends	 towards	 significant	 differences	 were	
observed	 either.	 A	 significant	 part	 of	 the	 hypertensive	 patients	 were	 unaware	 of	 their	
hypertension	before	the	study-date.	Therefore	time	of	exposure	to	hypertension	was	not	
available.	Furthermore,	as	our	control	cohort	consisted	of	healthy,	normotensive	controls,	
comparison	of	hypertensive	CoA-patients	 to	hypertensive	controls	 to	assess	 the	additive	
effect	of	CoA	was	not	possible.		
	

CONCLUSION	
The	data	presented	 in	 this	 study	highlight	 the	growing	understanding	 that	although	CoA	
may	 be	 repaired	 to	 anatomical	 satisfaction,	 patients	 are	 not	 ‘cured’	 and	 demonstrate	
increased	aortic	stiffness	proximal	to	the	CoA	repair-site,	even	if	they	are	normotensive.4,5	
At	 long-term	 follow-up	 even	 well-repaired	 CoA-patients	 show	 increased	 PWV	 and	
decreased	 distensibility	 in	 the	 pre-coarctation	 aorta,	 associated	 with	 systemic	
hypertension.	Despite	 these	vascular	pathologies,	 LV	 function	was	preserved,	 suggesting	
that	they	did	not	lead	to	adverse	arterio-ventricular	coupling	(yet).	Therefore,	careful	and	
regular	 follow-up	 of	 CoA,	 including	 assessment	 of	 the	 consequences	 of	 CoA-related	
increased	arterial	stiffness,	is	important	even	long-term	after	CoA-repair.4,6		
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ABSTRACT	
Objective:	 Despite	 successful	 repair,	 long-term	 hypertension	 rates	 in	 patients	 with	
coarctation	of	the	aorta	(CoA)	remain	high.	There	is	evidence	for	generalized	vasculopathy	
in	CoA,	but	data	on	peripheral	vascular	resistance	is	scarce.	This	study	sought	to	evaluate	
the	peripheral	 vascular	 resistance	 and	 its	 association	with	hypertension	development	 in	
CoA	patients.		

Methods:	Patients	with	native	CoA	and	repair	between	3	months	and	16	years	of	age	were	
included	 in	 this	 retrospective	 cohort	 study.	 Peripheral	 pulse	 wave	 velocity	 (PWV)	 was	
measured	with	the	Arteriograph	 in	19	CoA	patients	and	was	compared	with	19	age-	and	
gender-matched	 controls.	 Global	 cardiac	 function	 was	 obtained	 by	 cardiovascular	
magnetic	 resonance	 and	 24-hour	 ambulatory	 blood	 pressure	 measurement	 was	
performed	to	assess	hypertension.	

Results:	 Twelve	 patients	 (63.2%)	 were	 hypertensive.	 Peripheral	 PWV	 was	 significantly	
higher	 in	CoA	patients	compared	to	controls	 (8.0	m/s	vs	7.4	m/s,	p=0.02).	No	significant	
difference	in	peripheral	PWV	was	found	between	hypertensive	patients	and	normotensive	
patients	(8.3±2.3	m/s	vs.	7.5±2.2	m/s,	p=0.64)and	between	patients	treated	surgically	and	
those	 treated	 with	 balloon	 angioplasty	 (p=0.51).	 PWV	 showed	 a	 significant	 correlation	
with	left	ventricular	mass	(R=0.53,	p=0.02).		

Conclusions:	 This	 study	 suggests	 a	 higher	 peripheral	 vascular	 resistance	 in	 CoA	 patients	
compared	to	controls,	which	may	contribute	to	the	development	of	hypertension	in	CoA.	
These	 findings	 support	 the	 hypothesis	 of	 the	 presence	 of	 generalized	 vasculopathy	 in	
patients	with	CoA.			
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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	accounts	for	5-8%	of	the	congenital	heart	diseases	(CHD),	
which	makes	it	the	sixth	most	common	CHD,	affecting	approximately	1:1000	live	births.1,2	
Although	 successful	 treatment	 is	 achieved	 in	 the	 first	 months	 after	 birth,	 long-term	
cardiovascular	 morbidity	 and	 mortality	 numbers	 remain	 high	 in	 comparison	 with	 the	
normal	population.3,4	There	 is	a	growing	understanding	that	CoA	 is	not	solely	a	 localized	
narrowing	 of	 the	 aorta,	 but	 comprises	 a	 much	 more	 generalized	 vasculopathy.	
Hypertension	is	seen	in	up	to	60%	op	CoA	patients	long-term	after	anatomically	successful	
repair.5	Furthermore,	a	large	number	of	normotensive	CoA	patients	show	a	hypertensive	
response	 to	 exercise.6	 Exercise	 normally	 induces	 vasodilatation	 in	 the	 active	 skeletal	
muscles	and	peripheral	vasoconstriction	 in	the	tissue	that	 is	not	 involved,	resulting	 in	an	
overall	 lower	 systemic	 vascular	 resistance.6	 A	 disruption	 of	 this	mechanism	 could	 cause	
exercise-induced	hypertension.	It	has	been	shown	that	a	high	peak	systolic	blood	pressure	
(SBP)	 during	 exercise	 testing	 is	 an	 important	 risk	 factor	 for	 the	 development	 of	
hypertension	 in	 patients	 with	 CoA.	 The	 exact	 pathophysiology	 of	 CoA-associated	
hypertension	and	exercise-induced	hypertension	remains	unclear.	

Several	 studies	 have	 implicated	 that	 central	 vascular	 resistance	 and	 endothelial	
dysfunction	 play	 a	 role	 in	 the	 development	 of	 hypertension	 after	 CoA	 repair.1,4,6,7	
However,	 little	 is	 known	 about	 peripheral	 vascular	 resistance	 in	 CoA	 patients	 long-term	
after	 repair.	 Altered	 peripheral	 vascular	 function	 might	 be	 implicated	 in	 systemic	
hypertension	and	the	hypertensive	response	to	exercise	that	is	seen	in	CoA	patients	long-
term	after	repair.6	Peripheral	vascular	resistance	can	be	measured	with	the	Arteriograph,	
an	oscillometric	device	 that	has	been	validated	 for	use	 in	healthy	adults	 and	children.8,9	
This	 study	 sought	 to	 assess	 peripheral	 vascular	 resistance	 and	 its	 association	 with	
hypertension	development	in	CoA	patients	long-term	after	successful	anatomic	repair.		
	
	
METHODS	
Study	population	
Participants	 were	 recruited	 from	 a	 retrospective	 cohort	 study,	 which	 was	 designed	 to	
assess	 the	 long-term	 outcome	 of	 balloon	 angioplasty	 compared	 to	 surgery	 in	 the	
treatment	 of	 native	 CoA.10	 Patients	 treated	 with	 surgery	 or	 balloon	 angioplasty	 in	 our	
centre	 between	 the	 age	of	 three	months	 and	 16	 years	 between	1969	 and	 2004,	with	 a	
follow-up	of	at	least	10	years	were	included	in	the	study.	Patients	who	received	treatment	
before	the	age	of	3	months	were	excluded	from	this	study,	as	these	patients	suffered	from	
a	more	 severe	 CoA,	 often	with	 a	 duct-dependent	 circulation	 and	 varying	 degrees	 of	 LV	
dysfunction.	All	of	these	patients	received	surgical	treatment,	therefore	inclusion	of	these	
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patients	would	 lead	 to	 a	 certain	 degree	of	 bias	 in	 comparison	of	 the	 treatment	 groups.	
Patients	 with	 severe	 cardiac	 comorbidities	 (e.g.	 transposition	 of	 the	 great	 arteries,	
hypoplastic	 left	heart	syndrome),	 isthmus	hypoplasia	(defined	as	 isthmus	diameter	<40%	
of	the	diameter	of	the	ascending	aorta)	or	arch	hypoplasia	(defined	as	proximal	or	distal	
transverse	 arch	 diameter	 <60%	 or	 <50%	 of	 the	 diameter	 of	 the	 ascending	 aorta)	 were	
excluded	 from	 this	 study.11	 The	 control	 group	 was	 constructed	 using	 age-	 and	 gender-
matched	 reference	 data,	with	 a	 1:1	 ratio.	 Control	 data	were	 extracted	 from	 an	 existing	
database	of	peripheral	PWV	measurements	in	healthy	participants,	which	were	requested	
from	the	manufacturers	of	the	Arteriograph.	
	
Peripheral	arterial	stiffness	
Peripheral	 PWV	 measurements	 were	 performed	 using	 an	 Arteriograph	 (Tensiomed,	
Budapest,	 Hungary).	 This	 is	 a	 non-invasive,	 occlusive,	 oscillometric	 device,	 which	 was	
placed	 on	 the	 right	 upper	 arm	 while	 participants	 laid	 still	 in	 supine	 position.	 The	
Arteriograph	first	measures	the	systolic	and	diastolic	blood	pressures.	After	deflating,	the	
cuff	immediately	overpressurizes	with	35mmHg,	occluding	the	underlying	brachial	artery.	
Minimal	 central	 pressure	 changes,	 such	 as	 the	 first	 (direct)	 systolic	 wave,	 the	 late	
(reflected)	systolic	wave	and	diastolic	wave	are	measured	as	peak	waves	through	a	highly	
sensitive	sensor	in	the	cuff.	The	conduit	arteries	(subclavian,	axillary,	brachial)	work	like	a	
gateway,	transferring	the	central	pulse	waves	through	to	the	sensor.		
The	late	systolic	wave	is	formed	by	reflection	of	the	first	systolic	wave	at	the	bifurcation	of	
the	aorta,	traveling	back	up	the	aorta	to	the	brachial	artery.	The	time	between	these	two	
waves	is	the	reflection	time.	Length	of	the	aorta	(from	left	ventricle	to	aortic	bifurcation)	is	
defined	 as	 the	 measured	 surface	 length	 between	 jugular	 and	 symphysis.	 The	 PWV	 is	
calculated	using	the	following	formula:		
PWVao	=	aortic	length/	(reflection	time	/	2).8	
	
Global	cardiac	function		
Patients	underwent	cardiac	magnetic	resonance	imaging	using	a	1.5	Tesla	scanner	(Ingenia	
R4.1.2;	 Philips	 Healthcare,	 Best,	 The	 Netherlands).	 An	 electrocardiogram-gated	 breath-
hold-balanced	 fat-field	 echo	 sequence	 was	 used	 for	 cine	 imaging	 of	 the	 LV	 long-axis	
planes,	 LV	 short-axis	 slices,	 the	aortic	oblique	 sagittal	 plane	and	 cross-sectional	 slices	of	
the	 aorta.	 Volumetric-	 and	 flow	 analysis	 were	 performed	 using	 QMass	 and	 QFlow	
Enterprise	 Solution	 (Medis	Medical	 Imaging	 Systems,	 Leiden,	 The	Netherlands).	 The	 left	
ventricular	(LV)	ejection	fraction	(EF)	and	the	cardiac	dimensions	were	derived	from	short	
axis	slices	according	to	the	recommendations	of	 the	Society	 for	Cardiovascular	Magnetic	
Resonance.12	 Hypertension	was	 defined	 as	 a	mean	 ambulatory	 blood	 pressure	 >135/80	
mmHg	 for	adults	 13	or	an	SD	score	>2	 for	 children14	measured	on	a	24-hour	ambulatory	
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blood	pressure	measurement,	which	was	performed	according	to	the	European	Society	of	
Hypertension	protocol.15	
	
Statistical	analysis	
Statistical	 analyses	 were	 performed	 using	 SPSS	 (version	 25	 International	 Business	
Machines	Corporation,	Armonk,	New	York,	United	States	of	America).	A	paired	sample	T-
test	or	ANOVA	was	performed	for	comparison	of	means.	Inter-variable	correlations	were	
assessed	 using	 Pearson’s	 correlation.	 A	 p-value	 <0.05	 was	 considered	 statistically	
significant.			
	
	
RESULTS	
Study	population	
The	study	population	consisted	of	19	CoA	patients	and	19	controls	(16	male	and	3	female	
in	 both	 groups).	 Baseline	 characteristics	 are	 presented	 in	 Table	 1.	 The	 mean	 age	 was	
31±10.4	years	 (range	15-59	years).	Of	 the	19	participants,	11	had	surgery	 (57.9%)	and	8	
balloon	angioplasty	 (42.1%)	as	 first	CoA	 intervention.	The	mean	age	at	 intervention	was	
6.45±4.9	years	(range	of	0.4	to	14.4	years)	and	mean	follow-up	was	24.4±8.5	years	(range	
10.8	–	42.4	years).	Six	patients	had	a	bicuspid	aortic	valve	(31.6%).	Four	CoA	patients	had	
received	successful	treatment	for	re-CoA	(three	surgical	and	one	BA	patient(s)).	Treatment	
of	 re-CoA	was	 performed	using	 surgery	 (one	 patient),	 BA	 (one	 patient)	 or	 endovascular	
stent	placement	(two	patients).	Twelve	participants	(63.2%)	were	hypertensive	at	time	of	
the	 study.	 Five	 patients	 received	 anti-hypertensive	medication,	 of	whom	 four	were	 still	
hypertensive.		

Table	1.	Baseline	characteristics	of	the	patient	population.	Abbreviations:	BSA	body	surface	area,	HR	heart	rate	in	
rest,	SBP	systolic	blood	pressure,	DBP	diastolic	blood	pressure,	LV	left	ventricle,	EDV	end	diastolic	volume,	ESV	
end	systolic	volume,	EF	ejection	fraction.			
	

	 	 	 	 	

Gender	(male,	%)	 84.2	 	 SBP	(mmHg)	 136.7±13.1	

Age	(years)	 30.9±10.4	 	 DBP	(mmHg)	 77.7±8.4	

Weight	(kg)	 78.1±14.6	 	 LVmass	indexed	(g/m2)	 68.2±8.9	

Height	(cm)	 177.6±8.2	 	 LV	EDV	indexed	(mL/m2)	 94.6±15.5	

BSA	(m2)	 1.95±0.2	 	 LV	ESV	indexed	(mL/m2)	 26.8±7.3	

HR	(b.p.m.)	 66.3±11.4	 	 LVEF	(%)	 58.0±4.8	
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Peripheral	arterial	stiffness	
Peripheral	PWV	was	significantly	higher	in	CoA	patients	compared	to	controls	(8.0±2.2	m/s	
vs.	 7.4±0.7	 m/s,	 p=0.02)	 (Figure	 1).	 Furthermore,	 a	 significant	 difference	 in	 PWV	 was	
found	between	normotensive	patients	and	controls	(7.5±2.2	m/s	vs.	7.4±0.7	m/s,	p=0.01)	
and	hypertensive	patients	 and	 controls	 (8.3±2.3	m/s	 7.4±0.7	m/s,	 p<0.01).	However,	 no	
significant	 difference	 was	 found	 between	 hypertensive	 patients	 and	 normotensive	
patients	(8.3±2.3	m/s	vs.	7.5±2.2	m/s,	p=0.64)	(Figure	2).	No	difference	in	peripheral	PWV	
was	 found	 between	 surgical	 and	 BA	 patients	 (8.3±2.3	m/s	 vs.	 7.6±2.2	m/s,	 p=0.51).	 No	
difference	in	peripheral	PWV	was	found	between	patients	who	had	received	treatment	for	
re-CoA	 and	 patients	without	 re-CoA	 (7.5±1.6	m/s	 vs.	 8.1±2.4	m/s,	 p=0.58).	 A	 significant	
correlation	 was	 found	 between	 peripheral	 PWV	 and	 LV	 mass	 (R=0.53,	 p=0.02).	 No	
significant	 correlations	 were	 found	 between	 peripheral	 PWV	 and	 age,	 gender,	 age	 at	
intervention,	LVEF,	LV	end	diastolic	volume	indexed,	LV	end	systolic	volume	indexed	and	
24-hour	systolic	blood	pressure.		

	

	

	

Figure	1.	Peripheral	pulse	wave	velocity	in	patients	with	repaired	coarctation	of	the	aorta	compared	to	healthy	
controls.	PWV	pulse	wave	velocity.	CoA	coarctation	of	the	aorta.			
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Figure	2.	Peripheral	pulse	wave	velocity	in	normotensive-	and	hypertensive	patients	with	repaired	coarctation	of	
the	aorta	compared	to	healthy	controls.	PWV	pulse	wave	velocity.	CoA	coarctation	of	the	aorta.			

	

DISCUSSION	
This	 study	 sought	 to	 assess	 peripheral	 vascular	 resistance	 and	 its	 association	 with	
hypertension	 development	 in	 CoA	 patients	 long-term	 after	 successful	 repair.	 Our	 study	
showed	increased	peripheral	PWV	in	CoA	patients	when	compared	to	controls,	suggesting	
an	increase	in	peripheral	vascular	resistance	in	this	patient	group.		
	
Data	on	peripheral	vascular	resistance	in	CoA	patients	are	scarce.	A	study	by	Gardiner	et	
al.	 investigated	 the	 reactive	 hyperemic	 response	 and	 glyceryl	 tritrate-induced	 (GTN)	
dilatation	 of	 the	 brachial	 artery	 in	 25	 normotensive	 young	 adults	 with	 successful	 CoA	
repair.16	They	showed	significant	abnormalities	in	the	arterial	function	of	the	right	brachial	
artery	in	CoA	patients	compared	to	controls.16	Gardiner	et	al.	concluded	that	CoA	patients	
showed	 a	 reduced	 hyperemic	 response	 and	 impaired	 response	 to	 GTN,	 suggesting	
vascular	 dysfunction,	 including	 abnormal	 vasodilatory	 capacity.16	 Peripheral	 vascular	
dysfunction	 and	 decreased	 vasodilatory	 capacity	may	 indeed	 lead	 to	 increased	 vascular	
stiffness	and	in	increased	peripheral	PWV	as	seen	in	our	study.		
Although	 peripheral	 PWV	 was	 higher	 in	 our	 hypertensive	 patients	 compared	 to	
normotensive	 patients	 (8.1m/s	 and	 7.5	 m/s,	 respectively),	 this	 difference	 was	 not	
statistically	significant,	probably	due	to	the	number	of	patients	in	our	study.	Higher	aortic	
PWV	in	hypertensive	patients	compared	to	controls	has	been	previously	described.4	Kenny	
et	al	measured	PWV	using	a	different	pulse	volume	technique	in	29	adolescents	after	CoA	
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repair	 and	 found	 that	 adolescents	 with	 hypertension	 after	 CoA	 repair	 have	 increased	
aortic	PWV	compared	with	normotensive	CoA	patients.4	Furthermore	he	found	a	relative	
reduction	in	spontaneous	baroreceptor	reflex	sensitivity	in	hypertensive	CoA	patients	and	
suggested	 that	 failure	 of	 the	 baroreceptor	 reflex	 to	 compensate	 for	 increasing	 arterial	
stiffness	may	herald	the	onset	of	hypertension	in	these	patients.4	A	study	by	Vitarelli	et	al.	
included	 26	 normotensive	 CoA	patients	 after	 successful	 repair	 in	 infancy	 and	 submitted	
them	 to	 Doppler	 tissue	 imaging	 and	 strain	 rate	 imaging	 in	 order	 to	 assess	 aortic	 PWV	
measurements	 and	 compared	 them	 with	 controls,	 assessing	 the	 differences	 and	
correlations	to	the	exercise	induced	hypertension	rates	in	both	groups.17	They	found	that	
CoA	patients	have	increased	stiffness,	amplifying	stress-induced	hypertension.		
Residual	 stenosis,	 fibrotic	 scar	 tissue,	 the	 renin-angiotensin-aldosterone	 system,	 altered	
aortic	 arch	morphology	 and	 reduced	 aortic	 compliance	 have	 all	 been	 implicated	 in	 the	
development	 of	 CoA-associated	 hypertension,	 but	 the	 exact	 pathophysiology	 remains	
unclear.18	Increased	central	aortic	stiffness	of	the	pre-coarctation	aorta	has	been	found	in	
CoA	 patients	 long-term	 after	 successful	 repair	 of	 the	 stenotic	 segment.3,19	 Reduced	
compliance	of	the	aortic	wall	might	be	explained	by	histological	changes	of	the	aortic	wall,	
which	 have	 been	 well-described	 in	 CoA	 patients.3,5,19	 Interestingly,	 these	 histological	
changes	are	not	confined	to	the	aorta,	but	have	also	been	found	in	the	conduit	arteries	of	
the	thoracic	aorta,	suggesting	a	more	generalized	vasculopathy.16,20,21	A	study	by	Divitiis	et	
al.,	studied	the	relationship	between	conduit	artery	dysfunction	and	hypertension	in	CoA	
patients.21	 After	 surveying	 a	 reduced	 response	 to	 the	 endothelium-dependent	 flow	
mediated	 dilatation	 and	 smooth	muscle	 endothelium-independent	 dilatator	GTN	on	 the	
right	brachial	artery	of	72	CoA	patients	 late	after	coarctation	repair,	they	concluded	that	
the	 dynamic	 response	 to	 GTN	 of	 the	 brachial	 artery	 was	 a	 strong	 positive	 predictor	 of	
systolic	blood	pressure.21	Another	explanation	for	the	observed	increased	peripheral	PWV	
in	CoA	patients	might	be	related	to	the	way	the	PWV	is	measured	by	the	Arteriograph.	The	
Arteriograph	uses	oscillometric	pressure	curves	registered	on	the	upper	arm	to	determine	
PWV.	The	device	registers	pulse	waves	by	measuring	pressure	changes	in	the	inflated	cuff,	
created	 by	 fluctuations	 in	 pressure	 in	 the	 artery	 underneath	 the	 cuff.23	 Both	 the	 early	
systolic	wave	as	the	reflected	wave	are	registered	and	the	PWV	is	determined	by	the	time	
between	the	first	and	second	wave	and	the	distance	from	the	 jugulum	to	the	symphysis	
(m/s).23	A	change	 in	wave	reflections	might	 therefore	 interfere	with	accurate	analysis	of	
PWV	by	the	Arteriograph.	In	a	recent	cardiovascular	magnetic	resonance	study,	Quail	et	al.	
studied	 central	 aortic	 stiffness	 and	 analyzed	 the	 reflection	waves	 of	 CoA	 patients	 long-
term	 after	 successful	 repair.24	 They	 found	 abnormal	 wave	 reflections	 in	 CoA	 patients	
compared	 to	age-	and	gender-matched	controls.	The	backward	wave	arrived	earlier	and	
with	a	greater	magnitude	in	CoA	patients	compared	to	controls.	Quail	et	al.	suggested	that	
fibrous	 scar	 tissue	 at	 the	 repair	 site	might	 be	 responsible	 for	 the	 early	 reflection	waves	
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seen	 in	 CoA	 patients.24	 As	 measurement	 of	 the	 PWV	 by	 the	 Arteriograph	 is	 based	 on	
analysis	of	backward	wave	reflection,	 it	 is	possible	 that	 the	observed	 increase	 in	PWV	 is	
based	on	measurement	of	these	earlier	reflection	waves	from	scar	tissue	in	the	aortic	wall.	
However,	 peripheral	 PWV	was	 also	 increased	 in	 our	 cohort	 of	 patients	 treated	with	 BA	
alone,	suggesting	that	increase	of	peripheral	PWV	is	present	even	in	the	absence	of	aortic	
scar	 tissue.	 Our	 current	 findings	 may	 have	 therapeutical	 implications.	 Calcium	 channel	
blockers	(CCBs)	and	angiotensin-converting	enzyme	inhibitors	(ACEIs)	have	been	shown	to	
have	 a	 superior	 effect	 on	 central	 aortic	 hemodynamic	 abnormalities	 compared	 to	 β-
blockers	 or	 diuretics.19	 However,	 in	 a	 large	 controlled	 double-blind	 study,	 assessing	 the	
effect	 of	 an	 ACEI	 in	 combination	with	 a	 diuretic	 on	 the	 central-	 and	 peripheral	 arterial	
blood	 pressure	 and	 pulse	 pressure	 in	 comparison	 to	 a	 β-blocker,	 Asmar	 et	 al	 have	
described	 that	 the	 antihypertensive	 effects	 of	 ACEIs	 are	 only	 observed	 in	 the	 central	
arteries.22	Therefore,	 if	 increased	peripheral	arterial	 stiffness	 indeed	plays	a	 role	 in	CoA-
associated	hypertension,	CCBs	might	play	 a	 central	 role	 as	 first-choice	anti-hypertensive	
treatment,	as	it	affects	both	central-	and	peripheral	vascular	function.		
There	was	a	significant	correlation	between	the	elevated	peripheral	PWV	and	LV	mass	in	
CoA	 patients.	 This	 can	 be	 explained	 by	 the	 fact	 that	 an	 elevated	 PWV	 suggests	 aortic	
stiffening,	therefore	enhancing	the	afterload	on	the	left	ventricle	and	eventually	resulting	
in	a	higher	LV	mass.		
	
Study	limitations	
This	study	has	some	limitations.	The	small	sample	size	of	our	study	limits	generalization	of	
the	 results	 and	 may	 have	 obscured	 certain	 differences	 and	 associations.	 Future	 study	
should	 be	 performed	 in	 a	 large,	multi-center,	 study	 population	 to	 confirm	 our	 findings.	
The	use	of	a	constructed	control	group	did	not	allow	 for	comparison	of	certain	baseline	
characteristics.	 However,	 by	 using	 reference	 values	 obtained	 in	 a	 large	 cohort	 of	
apparently	healthy	subjects	we	allowed	for	accurate	comparison	of	the	main	study	focus,	
peripheral	vascular	resistance,	between	patients	and	healthy	peers.		
	

CONCLUSION	
CoA	patients	have	an	increased	peripheral	PWV	compared	to	healthy	controls,	suggesting	
elevated	 peripheral	 vascular	 stiffness.	 The	 results	 of	 our	 study	 endorse	 the	 theory	 that	
CoA	 is	 a	 systemic	 vasculopathy.	 A	 larger	 study	 is	warranted	 to	 confirm	 the	 finding	 of	 a	
higher	 peripheral	 vascular	 resistance	 in	 patients	 with	 CoA	 and	 its	 significance	 in	 the	
development	 of	 hypertension.	 These	 findings	 may	 have	 therapeutic	 implications,	 as	 a	
large	 number	 of	 anti-hypertensive	 medications	 do	 not	 act	 on	 the	 peripheral	 vascular	
system.		 	
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ABSTRACT	
Objective:	A	reduced	exercise	capacity	is	common	in	adult	congenital	heart	disease	and	is	
associated	 with	 cardiovascular	 morbidity	 and	 mortality.	 However,	 data	 on	 exercise	
capacity	in	patients	after	repair	of	coarctation	of	the	aorta	(CoA)	is	scarce.	Furthermore,	a	
high	rate	of	exercise-induced	hypertension	has	been	described	in	CoA	patients.	This	study	
sought	to	assess	exercise	capacity	and	blood	pressure	response	in	asymptomatic	patients	
long-term	after	CoA	repair	in	relation	to	left	ventricular	and	vascular	function.		
	
Methods:	 twenty-two	 CoA	 patients	 (age	 30	 ±	 10.6	 years)	with	 successful	 surgical	 repair	
(n=12)	or	balloon	angioplasty	(n=10)	between	3	months	and	16	years	of	age	with	a	follow-
up	of	>10	years	underwent	cardiopulmonary	exercise	testing	at	a	mean	follow-up	of	23.9	
years.	Exercise	capacity	(peak	oxygen	uptake;	VO2peak)	and	blood	pressure	response	were	
compared	 to	 age-	 and	 gender	 matched	 reference	 values.	 Left	 ventricular	 function	 and	
volumetric	analysis	was	performed	using	cardiovascular	magnetic	resonance	imaging.		
	
Results:	 CoA	 patients	 showed	 preserved	 exercise	 capacity	 compared	 to	 the	 healthy	
reference	 group,	 with	 a	 VO2peak	 of	 41.7±12.0	 ml/kg/min	 versus	 44.9±6.7	 ml/kg/min.	
VO2peak/kg	 showed	 a	 significant	 association	 with	 age	 (p<0.001)	 and	 male	 gender	
(p=<0.001).	 Exercise	 induced	 hypertension	 occurred	 in	 82%	 of	 CoA	 patients,	 and	 was	
strongly	 related	 to	 left	 ventricular	 mass	 (p=0.04).	 Of	 the	 41%	 of	 patients	 who	 were	
normotensive	 at	 rest,	 78%	 showed	 exercise-induced	 hypertension.	 No	 significant	
correlation	was	found	between	peak	exercise	blood	pressure	and	age,	BMI,	age	at	time	of	
repair,	LVEF	or	LV	dimensions.	
	
Conclusions:	 Exercise	 capacity	 is	 well	 preserved	 in	 patients	 long	 term	 after	 successful	
repair	 of	 coarctation	 of	 the	 aorta.	 Nevertheless,	 a	 high	 number	 of	 patients	 develop	
exercise	hypertension,	which	is	strongly	related	to	systemic	hypertension.	Regular	follow-
up,	including	cardiopulmonary	exercise	testing,	and	aggressive	treatment	of	hypertension	
after	CoA-repair	is	strongly	advised.		
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INTRODUCTION	
Coarctation	of	the	aorta	(CoA)	is	a	common	congenital	aortic	lesion,	which	accounts	for	5-
10%	of	all	congenital	heart	defects1.	Untreated	CoA	may	lead	to	morbidity	and	death	early	
in	life	as	a	result	of	hypertension,	congestive	cardiac	failure,	myocardial	infarction,	stroke,	
infective	 endocarditis	 and	 aortic	 rupture1.	 Furthermore,	 despite	 timely	 repair,	 patients	
with	CoA	require	 life-long	follow-up	due	to	an	 increased	risk	of	cardiovascular	morbidity	
and	mortality.1–3	This	is	largely	due	to	CoA-associated	hypertension	which	may	be	present	
in	up	to	68%	at	long-term	follow-up.1,3		

Reduced	exercise	 capacity	 is	 a	prevalent	 issue	 in	adult	 congenital	heart	disease	and	has	
been	 related	 to	 cardiovascular	 morbidity	 and	 mortality	 in	 the	 general	 population.2,3		
Subjective	appraisal	of	exercise	performance	by	CoA	patients	themselves	is	usually	good.	
However,	self-reported	physical	fitness	is	notoriously	unreliable	and	frequently	not	in	line	
with	 the	 actual	 physical	 fitness	 of	 the	 patient.	 Objective	 data	 on	 exercise	 capacity	 in	
patients	 after	 repair	 of	 coarctation	 is	 scarce.3	 A	 large	 number	 of	 CoA	 patients	 is	
normotensive	at	rest,	but	might	develop	hypertension	during	exercise.1,4,5	Several	studies	
have	 also	 shown	 a	 relationship	 between	 exercise-induced	 hypertension	 and	 systemic	
hypertension	 in	 CoA	 patients,	 suggesting	 that	 exercise	 induced	 hypertension	 may	 be	 a	
predictor	for	the	development	of	chronic	hypertension	and	cardiovascular	events	in	long-
term	follow-up.2,4,6,7	Hypertension	has	serious	consequences	for	the	future	cardiovascular	
health	since	it	may	lead	to	atherosclerosis,	coronary	artery	disease,	stroke,	left	ventricular	
(LV)	 dysfunction,	 heart	 failure	 and	 death.1,3,6	 Timely	 identification	 of	 patients	 at	 risk	 for	
hypertension	is	of	great	importance	to	initiate	early	intervention	strategies	and	reduce	the	
risk	 of	 hypertension	 related	 cardiovascular	 sequelae.1,2,4	 This	 study	 sought	 to	 assess	
exercise	capacity	and	blood	pressure	response	in	adult	patients	long-term	after	CoA	repair	
in	relation	to	left	ventricular	and	vascular	function.		
	

METHODS	
Study	population	
All	patients	who	received	primary	treatment	(surgery	or	balloon	angioplasty	without	stent	
placement)	 for	 localized	 CoA	 between	 3	 months	 and	 16	 years	 of	 age	 in	 our	 center	
between	1969	and	2004,	with	a	follow-up	of	at	least	10	years	were	invited	to	participate.	
Exclusion	criteria	were:	isthmus	hypoplasia	(isthmus	diameter	<40%	of	the	diameter	of	the	
ascending	aorta),	aortic	arch	hypoplasia	(proximal	or	distal	transverse	arch	diameter	<60%	
or	 <50%	 of	 the	 diameter	 of	 the	 ascending	 aorta,	 respectively)8	 or	 severe	 associated	
congenital	heart	defects	(e.g.,	hypoplastic	left	heart	syndrome,	transposition	of	the	great	
arteries).	 Of	 the	 72	 patients,	 22	 (31%)	 agreed	 to	 undergo	 cardio-pulmonary	 exercise	
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testing	and	cardio	magnetic	resonance	imaging.		The	control	group	was	based	on	age-	and	
gender-matched	 reference	 values,	 obtained	 from	 the	 Low-lands	 Fitness	 Registry,	 a	
database	 containing	 CPET	 measurements	 of	 2,777	 healthy	 Dutch	 people	 age	 7	 to	 76	
years.9	 A	 control-group	 of	 twenty-two	 controls	 was	 constructed	 by	 inclusion	 of	 a	
‘reference	 control	 patient’	 for	 each	 included	 CoA-patient,	 using	 the	 age-	 and	 gender	
matched	reference	values	for	the	analyzed	CPET	variables.	This	study	was	approved	by	the	
Medical	Ethics	Committee	of	the	University	Medical	Center	Utrecht	(NL39345.041.12).		
	
Baseline	data	
Baseline	characteristics	were	obtained	from	the	patients’	medical	records	and	specifically	
designed	questionnaires	on	medical	history,	current	health	and	cardiovascular	risk	factors,	
which	patients	filled	out	prior	to	the	study	date.	Ambulatory	blood	pressure	measurement	
was	 performed	 according	 to	 the	 European	 Society	 of	 Hypertension	 protocol.10	
Hypertension	was	 defined	 as	 an	 systolic	 blood	 pressure	 SD	 score	 >2	 for	 children	 and	 a	
mean	systolic	blood	pressure	>135/80	mmHg	for	adults.11,12		
	
Cardio-pulmonary	exercise	testing	(CPET)	
CPET	was	performed	on	a	calibrated,	electronically	braked	upright	cycle	ergometer	(Lode	
Corival,	 Lode	 bv,	 Groningen,	 The	 Netherlands),	 according	 to	 the	 Godfrey	 protocol.13	
Patients	breathed	trough	a	face-mask	(Hans	Rudolph	Inc,	USA)	connected	to	a	calibrated	
metabolic	 cart	 (ZAN	 600,	 Accuramed	 bvba,	 Lummen,	 Belgium)	 during	 the	 entire	 test.	 A	
flow	 meter	 and	 gas	 analyzer	 for	 oxygen	 and	 carbon	 dioxide	 were	 used	 for	 volume	
measurements	 and	 breath-by-breath	 respiratory	 gas	 analyses.	 Oxygen	 uptake	 (VO2),	
carbon	dioxide	output	 (VCO2),	 and	 the	 respiratory	 exchange	 ratio	 (RER)	were	 calculated	
automatically	 with	 conventional	 equations.	 Continuous	 measurement	 of	 the	 heart	 rate	
(HR)	and	oxygen	 saturation	was	performed	with	a	12-lead	electrocardiogram	 (Spacelabs	
Cardioperfect,	 ItMedical,	Veenendaal,	The	Netherlands)	and	pulse	oximeter	fitted	on	the	
forehead	 (Masimo	Rad8,	Masimo	BV,	Tilburg,	The	Netherlands),	which	was	verified	with	
the	 ECG	 heart	 rate.	 	 CPET	 data	 were	 only	 included	 when	 the	 test	 was	 performed	 to	
exhaustion	 with	 maximal	 effort,	 defined	 by	 subjective	 signs	 (i.e.	 sweating,	 unsteady	
biking)	and	objective	 signs	 (a	peak	RER>	1.0	or	1.1	 for	 children	and	adults	 respectively).		
The	test	was	terminated	when	the	minimum	required	pedaling	rate	of	50	revolutions/min	
could	not	be	maintained.	Peak	oxygen	uptake	(VO2peak)	was	calculated	as	the	peak	oxygen	
uptake	 averaged	 over	 the	 last	 30	 seconds	 of	 the	 test	 and	 corrected	 for	 body	 weight	
(VO2peak/kg;	 ml.kg-1.min-1).	 Maximal	 exercise	 data	 were	 expressed	 as	 a	 percentage	 of	
predicted	(VO2peak/kg%pred)	according	to	Dutch	reference	values	who	were	derived	with	
the	 same	 protocol	 and	 equipment.	 For	 peak	 blood	 pressure	 German	 reference	 values	
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were	 used.14,15	 Exercise	 induced	 hypertension	 was	 defined	 as	 an	 age-	 and	 sex-specific	
systolic	blood	pressure	above	the	95th	percentile,	measured	on	the	right	arm.16		
	
Additional	testing		
CMR-imaging	 was	 performed	 using	 a	 1.5	 T	 scanner	 (Ingenia	 R4.1.2;	 Philips	 Healthcare,	
Best,	The	Netherlands).	Left	ventricular	(LV)	function	and	volumetric	analysis,	including	LV	
ejection	fraction	(LVEF)	and	LV	mass	(indexed	to	body	surface	area)	were	performed	using	
QMass	 Enterprise	 Solution	 (Medis	 Medical	 Imaging	 Systems,	 Leiden,	 The	 Netherlands).	
Body	surface	area	(BSA)	was	calculated	as	described	by	Mosteller.17	
	
Statistical	analysis	
Statistical	 analyses	were	 performed	using	 IBM	SPSS	 Statistics,	 version	 25.	Differences	 in	
outcome	 between	 CoA	 patients	 and	 controls	 were	 analyzed	 using	 a	 paired	 T	 test.	 An	
ANOVA	 was	 performed	 to	 compare	 hypertensive	 patients,	 normotensive	 patients	 and	
controls.	The	association	between	patient	characteristics	and	VO2peak	was	analyzed	using	
linear	 regression.	 Statistical	 significant	 variables	 with	 were	 included	 in	 a	 multiple	
regression	model	using	forward	stepwise	selection.	 	Test	results	with	a	P-value	 less	than	
0.05	were	considered	statistically	significant.		
	
	
RESULTS	
Study	population	
Twenty-two	CoA	patients	were	compared	to	age-	and	gender	matched	reference	values.	
Baseline	 characteristics	 of	 the	 study	 population	 are	 presented	 in	 Table	 1.	 CoA	 patients	
were	 treated	 at	 a	 mean	 age	 of	 5.9	 years	 (range	 0.35-14.4	 years)	 with	 either	 BA	 (10	
patients)	or	surgery	with	end-to-end	anastomosis	(12	patients).	Mean	follow-up	at	time	of	
investigation	was	23.9	years	(range	10.8-42.2	years).	At	time	of	the	investigation,	a	total	of	
13	patients	(59%)	were	hypertensive,	8	(62%)	surgical	and	5	(38%)	BA	patients.	Five	(38%)	
hypertensive	patients	were	receiving	anti-hypertensive	medication,	4	(80%)	of	them	were	
still	 hypertensive.	 Nine	 (41%)	 CoA	 patients	 had	 a	 bicuspid	 aortic	 valve.	 Re-CoA	 had	
occurred	 in	 5	 (23%)	 CoA	 patients,	 3	 surgical	 and	 2	 BA	 patients.	 Re-CoA	 had	 been	
successfully	 treated	 with	 surgery,	 BA	 or	 endovascular	 stent	 placement	 in	 2,	 1	 and	 2	
patients,	 respectively.	Median	time	between	primary	 treatment	and	CoA	re-intervention	
was	8.8	years	(mean	13.8	years;	range	2.1-40.4	years).			
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Table	 1.	 Baseline	 characteristics	 of	 the	 study	 population.	
Abbreviations:	 CoA:	 coarctation	 of	 the	 aorta,	 BSA:	 body	
surface	 area,	 SBP:	 systolic	 blood	 pressure,	 DBP:	 diastolic	
blood	 pressure,	 HR:	 heart	 rate,	 BA:	 balloon	 angioplasty,	
BAV:	bicuspid	aortic	valve.	

	
	
Cardiopulmonary	exercise	testing	
Data	 on	 CPET	 are	 presented	 in	 Table	 2.	 All	
patients	 reached	 a	 peak	 RER	 >1.1,	 indicating	
maximal	 effort.	 Patients	 reached	 a	 mean	 peak	
workload	of	3.45±0.9	Watt/kg	and	a	mean	peak	
RER	 of	 1.12±0.08.	 No	 significant	 differences	 in	
peak	 oxygen	 uptake	 were	 found	 between	
patients	 and	 controls	 (p=0.13).	 VO2peak/kg	
showed	 a	 significant	 negative	 association	 with	
age	 (p<0.001)	 and	 a	 significant	 positive	
correlation	with	male	gender	 (p=<0.001)	 (Table	
3).	 In	multiple	 regression	analysis,	male	gender	
and	age	both	remained	as	a	significant	predictor	
of	VO2peak/kg	(p=0.01	and	p=0.02,	respectively).	No	significant	correlations	were	found	for	
age	 at	 time	 of	 repair,	 hypertension,	 exercise	 hypertension	 or	 LVEF	 or	 LV	 dimensions.	
Patients	 showed	 a	 statistically	 significant	 higher	 peak	 blood	 pressure	 during	 exercise	
compared	 to	 controls	 (210±21	 mmHg	 vs	 177±3	 mmHg,	 p<0.01).	 Eighteen	 (82%)	 CoA	
patients	 showed	 exercise	 hypertension	 during	 CPET	 testing.	 Nine	 patients	 were	
normotensive	 at	 rest,	 of	 which	 7	 (78%)	 showed	 exercise-induced	 hypertension.	
Furthermore	patients	showed	a	significantly	 lower	peak	heart	rate	compared	to	controls	
(180±19	 bpm	 vs	 190±5	 bpm,	 p=0.01).	 Two	 (9%)	 patients	 showed	 chronotropic	
incompetence,	defined	as	failure	to	obtain	≥80%	of	the	age-predicted	peak	heart	rate.18		
	
Peak	 exercise	 blood	 pressure	 was	 significantly	 correlated	 to	 LV	 mass,	 24h	 ambulatory	
systolic	 blood	 pressure	 and	 systemic	 hypertension	 (p<0.05	 for	 all).	 No	 significant	
correlation	was	found	between	peak	exercise	blood	pressure	and	age,	BMI,	age	at	time	of	
repair,	 LVEF	or	 LV	dimensions.	Hypertensive	patients	 showed	a	 significantly	higher	peak	
heart	rate,	compared	to	normotensive	patients	and	controls.	No	significant	differences	in	
VO2peak	 were	 observed	 between	 hypertensive	 patients,	 normotensive	 patients	 and	
controls.	 Patients	 who	 received	 BA	 showed	 a	 significantly	 higher	 peak	 heart	 rate,	
compared	to	surgically	treated	patients.	No	other	differences	in	CPET	measurements	were	
found	between	patients	treated	surgically	and	patients	who	received	BA.	No	differences	in	

	 CoA	patients	

Subjects	 22	

Age	(years)	 30	±	10.6	

BSA	(m2)	 1.9	±	0.22	

SBP	(mmHg)	 135	±	13.2	

DBP	(mmHg)	 76	±	8.5	

HR	(bpm)	 65	±	11.0	

Primary	intervention	 	

	 Surgery	 12	(55%)	

	 BA	 10	(45%)	

Hypertension	 13	(59%)	

BAV	 9	(41%)	

Re-intervention	 5	(23%)	
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CPET	 measurements	 were	 found	 between	 patients	 with	 and	 without	 a	 bicuspid	 aortic	
valve.		

Table	2.	Cardiopulmonary	exercise	test	results.		
Abbreviations:	CoA	coarctation	of	the	aorta,	BMI	body	mass	index,	SBP	systolic	blood	pressure,	HR	heart	rate,	
RER	respiratory	exchange	ratio,	VO2	max	peak	aerobic	capacity.		
	 CoA	 	 Control	 	 P-value	

Age	(years)	 29.8	±	10.6	 	 30.0	±	10.0	 	 0.70	

BMI	(kg/m2)	 24.5	±	4.1	 	 24.1	±	2.0	 	 0.64	

Peak	SBP	(mmHg)	 210	±	20.9	 	 177	±	3.1	 	 <0.01	

Peak	HR	(bpm)	 180	±	19.5	 	 190	±	5.4	 	 0.01	

Peak	RER		 1.12	±	0.08	 	 1.21	±	0.04	 	 <0.01	

VO2peak	/kg	(ml/kg/min)	 41.7	±	12.0	 	 44.9	±	5.7	 	 0.13	

	
	

Table	3.	Regression	analysis	for	VO2peak/kg.		
Abbreviations:	 BMI	 body	 mass	 index,	 BAV	 bicuspid	 aortic	 valve,	 EDV	 end	 diastolic	 volume,	 ESV	 end	 systolic	
volume,	 LVmass	 left	 ventricular	 mass,	 LVEF	 left	 ventricular	 ejection	 fraction.	 Abbreviations:	 BMI:	 body	 mass	
index,	BAV:	bicuspid	aortic	valve,	EDV:	end	diastolic	volume,	ESV:	end	systolic	volume,	LVmass:	 left	ventricular	
mass,	LVEF:	left	ventricular	ejection	fraction.	

	 Univariate	analysis	 	 Multivariate	analysis	

	 B-coefficient	 P-value	 	 B-coefficient	 P-value	

Male	gender	 15.79	 <0.001	 	 10.03	 0.01	

Age	(years)	 -0.56	 <0.001	 	 -0.33	 0.02	

BSA	(m2)	 -13.27	 0.26	 	 	 	

Age	at	repair	(years)	 -0.70	 0.21	 	 	 	

BAV		 -0.35	 0.95	 	 	 	

EDV	(ml/m2)	 0.04	 0.83	 	 	 	

ESV	(ml/m2)	 0.17	 0.68	 	 	 	

LVmass	(g/m2)	 0.004	 0.99	 	 	 	

LVEF	(%)	 0.14	 0.80	 	 	 	

Hypertension	 0.03	 0.26	 	 	 	

Exercise	induced	hypertension	 -4.46	 0.12	 	 	 	

Re-intervention	 1.59	 0.80	 	 	 	
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DISCUSSION	
Although	self-reported	exercise	capacity	in	CoA	patients	tends	to	be	good,	objective	data	
on	exercise	capacity	after	CoA	repair	 is	scarce.2,3	We	found	that	exercise	capacity	 is	well	
preserved	 in	 adult	 CoA	 patients	 long-term	 after	 successful	 repair	 of	 coarctation	 of	 the	
aorta.	However,	exercise	hypertension	occurred	in	over	two-thirds	of	CoA	patients,	and	is	
strongly	 related	 to	 systemic	 hypertension.	 Despite	 a	 high	 rate	 of	 hypertension,	 cardiac	
function	seems	to	be	preserved	during	exercise.		
	
Overall,	CoA	patients	showed	a	good	exercise	capacity	compared	to	controls.	Peak	oxygen	
uptake	was	similar	between	CoA	patients	and	controls,	as	is	in	line	with	an	earlier	study	by	
Balderston	et	al,	who	studied	exercise	capacity	in	31	children	after	surgical	repair	of	CoA.19	
Their	 cohort	of	patients	with	a	mean	age	of	11	years	 showed	a	VO2peak	of	48±1.4	ml.kg-
1.min-1	 compared	 to	a	VO2peak	of	41±12.0	ml.kg-1.min-1	 in	our	 cohort	with	a	mean	age	of	
29.8	years,	both	with	a	VO2peak	predicted	value	of	>85%	(89%	versus	96%,	respectively).	In	
contrast,	Buys	et	al.	found	impaired	exercise	capacity	and	lower	VO2peak	in	a	large	group	of	
adults	 treated	 for	CoA	 in	childhood.2	A	 recent	study	on	CPET	 in	children	with	congenital	
heart	disease	(CHD)	by	Amedro	et	al.	also	showed	decreased	VO2peak	 in	a	 large	cohort	of	
CHD-patients	with	 a	mean	age	of	 12	 years.20	A	 subanalysis	 showed	a	 significantly	 lower	
VO2peak/kg	for	CoA	patients	compared	to	controls.	However,	CoA	patients	still	reached	95%	
of	the	predicted	VO2peak/kg.

20			

Patients	 with	 congenital	 heart	 disease	 have	 been	 shown	 to	 experience	 a	 decline	 in	
exercise	 capacity	 from	 puberty,	 whereas	 VO2peak	 continues	 to	 increase	 and	 VO2peak/kg	
remains	stable	in	healthy	adolescents	during	this	period.21	A	retrospective	cohort	study	by	
Diller	 et	 al.	 showed	 dramatically	 lower	 peak	 aerobic	 capacity	 during	 cardiopulmonary	
exercise	 testing	 in	 patients	 with	 adult	 CHD.22	 In	 multivariate	 analysis	 decrease	 in	
VO2peak/kg	was	 identified	as	a	strong	predictor	for	hospitalization	or	death	during	follow-
up.	However,	Diller	et	al.	showed	that	the	degree	of	exercise	intolerance	is	related	to	the	
underlying	 anatomical	 features.22	 A	 smaller	 subanalysis	 showed	 that	 patients	 with	
repaired	 CoA	demonstrated	 the	 highest	 VO2peak	 values	 compared	 to	 patients	with	 other	
complex	 CHD.	Decrease	 in	VO2peak	 after	 anatomically	 successful	 repair	was	 explained	by	
associated	 lesions	 or	 late	 repair	 of	 CHD	 and	 therefore	 longer	 exposure	 to	 altered	
cardiovascular	 dynamics.3,22	 The	 differences	 in	 reported	 exercise	 capacity	 might	 be	
explained	by	the	heterogeneity	in	age,	age	at	time	of	repair	and	associated	lesions	of	the	
assessed	study	populations.			

Increase	of	 oxygen	uptake	during	 exercise	 is	 achieved	 through	 increased	 cardiac	 output	
(heart	 rate	x	 stroke	volume)	and	mixed	arteriovenous	oxygen	difference,	of	which	heart	

151

Exercise Capacity in Asymptomatic Adult Patients Treated for Coarctation of the Aorta



	

	

rate	is	the	strongest	contributor	to	the	increased	oxygen	transport.18	Our	patients	showed	
a	significantly	lower	peak	heart	rate	than	healthy	controls	and	chronotropic	incompetence	
was	seen	in	9%	of	CoA	patients.	Chronotropic	incompetence	has	been	strongly	associated	
with	increased	risk	of	adverse	cardiovascular	outcomes	and	sudden	death.18	Although	the	
underlying	 mechanisms	 for	 chronotropic	 incompetence	 in	 heart	 disease	 are	 not	 fully	
understood,	 reduced	 beta-receptor	 sensitivity	 or	 downregulation	 of	 beta-receptors	 as	 a	
result	 of	 chronic	 increased	 catecholamine	 levels	 have	 been	 implicated	 in	 patients	 with	
heart	 failure.18,23	 Sino-atrial	 dysfunction	 has	 also	 been	 observed	 after	 cardiac	 surgery	 in	
patients	with	Tetralogy	of	Fallot.24	Chronotropic	incompetence	after	cardiac	surgery	might	
be	 explained	 by	 post-operative	 scarring	 of	 the	 myocardium.	 However,	 none	 of	 our	
patients	with	chronotropic	 incompetence	had	undergone	open-heart	surgery,	suggesting	
involvement	of	a	more	generalized	arterio-ventricular	pathophysiology.	

Over	two-thirds	(68%)	of	CoA	patients	where	hypertensive	during	exercise.	This	finding	is	
in	 line	 with	 a	 recent	 study	 in	 children	 and	 adolescents	 after	 CoA	 repair.25	 Exercise	
hypertension	is	a	strong	predicator	for	systemic	hypertension	and	cardiovascular	events	in	
long-term	follow	up.2,7	Hypertension	is	a	well-known	long-term	complication	of	CoA,	even	
after	surgical	or	endovascular	repair.	Reduced	aortic	compliance,	abnormal	baroreceptor	
function	 and	 altered	 wall-shear	 stress	 dynamics	 have	 all	 been	 implicated	 in	 the	
development	 of	 CoA-associated	 hypertension.1,2	 In	 a	 retrospective	 cohort	 study	
comparing	 CPET	 outcomes	 in	 normotensive	 and	 hypertensive	 CoA	 patients,	 Buys	 et	 al.	
showed	 that	 age	 was	 the	 only	 significant	 predictor	 for	 progression	 of	 exercise	 induced	
hypertension	to	systemic	hypertension.2	Early	detection	and	treatment	of	hypertension	is	
essential	 in	 preventing	 long-term	 complications	 such	 as	 atherosclerosis,	 coronary	 and	
cerebral	 artery	 disease,	 heart	 failure	 and	 death.26	 According	 to	 the	 recently	 updated	
guidelines	of	the	European	Society	of	Hypertension,	patients	with	hypertension	after	CoA	
repair	 should	 be	 treated	 as	 particularly	 high	 risk	 patients,	 who	 require	 aggressive	
treatment	with	anti-hypertensive	medication	(beta-blockers	or	calcium	channel	blockers)	
and/or	reintervention	in	the	case	of	rest-	or	restenosis.27	As	exercise	induced	hypertension	
may	precede	systemic	hypertension,	regular	follow-up	of	CoA	patients,	including	CPET,	is	
strongly	recommended	even	long-term	after	successful	repair.26,27	

In	regard	to	the	results	of	this	study,	several	limitations	should	be	discussed.	The	relatively	
small	sample	size	and	low	inclusion	rate	(31%)	limits	generalization	of	the	results	and	may	
have	 obscured	 further	 differences	 and	 associations.	 Furthermore,	 the	 inclusion-rate	 for	
the	 study	was	 relatively	 low	 (31%),	 as	 a	 large	 number	 of	 CoA	patients	 did	 not	 agree	 to	
undergo	CPET	in	a	study	setting.	This	may	have	resulted	in	some	degree	of	selection	bias	
in	 the	 study.	 The	 control	 group	 consisted	of	 age-	 and	 gender	matched	 reference	 values	
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rather	than	actual	control-group	participants.	Nevertheless,	these	controls	may	provide	a	
better	comparison	of	CoA	patients	to	a	healthy	standard	than	actual	control	participants,	
as	exercise	capacity	can	vary	widely	within	a	healthy	population.	Furthermore,	as	a	large	
number	of	patients	in	our	cohort	were	already	hypertensive,	comparison	of	patients	with	
hypertension	with	patients	with	exercise	hypertension	only	was	not	possible.		
	
	
CONCLUSION	
Adult	patients	with	coarctation	of	 the	aorta	show	preserved	exercise	capacity	 long-term	
after	successful	repair	of	the	coarctation.	Nevertheless,	a	high	number	of	patients	display	
exercise	hypertension,	which	 is	strongly	related	to	systemic	hypertension	and	associated	
with	adverse	prognosis.	Regular	follow-up	of	CoA	patients	with	cardiopulmonary	exercise	
testing	is	recommended	long-term	after	successful	repair.	
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SUMMARIZING	DISCUSSION		
The	aim	of	this	thesis	was	to	assess	long-term	outcome	after	native	repair	of	coarctation	
of	the	aorta	(CoA).	This	thesis	provides	an	insight	to	diagnosis,	treatment	modalities	and	
long-term	 complications	 in	 CoA	 patients	 and	 describes	 the	 underlying	 pathology	 of	 the	
observed	 complications	 by	 use	 of	 cardiac	 magnetic	 resonance	 (CMR)	 imaging,	
cardiopulmonary	 exercise	 testing	 (CPET)	 and	 peripheral	 vascular	 resistance	 (PVR)	
assessment.		
Although	recognized	and	treated	for	several	decades,	many	pathophysiological	questions	
remain	 for	 CoA	 regarding	 the	 embryological	 development	 and	 the	 long-term	 outcome.	
Since	the	first	report	on	CoA	in	1791	and	description	of	the	first	surgical	treatment	of	CoA	
in	 1945,	 our	 knowledge	 of	 diagnostics,	 treatment	 and	 outcome	 has	 been	 steadily	
evolving.1–4	However,	 long-term	morbidity	 is	still	a	prevalent	 issue	 in	the	CoA	population	
(Chapter	2).		

Diagnosis	of	Coarctation	
Decision-making	in	the	diagnosis	and	treatment	of	pediatric	CoA	patients	most	commonly	
relies	on	measurements	of	 the	aortic	arch	by	use	of	 two-dimensional	echocardiography.	
As	cardiac	structures	grow	with	somatic	growth	of	 the	child,	 the	size	of	 the	child’s	body	
must	be	 taken	 into	account	 to	 identify	abnormal	dimensions	of	 the	aortic	arch.	Z-scores	
and	 reference	 intervals	 are	 therefore	 used	 to	 normalize	measurements	 to	 the	 patient’s	
body	 size,	 in	 order	 to	 decide	 whether	 aortic	 dimensions	 are	 normal	 or	 too	 small.5	
Reference	values	and	z-scores	are	available	for	term	neonates,	children	and	adolescents.	
However,	 despite	 the	 clinical	 relevance	 of	 these	 normal	 values,	 a	 comprehensive	 set	 of	
normative	data	was	previously	 lacking	 for	prematurely	born	 infants.6,7	Chapter	3	 of	 this	
thesis	provides	regression	equations	for	the	calculation	of	z-scores	and	reference	intervals	
for	 the	 mean	 dimensions	 and	 variances	 across	 the	 range	 of	 birth	 weight	 for	 the	 very	
prematurely	 born	 population	 with	 a	 gestational	 age	 of	 24	 to	 32	 weeks,	 to	 allow	 for	
diagnosis	 and	 clinical	 decision	 making	 in	 premature	 pediatric	 patients	 with	 suspected	
aortic	arch	pathology.		

Treatment	strategies	for	Coarctation	
The	 first	 report	of	 surgical	 treatment	of	CoA	by	 resection	of	 the	narrowed	segment	and	
end-to-end	 anastomosis	 of	 the	 aorta	 was	 published	 in	 1945.2–4	 Over	 the	 past	 decades	
several	 treatment	 techniques	 have	 been	 developed	 and	 revised.	 In	 the	 1980s,	 balloon	
angioplasty	 (BA)	 was	 introduced	 as	 a	 less-invasive	 alternative	 to	 surgical	 treatment	 of	
CoA.8	However,	over	the	subsequent	decades	a	higher	risk	of	aneurysm	formation	and	re-
coarctation	has	been	described	 for	BA	when	compared	 to	 surgical	 treatment	of	CoA.9–11	
Chapter	 4	 of	 this	 thesis	 presents	 a	 comparative	 study	 of	 the	 long-term	 (>10	 years)	
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outcome	 of	 CoA	 repair	 for	 BA	 versus	 surgery.	 CoA	 patients	 report	 overall	 well-being	 in	
daily	life,	with	a	good	self-reported	quality	of	life.	In	contrast	to	several	previous	studies,	
the	 prevalence	 of	 aneurysm	 formation	 is	 low	 for	 both	 BA	 and	 surgery.9,12	 However,	
patients	 treated	with	 BA	 demonstrate	 a	 3	 times	 higher	 hazard	 for	 re-intervention,	with	
either	surgery	or	endovascular	treatment,	when	compared	to	surgery.	Therefore,	BA	is	not	
recommended	as	a	primary	treatment	strategy	for	native	CoA.	Furthermore,	hypertension	
is	 very	 common	 during	 long-term	 follow-up	 for	 both	 the	 surgical	 and	 the	 endovascular	
group.	 Interestingly,	 a	high	proportion	of	CoA	patients	 is	unaware	of	 their	hypertension	
and	not	under	regular	control	of	a	(pediatric)	cardiologist.		

Chapter	5	of	this	thesis	provides	an	overview	of	more	than	two	decades	of	CoA	treatment	
in	 a	 cohort	 study	 of	 207	 patients	 in	 our	 center.	 Several	 surgical	 techniques	 have	 been	
developed	 for	 treatment	of	CoA:	 (extended)	end-to-end	anastomosis,	patch	angioplasty,	
interposition	grafting,	bypass	grafting	and	repair	by	use	of	a	subclavian	 flap.	 In	addition,	
endovascular	treatment	has	become	a	less-invasive	alternative	to	surgical	treatment.		
Over	time,	the	number	of	patients	treated	for	CoA	increased.	The	cause	of	this	increase	is	
possibly	 the	 result	 of	 changes	 in	 patient	 referral,	 improved	 diagnostics	 and	 earlier	
intervention.13	In	contrast	to	patients	treated	in	the	early	eras	of	CoA	repair,	operations	in	
later	 time	 periods	 were	 performed	 through	 a	 median	 sternotomy	 with	 the	 use	 of	
extracorporeal	 circulation,	 hypothermia	 and	 selective	 antegrade	 cerebral	 perfusion.	
Furthermore,	 patients	 had	 more	 associated	 cardiac	 lesions	 that	 were	 simultaneously	
repaired	and	aortic	arch	hypoplasia	was	described	more	often.	In	former	times,	the	aortic	
arch	was	expected	to	show	catch	up	growth	after	end-to-end	anastomosis.	However,	this	
did	not	always	happen.	Whether	the	aortic	arch	grows	with	the	patient	after	CoA	repair	
might	be	related	to	the	extend	of	arch	hypoplasia.10	Several	studies	have	assessed	growth	
of	 the	aortic	arch	after	 repair	of	CoA	 in	association	with	arch	hypoplasia	and	 found	that	
normal	blood	flow	over	the	coarctation	site	does	not	always	ascertain	normal	growth	of	
the	 arch	 if	 arch	 hypoplasia	 is	 not	 addressed.10,14	 Furthermore,	 early	 aortic	 arch	
enlargement	is	expected	to	reduce	incidence	of	late	hypertension,	which	has	resulted	in	a	
lower	threshold	for	treatment	of	the	aortic	arch.		

Reinterventions	 are	 more	 common	 in	 catheter-based	 treated	 patients.	 The	 high	 re-
intervention	rates	seen	in	BA	patients	have	made	BA	controversial	as	a	primary	treatment	
strategy.	 Endovascular	 stent	 placement	 has	 been	 introduced	 as	 an	 endovascular	
alternative,	as	it	prevents	elastic	recoil	of	the	dilated	aorta.	However,	the	clinical	value	of	
stent	 placement	 in	 the	 pediatric	 population	 has	 yet	 to	 be	 determined,	 as	 data	 on	 long-
term	outcome	is	still	scarce	and	stent	placement	in	young	children	is	controversial	due	to	
the	need	of	frequent	re-dilations	to	accommodate	the	growth	of	the	patient.		
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With	regards	to	long-term	sequelae	after	CoA	repair,	one-third	of	CoA	patients	require	re-
intervention	 after	 10-year	 follow-up	 and	 one	 in	 five	 patients	 develops	 systemic	
hypertension.	 These	 findings	 underscore	 the	 importance	 of	 regular	 follow-up	 of	 CoA	
patients	even	longterm	after	successful	repair.		

Follow-up	after	Coarctation	repair	
Despite	adequate	 repair	of	CoA,	patients	demonstrate	a	 reduced	 life	expectancy	and	an	
increased	 susceptibility	 for	 cardiovascular	 morbidity,	 including	 hypertension,	 left	
ventricular	 (LV)	 dysfunction,	 atherosclerosis	 and	 coronary	 artery-	 and	 cerebrovascular	
disease.2,13	A	narrowing	of	the	aorta	imposes	an	increased	afterload	on	the	LV,	which	may	
result	 in	 myocardial	 hypertrophy,	 reduced	 diastolic	 relaxation,	 ultimately	 resulting	 in	
myocardial	 ischemia	 and	 fibrosis.15	 Despite	 successful	 correction	 of	 CoA,	 long-term	
cardiovascular	complications	(i.e.	hypertension)	are	present	in	a	large	number	of	patients,	
even	 in	 the	 absence	 of	 rest-	 or	 re-stenosis	 of	 the	 aorta,	 suggesting	 persistent	
cardiovascular	abnormalities.	Long-term	cardiovascular	morbidity	after	coarctation	repair	
might	be	explained	by	adverse	arterio-ventricular	coupling	as	a	result	of	reduced	vascular	
compliance	 of	 the	 aorta	 proximal	 to	 the	 coarctation	 site.15–18	 Long-term	 outcome	 of	
cardiac-	and	aortic	function	are	presented	in	Chapter	6	and	Chapter	7	of	this	thesis.		

Global	 cardiac	 function,	 e.g.	 left-ventricular	ejection-fraction	 (LVEF),	 is	usually	preserved	
or	 even	 increased	 after	 CoA-repair,	 but	 is	 unable	 to	 express	 subclinical	 myocardial	
dysfunction.19,20	 In	 contrast	 to	 LVEF,	 quantification	 of	myocardial	 deformation	 has	 been	
shown	 to	 provide	 a	 good	 insight	 in	 global	 and	 regional	 ventricular	 function	 in	 CoA	
patients,	 with	 a	 strong	 correlation	 to	 cardiovascular	 outcome.21–23	 Conflicting	 data	 on	
myocardial	deformation	after	CoA	repair	have	been	described	over	the	years,	which	might	
be	 explained	 by	 a	wide	 heterogeneity	 in	 the	 studied	 populations.	 Differences	 in	 age	 at	
time	 of	 repair,	 severity	 of	 CoA	 and	 duration	 of	 follow-up	 may	 all	 influence	 myocardial	
outcome	 after	 initial	 CoA-repair.	 Myocardial	 response	 to	 increased	 pressure	 load	 is	 a	
dynamic	process	and	has	shown	to	be	age-dependent.	The	pediatric	myocardium	has	the	
ability	 to	 regenerate	 and	 increase	 vascularity,	 thereby	 restoring	 pressure-induced	
remodeling	with	 preservation	 of	 coronary	 blood	 flow	 and	 reduction	 of	 development	 of	
myocardial	 fibrosis.24,25	 Delayed	 repair	 of	 CoA	 may	 therefore	 induce	 a	 maladaptive	
response	of	the	left	ventricle,	resulting	in	adverse	outcome	later	in	life.24	Older	age	at	time	
of	repair	has	indeed	been	identified	as	a	predictor	for	impaired	myocardial	deformation	in	
follow-up.26	 In	 Chapter	 6,	 myocardial	 deformation	 of	 the	 LV	 is	 assessed	 using	 CMR	
feature-tracking	 in	 patients	 longterm	 after	 CoA	 repair.	 Despite	 a	 high	 incidence	 of	
hypertension,	 no	 significant	 differences	 in	 LV	 mass,	 dimensions	 and	 myocardial	
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deformation	are	found	between	well-repaired	CoA-patients	and	controls,	suggesting	good	
LV	function	longterm	after	initial	repair.		

In	 Chapter	 7	 we	 describe	 aortic	 pulse	 wave	 velocity	 (PWV)	 and	 distensibility	 in	 well-
repaired	CoA	patients,	during	 long-term	 follow-up.	Despite	adequate	 relieve	of	 the	CoA,	
our	 patients	 show	 reduced	 aortic	 wall	 elasticity,	 which	 adds	 to	 the	 hypothesis	 that	
coarctation	of	the	aorta	 is	a	manifestation	of	extensive	arterial	vasculopathy	rather	than	
just	 a	 localized	 narrowing	 of	 the	 aorta.	 Increased	 aortic	 stiffness	 is	 associated	 with	
systemic	 hypertension,	 suggesting	 that	 CoA-associated	 vasculopathy	 plays	 an	 important	
role	in	development	of	hypertension	later	in	life.17	Reduced	aortic	wall	elasticity	has	been	
explained	 by	 intrinsic	 wall	 abnormalities	 in	 CoA	 patients.27	 Several	 histological	 studies	
have	shown	increased	collagen	and	elastin	levels	with	reduced	smooth	muscle	cells	in	the	
wall	of	the	pre-coarctation	aorta.13,16,28,29	These	changes	in	vascular	wall	composition	have	
been	 previously	 attributed	 to	 aortic	 wall	 remodeling	 as	 a	 compensating	 mechanism	 to	
increased	wall-shear-stress.30	 However,	 persistent	 changes	 in	 aortic	 arch	 elasticity	 long-
term	after	repair,	as	shown	in	this	thesis,	suggest	irreversible	changes	in	wall	composition	
and/or	endothelial	function	of	the	aorta	proximal	to	the	coarctation	site.	

Peripheral	 vascular	 resistance	 in	 CoA	 patients	 is	 reported	 in	 Chapter	 8	 of	 this	 thesis.	
Peripheral	 vascular	 resistance	 is	 measured	 using	 an	 oscillometric	 device,	 named	 the	
Arteriograph.	A	significantly	higher	peripheral	vascular	resistance	is	found	in	CoA	patients	
even	long-term	after	successful	repair.	Indeed,	the	same	histological	changes	found	in	the	
aortic	 arch	 of	 coarctation	 patients	 (as	 described	 before)	 have	 been	 described	 in	 the	
conduit	arteries	of	the	thoracic	aorta.	Our	findings	suggest	peripheral	arterial	involvement	
as	 part	 of	 a	 more	 generalized	 vasculopathy	 in	 patients	 with	 CoA,	 in	 addition	 to	 the	
increased	central	aortic	stiffness	as	described	in	Chapter	7.		

The	relationship	between	of	arterial	vasculopathy	and	exercise	capacity	of	CoA	patients	is	
studied	 in	 Chapter	 9.	 Patients	 with	 coarctation	 of	 the	 aorta	 show	 preserved	 exercise	
capacity	long-term	after	successful	repair.	However,	exercise	induced	hypertension	occurs	
in	 over	 two-thirds	 of	 patients,	 and	 is	 strongly	 related	 to	 the	 presence	 of	 systemic	
hypertension	 at	 rest.	 As	 exercise	 induced	 hypertension	 may	 precede	 systemic	
hypertension	over	time,	regular	follow-up	of	CoA	patients	with	cardiopulmonary	exercise	
testing	is	strongly	recommended	during	long-term	follow-up	after	successful	repair.31–33				
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FUTURE	PERSPECTIVES	
Over	 the	 past	 decades,	 improvements	 in	 diagnosis	 and	 treatment	 of	 CoA	 have	 led	 to	 a	
spectacular	reduction	of	perinatal	and	childhood	mortality.34	Improved	survival	has	led	to	
an	 increase	 in	 both	 the	 size	 and	 the	 age	 of	 the	 CoA	 population.34,35	 Cardiovascular	
complications	 are	 common	 longterm	 after	 coarctation	 repair	 and	 patients	 continue	 to	
have	a	reduced	life	expectance	when	compared	to	the	normal	population.9,10,13	

Surgical	treatment	is	still	the	primary	choice	of	treatment	in	neonates,	infants	and	young	
children	with	CoA.36	The	first	surgical	treatment	of	CoA	mainly	focused	on	removal	of	the	
localized	 narrowing	 of	 the	 aorta.	 Over	 time,	 the	 effects	 of	 altered	 aortic	 arch	
hemodynamics	 due	 to	 residual	 aortic	 arch	 hypoplasia	 have	 come	 under	 increased	
attention.	 This	 has	 led	 to	 a	 shift	 in	 applied	 surgical	 techniques	 towards	more	 extensive	
surgery	(i.e.	patch	angioplasty	and	extended	end-to-end	anastomosis),	even	in	the	case	of	
minor	 arch	 hypoplasia.	 Surgical	 treatment	 of	 CoA	 involves	 major	 surgery	 with	 risk	 of	
bleeding,	paraplegia	and	perioperative	mortality.37	Endovascular	treatment	methods	have	
been	introduced	as	less	invasive	alternatives	to	surgical	treatment	and	endovascular	stent	
placement	has	been	adopted	as	primary	 treatment	 for	older	children	and	adult	patients	
with	 (re-)CoA.13	As	 stent	 placement	provides	 a	 lasting	 solution	 to	 vascular	 elastic	 recoil,	
this	 treatment	 is	 thought	 to	 have	 a	 significantly	 lower	 risk	 of	 re-coarctation	 and	 re-
intervention	than	balloon	angioplasty.13	However,	as	aortic	stent	placement	is	a	relatively	
new	technique,	long-term	outcome	will	have	to	be	assessed	by	future	studies.	In	order	to	
adequately	 define	 superior	 treatment	 for	 CoA	 for	 all	 treatment	 groups,	 future	
comparative	studies	on	long-term	outcome	between	endovascular	treatment	and	surgical	
repair	are	crucial.	Treatment	of	CoA	with	endovascular	stent	placement	 in	neonates	and	
young	 children	 is	 still	 controversial	 due	 to	 the	 need	 of	 frequent	 re-dilations	 to	
accommodate	 the	 growth	 of	 the	 aorta	 over	 time.13	 Recently,	 the	 usage	 of	 growth-	 and	
biodegradable	 stents	 in	 young	 children	have	been	described	as	a	possible	alternative	 to	
the	regular	covered	stents,	as	 they	would	avoid	 the	need	 for	 re-dilation.4	Future	studies	
will	have	to	show	the	applicability	and	patency	of	these	novel	techniques	as	(potentially)	
primary	treatment	for	CoA	in	young	patients.	

According	to	the	European	Society	of	Cardiology’s	(ESC)	guidelines	for	the	management	of	
grown-up	congenital	heart	disease	(GUCH)	“all	coarctation	patients	require	regular	follow-
up	at	least	every	second	year	including	evaluation	in	specialized	GUCH	centers.”38	Indeed,	
our	 results	 show	 significant	 cardiovascular	 morbidity	 longterm	 after	 repair	 of	 CoA,	
warranting	 life-long	 follow-up.	 However,	 the	 ESC	 guideline	 further	 states	 that	 “imaging	
intervals	depend	on	baseline	pathology.”	This	thesis	shows	that	re-stenosis	and	aneurysm	
formation	can	occur	decades	after	initial	successful	repair,	underlining	the	importance	of	
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regular	imaging	of	the	aorta,	preferably	with	CMR.13,38,39	Hypertension	after	CoA	repair	is	
highly	prevalent	 and	may	 lead	 to	atherosclerosis,	 coronary-	 and	 cerebral	 artery	disease,	
heart	 failure	 and	 early	 death.2,13,30	 Hypertension	 has	 been	 identified	 as	 the	 most	
contributing	 factor	 in	 increased	 cardiovascular	 risk	 in	 CoA.40–42	 The	 pathophysiology	 of	
hypertension	 is	 not	 fully	 understood	 and	 is	 probably	 multifactorial.	 The	 results	 of	 this	
thesis	suggest	involvement	of	both	central	and	peripheral	arterial	stiffness	in	the	etiology	
of	 hypertension.	 These	 findings	 may	 have	 therapeutic	 implications,	 as	 different	 anti-
hypertensive	medications	act	on	different	pathophysiological	mechanisms	of	hypertension	
development.	Currently,	therapy	for	CoA-associated	hypertension	is	applied	according	to	
the	 general	 guidelines	 of	 hypertension	management.43	 First-line	 agents	 for	 initiation	 of	
antihypertensive	 drug	 therapy	 include	 thiazide	 diuretics,	 angiotensin-converting	 enzyme	
inhibitors,	 calcium	 channel	 blockers	 or	 angiotensin	 receptor	 blockers.	 If	 central	 and	
peripheral	 arterial	 stiffness	 indeed	 play	 a	 major	 role	 in	 CoA-associated	 hypertension,	
calcium	channel	blockers	may	have	a	more	central	place	in	hypertension	management,	as	
these	act	on	both	central	and	peripheral	vascular	compliance.16,44	Data	on	management	of	
hypertension	 in	 patients	 with	 CoA	 is	 scarce.	 In	 order	 to	 adequately	 treat	 this	 common	
long-term	 complication	 of	 CoA	 future	 studies	 should	 address	 anti-hypertensive	
management	for	this	growing	patient	population.		
	
According	 to	 the	 recently	 updated	 guidelines	 of	 the	 European	 Society	 of	 Hypertension,	
patients	 with	 hypertension	 after	 CoA	 repair	 should	 be	 treated	 as	 particularly	 high	 risk	
patients,	 who	 require	 aggressive	 treatment	 with	 anti-hypertensive	 medication	 or	
reintervention	 in	 the	case	of	an	anatomic	 substrate.33,38	Timely	 identification	of	patients	
with	or	at	risk	of	developing	hypertension	is	essential	to	prevent	long-term	complications.	
However,	the	ESC	GUCH	guidelines	currently	do	not	address	means	for	early	detection	of	
hypertension	 in	 CoA	 patients.38	 The	 results	 of	 this	 thesis	 suggest	 that	 CPET	 has	 an	
important	 place	 in	 early	 detection	 of	 patients	 at	 risk	 of	 developing	 hypertension,	 as	 a	
hypertensive	response	to	exercise	may	precede	systemic	hypertension.	With	an	increasing	
number	 of	 CoA	 survivors,	 there	 is	 a	 growing	 need	 for	 adequate	 risk	 stratification	 for	
cardiovascular	events	in	this	patient	group.	In	the	general	population,	several	risk	factors	
have	 been	 identified	 (i.e.	 dyslipidemia,	 hyperglycemia,	 obesity,	 family	 history,	 inactive	
lifestyle	 and	 smoking).	 However,	 data	 on	 the	 additive	 effects	 of	 these	 risk	 factors	 in	
patients	with	CoA	and	 the	effects	of	preventive	 treatment	 (i.e.	 statins)	 is	 scarce.	 Future	
studies	 should	 focus	 on	 markers	 for	 early	 identification	 of	 patients	 with	 increased	
cardiovascular	risk	and	the	effects	of	preventive	treatment	in	patients	with	CoA.			
	
In	 conclusion,	 despite	 adequate	 repair,	 patients	 with	 coarctation	 of	 the	 aorta	 require	
intensive,	life-long	surveillance,	as	treatment	does	not	mean	cure.		
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NEDERLANDSE	SAMENVATTING	
Dit	proefschrift	beschrijft	de	lange	termijn	uitkomsten	na	correctie		van	natieve	coarcatio	
aortae	 (CoA).	De	hoofdstukken	 geven	een	overzicht	 ten	 aanzien	 van	de	huidige	 vormen	
van	diagnostiek,	behandeling	en	lange	termijn	complicaties	bij	patiënten	met	CoA.	Tevens	
worden	de	onderliggende	pathologische	mechanismen	van	complicaties	met	behulp	van	
cardiovasculaire	magnetic	 resonance	 imaging	 (CMR),	 cardiopulmonale	 inspanningstesten	
en	analyse	van	perifere	vaatweerstand	beschreven.		
Hoewel	er	al	decennia	ervaring	is	met	de	diagnostiek	en	behandeling	van	CoA,	bestaan	er	
nog	 altijd	 veel	 vragen	 binnen	 de	 hedendaagse	 klinische	 praktijk.	 Sinds	 de	 eerste	
wetenschappelijke	publicatie	over	CoA	in	1791	en	de	eerste	beschrijving	van	chirurgische	
behandeling	in	1945	is	de	kennis	over	de	diagnostiek,	behandeling	en	uitkomsten	gestaag	
gegroeid.1–4	 	 Desalniettemin	wordt	 de	CoA-populatie	 nog	 altijd	 geconfronteerd	met	 een	
hoge	 prevalentie	 van	 cardiovasculaire	 morbiditeit	 op	 de	 lange	 termijn,	 welke	 een	
belangrijke	 impact	 heeft	 op	 de	 overleving	 en	 kwaliteit	 van	 leven	 binnen	 deze	
patiëntengroep.	(Hoofdstuk	2).		

Diagnostiek	
Diagnostiek	 en	 besluitvorming	 rondom	 behandeling	 van	 pediatrische	 CoA-patiënten	 zijn	
grotendeels	gebaseerd	op	echocardiografische	metingen	van	de	aortaboog.	Aangezien	het	
hart	en	de	grote	vaten	toenemen	in	grootte	met	de	somatische	groei	van	het	kind,	kunnen	
cardiale-	 en	 vasculaire	 dimensies	 sterk	 variëren	 tussen	 kinderen	 van	 verschillende	
afmetingen	en	leeftijden.	Derhalve	dienen	de	echografisch	gemeten	aortale	dimensies	te	
worden	 afgezet	 tegen	 de	 grootte	 van	 het	 kind	 om	 eventuele	 abnormale	 waarden	 te	
kunnen	 identificeren.	 Z-scores	 en	 referentie-intervallen	 worden	 veelal	 gebruikt	 om	
gemeten	 dimensies	 te	 relateren	 aan	 de	 grootte	 van	 het	 kind	 en	 zo	 te	 bepalen	 of	 de	
gemeten	 waardes	 afwijken	 van	 de	 norm.5	 Deze	 referentiewaarden	 en	 z-scores	 zijn	
beschikbaar	 voor	 a	 terme	pasgeborenen,	 kinderen	en	 adolescenten.	 Echter,	 ondanks	de	
klinische	 relevantie	 van	 normaalwaarden,	 waren	 deze	 eerder	 niet	 beschikbaar	 voor	
prematuur	 geboren	 kinderen.6,7	 In	 Hoofdstuk	 3	 van	 dit	 proefschrift	 worden	
regressieformules	 gepresenteerd	 voor	 de	 berekening	 van	 z-scores	 en	 referentie-
intervallen	voor	dimensies	van	de	aortaboog	in	relatie	tot	het	geboortegewicht	in	de	zeer	
vroeggeboren	populatie,	met	een	amenorroeduur	van	24-32	weken,	om	zo	de	diagnose	en	
besluitvorming	 rondom	 behandeling	 van	 premature	 patiënten	 met	 een	 verdenking	 op	
aortaboog-pathologie	te	ondersteunen.			

Behandeling	
De	 eerst	 beschreven	 chirurgische	 behandeling	 voor	 CoA	 betreft	 een	 resectie	 van	 het	
vernauwde	aorta-segment	met	aanleg	van	een	end-to-end	anastomose.2–4	In	de	afgelopen	
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decennia	 zijn	 er	 verschillende	 behandeltechnieken	 ontwikkeld	 en	 verder	 verfijnd.	 In	 de	
jaren	80	werd	ballonangioplastiek	(BA)	geïntroduceerd	als	een	minder	invasief	alternatief	
voor	chirurgische	behandeling	van	CoA.8	Na	aanvankelijk	succes,	 is	 in	de	daaropvolgende	
jaren	 een	 hoger	 risico	 op	 aneurysmavorming	 en	 re-CoA	 beschreven	 in	 patiënten	 die	
behandeld	 waren	 met	 BA	 in	 vergelijking	 tot	 chirurgisch	 behandelde	 patienten.9–11	 In	
Hoofdstuk	 4	 van	 dit	 proefschrift	worden	 de	 lange	 termijn	 (>10	 jaar)	 uitkomsten	 van	 BA	
vergeleken	 met	 chirurgische	 behandeling.	 Patiënten	 rapporteren	 dat	 zij	 over	 het	
algemeen	goed	kunnen	meekomen	in	het	dagelijks	leven	en	een	goede	kwaliteit	van	leven	
hebben.	 In	 tegenstelling	 tot	 eerdere	 studies	 zagen	 wij	 in	 onze	 CoA	 populatie	 dat	 de	
prevalentie	 van	 aneurysmata	 laag	 is,	 zowel	 in	 de	 BA	 groep	 als	 de	 chirurgie	 groep.9–12	
Echter,	patiënten	die	behandeld	 zijn	met	BA	hebben	een	3-maal	verhoogd	 risico	op	een	
(chirurgische	 of	 endovasculaire)	 re-interventie	 in	 vergelijking	 tot	 patiënten	 die	 primair	
chirurgisch	zijn	behandeld.	Derhalve	wordt	BA	niet	aanbevolen	als	primaire	strategie	voor	
behandeling	 van	 natieve	 CoA.	 Hypertensie	 is	 een	 zeer	 veelvoorkomend	 probleem	
gedurende	de	lange	termijn	follow-up	van	zowel	chirurgisch	als	endovasculair	behandelde	
CoA	patiënten.	Een	interessante	bevinding	is	het	hoge	percentage	patiënten	dat	zich	niet	
bewust	was	van	hun	hypertensie	en	niet	onder	reguliere	controle	 is	bij	een	(pediatrisch)	
cardioloog.		
	
Hoofdstuk	 5	 van	 dit	 proefschrift	 geeft	 een	 overzicht	 van	meer	 dan	 twee	 decennia	 CoA	
behandeling	 in	een	 cohort	 van	207	patiënten	uit	het	Wilhelmina	Kinderziekenhuis.	Over	
de	jaren	zijn	er	verschillende	chirurgische	technieken	toegepast:	(extended)	resectie	met	
end-to-end	anastomose,	patch	angioplastiek,	 interpositie-graft,	bypass-graft	en	correctie	
met	behulp	van	een	subclavian	flap.	Daarnaast	heeft	de	endovasculaire	correctie	een	plek	
gekregen	als	minder	 invasief	alternatief	voor	CoA	behandeling.	Het	aantal	patiënten	dat	
jaarlijks	 wordt	 behandeld	 voor	 CoA	 is	 over	 de	 tijd	 toegenomen.	 Bovendien	 zijn	 bij	
patiënten	 die	 in	 de	 latere	 jaren	 geopereerd	 zijn	 meer	 geassocieerde	 cardiale	 laesies	
gelijktijdig	 gecorrigeerd	 en	 werd	 er	 vaker	 aortaboog	 hypoplasie	 beschreven.	
Reinterventies	 worden	 vaker	 gezien	 bij	 patiënten	 die	 endovasculair	 zijn	 behandeld	 in	
vergelijking	 met	 chirurgisch	 behandelde	 patiënten	 (63%	 versus	 40%).	 De	 hoge	
reinterventie	 cijfers	 die	 worden	 gezien	 bij	 BA	 hebben	 deze	 techniek	 dan	 ook	
controversieel	gemaakt	als	primaire	behandeling	voor	CoA.	Endovasculaire	stentplaatsing	
is	 recent	 geïntroduceerd	 als	 alternatief,	 om	 de	 elastische	 terugslag	 van	 de	 aorta	 na	
dilatatie	 te	 voorkomen.	 De	 klinische	 waarde	 van	 stentplaatsing	 bij	 de	 pediatrische	
populatie	 moet	 echter	 nog	 blijken,	 aangezien	 data	 over	 de	 lange	 termijn	 uitkomsten	
schaars	 zijn	 en	 het	 plaatsen	 van	 stents	 in	 jonge	 kinderen	 als	 groot	 nadeel	 heeft	 dat	 er	
frequente	re-dilataties	nodig	zijn	om	de	stent-diameter	aan	te	passen	aan	de	groei	van	het	
kind.	Reinterventie	 is	 geïndiceerd	bij	 een	derde	 van	de	CoA	patiënten	en	één	op	de	 vijf	
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patiënten	 ontwikkeld	 systemische	 hypertensie	 op	 de	 lange	 termijn.	 Deze	 bevindingen	
benadrukken	 het	 belang	 van	 levenslange	 follow-up	 van	 CoA	 patiënten	 na	 initieel	
succesvolle	correctie.		
	
Follow-up	
Ondanks	 adequate	 correctie	 van	CoA	hebben	patiënten	een	 verkorte	 levensverwachting	
en	een	verhoogd	risico	op	hart-	en	vaatziekten	zoals	hypertensie,	dysfunctie	van	de	linker	
hartkamer,	 aderverkalking,	 hartinfarcten	 en	 beroertes,	 dan	 gezonde	 leeftijdsgenoten.2,13	
Een	 vernauwing	 van	 de	 aorta	 veroorzaakt	 een	 verhoogde	 belasting	 voor	 de	 linker	
hartkamer,	wat	kan	resulteren	in	zuurstoftekort	en	verlittekening	van	de	hartspiercellen.14	
Ondanks	 succesvolle	 correctie	van	CoA,	 is	de	prevalentie	van	hart-	en	vaatziekten	hoog,	
zelfs	in	afwezigheid	van	een	rest-	of	restenose,	wat	wijst	op	persisterende	afwijkingen	van	
het	 hart	 en	 de	 vaten.	 Lange	 termijn	 cardiovasculaire	 morbiditeit	 na	 CoA	 herstel	 kan	
worden	verklaard	door	een	negatieve	 interactie	 tussen	de	aorta	en	de	 linker	hartkamer	
(arterio-ventriculaire	interactie)	als	gevolg	van	verminderde	compliantie	van	de	aorta	vóór	
de	 (voormalige)	 vernauwing.14–17	 De	 lange	 termijn	 cardiovasculaire	 uitkomsten	 van	 de	
linker	hartkamer	en	de	aorta	worden	beschreven	in	hoofdstuk	6	en	7	van	dit	proefschrift.		
	
De	algemene	hartfunctie,	uitgedrukt	in	de	linker	ventrikel	ejectie	fractie	(LVEF),	is	over	het	
algemeen	normaal	na	correctie	van	CoA.	De	LVEF	geeft	echter	een	zeer	beperkt	inzicht	in	
subklinische	myocardiale	dysfunctie,	die	op	lange	termijn	kan	leiden	tot	dysfunctie	van	de	
linker	 hartkamer.18,19	 In	 tegenstelling	 tot	 de	 LVEF	 kan	 met	 analyse	 van	 myocardiale	
deformatie	wel	inzicht	worden	verkregen	in	de	globale	en	regionale	hartkamer	functie	in	
CoA	patiënten.	Myocardiale	deformatie	beschrijft	de	bewegingen	van	de	hartspier	tijdens	
de	hartslag,	waarmee	inzicht	kan	worden	verkregen	in	de	manier	waarop	en	de	snelheid	
waarmee	 de	 hartspier	 samenknijpt	 en	 weer	 ontspant.	 Myocardiale	 deformatie	 is	 sterk	
gecorreleerd	 aan	 cardiovasculaire	 events	 zoals	 instabiele	 angina	 pectoris,	 hartinfarcten,	
hartfalen	 en	 overlijden.20–22	 In	 hoofdstuk	 6	 van	 dit	 proefschrift	 wordt	 myocardiale	
deformatie	 van	de	 linker	hartkamer	geëvalueerd	met	behulp	 van	CMR	 in	CoA	patiënten	
meer	 dan	 10	 jaar	 na	 primaire	 correctie.	 Ondanks	 een	 hoge	 incidentie	 van	 hypertensie,	
worden	geen	significante	verschillen	gevonden	in	de	massa	en	de	omvang	van	het	hart,	de	
dikte	van	de	hartspier	en	myocardiale	deformatie	tussen	CoA	patiënten	en	controles,	wat	
wijst	op	een	goede	 functie	van	de	 linker	hartkamer	op	de	 lange	 termijn.	 In	Hoofdstuk	7	
worden	 de	 polsgolf	 snelheid	 en	 distensie	 van	 de	 aorta	 beschreven	 in	 adequaat	
behandelde	patiënten	na	lange	follow-up.	De	polsgolf	snelheid	is	de	snelheid	waarmee	het	
bloed	(de	polsgolf)	zich	door	de	aorta	verplaatst	na	een	hartslag.	De	distensie	van	de	aorta	
is	een	maat	voor	het	uitzetten	van	de	aorta	op	het	moment	dat	deze	polsgolf	passeert.	
Beide	berekeningen	geven	een	 indicatie	van	de	compliantie	van	de	aortawand.	Ondanks	
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adequate	correctie	hebben	patiënten	een	verminderde	compliantie	van	de	aorta	vóór	het	
gecorrigeerde	CoA	segment,	wat	bijdraagt	aan	de	hypothese	dat	CoA	een	manifestatie	is	
van	 een	 uitgebreid	 vasculair	 pathologisch	 proces	 in	 plaats	 van	 een	 lokale	 afwijking.	 Een	
verhoogde	 stijfheid	 van	 de	 aorta	 is	 geassocieerd	 met	 systemische	 hypertensie.	 CoA-
geassocieerde	pathologie	van	de	vaten	speelt	dus	een	belangrijke	 rol	 in	de	ontwikkeling	
van	hypertensie	 later	 in	het	 leven.16	Verlaagde	elasticiteit	van	de	aortawand	kan	worden	
verklaard	 door	 intrinsieke	 wandafwijkingen	 in	 CoA-patiënten.23	 Verscheidene	
histologische	studies	hebben	een	toename	van	collageen	en	elastine	en	een	verminderde	
aanwezigheid	 van	 gladde	 spiercellen	 aangetoond	 in	 de	 wand	 van	 de	 aorta	 vóór	 de	
coarctatio.13,15,24,25	Deze	veranderingen	in	vaatwandcompositie	zijn	eerder	toegeschreven	
aan	 remodellering	 van	 de	 aorta	 als	 compensatie	 mechanisme	 voor	 verhoogde	
wandspanning.26	 Echter,	persisterende	veranderingen	van	de	aorta-boog	elasticiteit	 lang	
na	 CoA	 herstel,	 zoals	 in	 dit	 proefschrift	 worden	 beschreven,	 suggereren	 onomkeerbare	
veranderingen	in	de	samenstelling	van	de	wand	en	de	endotheel	functie	van	de	aorta	vóór	
de	coarctatio.		
	
In	 hoofdstuk	 8	 wordt	 perifere	 vaatweerstand	 in	 CoA	 patiënten	 beschreven.	 Perifere	
vaatweerstand	is	gemeten	met	behulp	van	een	oscillometrisch	apparaat,	de	Arteriograaf.	
CoA	 patiënten	 hebben	 een	 significant	 hogere	 perifere	 vaatweerstand,	 zelfs	 op	 lange	
termijn	na	succesvolle	correctie.	De	histologische	veranderingen	die	 zijn	gevonden	 in	de	
aortaboog	van	CoA	patiënten	(zoals	eerder	beschreven)	zijn	ook	beschreven	in	de	arteriële	
aftakkingen	van	de	thoracale	aorta.	Onze	bevindingen	suggereren	betrokkenheid	van	het	
perifere	 arteriële	 vaatstelsel	 in	 een	 beeld	 van	 gegeneraliseerde	 vaatziekte	 in	 patiënten	
met	CoA,	náást	de	toegenomen	centrale	vaatstijfheid	welke	is	beschreven	in	Hoofdstuk	7.	
De	 relatie	 tussen	 de	 arteriële	 vaatafwijkingen	 en	 de	 inspanningscapaciteit	 van	 CoA	
patiënten	 wordt	 bestudeerd	 in	 Hoofdstuk	 9.	 Patiënten	 met	 CoA	 tonen	 behoud	 van	
cardiovasculaire	 inspanningscapaciteit	 na	 succesvolle	 correctie.	 Echter,	 inspannings-
gerelateerde	 hypertensie	 komt	 voor	 bij	 twee-derde	 van	 de	 patiënten	 en	 is	 sterk	
gerelateerd	aan	de	aanwezigheid	van	systemische	hypertensie	in	rust.	Omdat	inspannings-
gerelateerde	 hypertensie	 een	 voorloper	 kan	 zijn	 van	 systemische	 hypertensie,	 wordt	
regelmatige	 follow-up	 van	 CoA-patiënten	 met	 cardiopulmonale	 inspanningstesten	
aanbevolen	tijdens	langdurige	follow-up	na	succesvolle	correctie.	
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