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T he current issue of the Journal of the American Heart
Association (JAHA) includes, 2 articles that focus on the

effects of aortic coarctation treatment on the cardiovascular
system several years after the treatment has been per-
formed.1,2 Even though different techniques for the treatment
of a coarctation of the aorta have been successfully used for
many years now, these patients have premature morbidity and
mortality.3 The complications are manifold: hypertension is
common among these patients in adulthood, followed or
accompanied by additional morbidities such as increased left
ventricular mass, impaired systolic or diastolic function, or
coronary artery and cerebrovascular disease. Importantly, the
risk of stroke also is increased.1,2,4,5 The articles of Martins
et al1 and Kowalski et al2 investigate the mechanisms behind
the long-term effects of aortic coarctation and its repair.

The starting point for both studies is the fact that
coarctation of the aorta has lifelong consequences even
after successful treatment. In both studies, subjects were
examined in early adulthood, thus several years after
coarctation treatment was performed. This corresponds to
an intermediate stage between repair and a manifestation of
organ damage later in life. Potentially, changes in cardio-
vascular structure and hemodynamics are present already at
this stage, and suitable techniques to quantify such alter-
ations are needed. The ultimate goal behind both studies is
to optimize treatment for these patients, thus minimizing
these consequences. However, the approaches to gather

new pieces of evidence on the way to this goal are different
and complement one another. Based on the 2 specific
research questions, a major difference in the settings of the
studies lies in the selection of patient groups. While Martins
et al compare coarctation repair patients grouped by 3
treatment modalities (surgery, balloon dilation, and stent
implantation), Kowalski et al compare a group of coarctation
repair patients with a group of controls. Both studies apply a
variety of advanced techniques, among them central pres-
sure, measures for local and regional arterial stiffness, and
methods of pulse wave analysis to quantify wave reflection
and transmission. These study designs are based on the
expectation that such methods will enable insights beyond
traditional hemodynamic risk markers, such as brachial
blood pressure.

The aim of the study by Martins et al was to determine
whether the choice of treatment modality impacts vascular
function later in life.1 While they found that the majority of
cardiovascular indices did not differ between the treatment
groups, some significant differences using advanced tech-
niques indicate preferable results for the balloon dilation
technique. One favorable characteristic is the lowest stiffness
measured locally in the ascending aorta among the 3 groups.
Another aspect is the favorable dipping behavior of blood
pressure during the night obtained with an ambulatory blood
pressure measurement. Both effects would have been over-
looked, if solely office blood pressure and office regional pulse
wave velocity (carotid–femoral pulse wave velocity) were
applied.

The main aim of the study of Kowalski et al was to
investigate whether an increased wave transmission from the
aorta to the carotid artery occurs after coarctation repair.2

This would be a potential link to cerebrovascular diseases and
stroke in these patients. They used wave intensity and wave
power as primary methods for their study. While wave
intensity is using pressure and velocity signals for analysis
and was introduced almost 3 decades ago,6 wave power uses
pressure and volume flow signals and was introduced only a
few years ago by Mynard and Smolich.7 Since wave power is a
conserved quantity under most circumstances in contrast to
wave intensity, it allows wave transmission between distinct
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locations in the vascular system to be studied.7 In the current
study, wave intensity and wave power were calculated in the
aortic arch and in the left common carotid artery. Blood
pressure as well as local stiffness (characteristic impedance)
were elevated for coarctation patients, but no differences in
wave reflection deduced from wave intensity were found in
both sites between coarctation patients and controls. How-
ever, wave power analysis revealed an increased transmission
of wave power from the aorta to the carotid artery for
coarctation patients. Again, effects would have been over-
looked with the established techniques and parameters, in
this case differences in pulse wave morphology related to
pulse wave transmission.

We can learn a couple of things from the 2 studies. The
physiological findings are comprehensively discussed in both
articles and we refrain from repeating them in detail; we refer
the readers to the articles for a closer look. The articles
contain 2 excellent examples for applying advanced

techniques that are not routinely used either in clinical
practice or in clinical research, but that provide the essential
insights. The measurement of local aortic stiffness seems to
be crucial for patients with coarctation repair. In general,
methods combining pressure and flow signals for the
determination of pulse wave transmission and reflection can
bring advantages in accuracy and sensitivity compared with
pressure-only methods. However, the measurement of time-
synchronized pressure and flow signals is demanding and
currently not feasible in daily practice.8

Martins et al used pressure measurements under exercise
and under ambulatory conditions to assess the influence of
postural and diurnal changes,1 whereas Kowalski et al
combined pressure and flow to tackle their research
question.2 In another article recently published in JAHA,
Chirinos et al chose a combination of both of these
approaches to study patients with heart failure with preserved
ejection fraction.9 They showed that forward and backward
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Figure. Averaged pressure and velocity waveforms for patients with HFrEF and controls10 as well as corresponding forward and backward
wave intensity signals obtained from these averaged waveforms. BCW/FCW peak ratio is 0.08 for both groups. FCW/FDW peak ratio is 2.9 for
the HFrEF group waveform and 5.2 for the control group waveform. BCW indicates backward compression wave; FCW, forward compression
wave; FDW, forward decompression wave; HFrEF, heart failure with reduced ejection fraction.
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wave amplitudes, assessed over 24 hours with wave separa-
tion based on oscillometric pressure measurements and a
modeled flow, differ between patients with heart failure with
preserved ejection fraction with and without diabetes melli-
tus. Since the cardiovascular system is not in a full steady
state but is continuously changing its characteristics, such
repeated measurements, not only for blood pressure but also
for parameters obtained from pulse wave analysis, can
provide additional information. In the context of the studies
of Martin et al and Kowalski et al, this is also relevant beyond
a methodological point of view, since systolic and diastolic
dysfunction is one of the major morbidities linked to
coarctation repair besides stroke.4,5

In a previous study, we have investigated the relationship
between heart failure with reduced ejection fraction and wave
reflection parameters. After adjustment for heart rate and
ejection duration, no significant differences were found.10

However, wave intensity analysis revealed significant differ-
ences in waveforms.11 When the peak value of the forward
compression wave (FCW, or S-wave) was divided by the peak
value of the forward decompression wave (FDW, or D-wave),
this ratio was significantly lower in patients with heart failure
with reduced ejection fraction. To illustrate these effects, we
have plotted in the Figure averaged pressure and velocity
waveforms for the group of patients with heart failure with
reduced ejection fraction and the group of controls,10 as well
as the resulting forward and backward wave intensity. The
main differences can be found in the FCW. Presumably, these
changes occur because of altered ejection dynamics of the
ventricle, leading to a reduced wave intensity of the FCW.
Similar findings were obtained in a study by Ntsinjana et al in
children and adolescents with heart failure with preserved
ejection fraction.12

Having these findings in mind, a closer look should be
taken at the results of Kowalski et al.2 Unfortunately, they
do not report the FCW/FDW ratio explicitly, but we can
calculate it from the mean values of FCW and FDW that have
been reported. For example, we find for the cumulative wave
intensity in the aorta FCW/FDW ratios of about 4.6 for the
coarctation group and 6.5 for the control group, which
seems to be a noteworthy difference. In contrast to the
abovementioned studies in patients with heart failure, this is
mainly because of an increased FDW. Whether these
changes in the FCW/FDW ratio can be interpreted currently
as precursors of heart disease is subject to speculation at
this stage. Regardless, the triangle of aortic stiffness (in this
case because of coarctation repair), stroke, and heart failure
warrant further investigations based on methods such as
wave intensity and wave power analysis.

Luckily, we have an increasing number of options for the
assessment of cardiovascular properties, but eventually, with
confusion from all these measurement possibilities one might

ask: Which technique should be used for the measurement of
arterial stiffness? Which technique should be used for the
quantification of pulse wave transmission and reflection?
Unfortunately, there is no simple answer. For widespread use,
such as patient screening or therapy monitoring, one would
rather opt for a user-friendly approach, in the best case
operator-independent and usable in an ambulatory setting.
For a specialized clinical study, more complicated but also
more sensitive methods could be the right choice. In any case,
several options for guidance are available. One could look into
expert consensus documents.13 A typical approach would be
to set up a pilot trial to test the potential of a method.
Alternatively, in-silico studies are becoming increasingly
feasible. Here, properties of a specific disorder can be
simulated based on mathematical models and methods can
be tested on these artificial patient data.14 But probably the
best way is to be inspired by excellent studies, 2 of which can
be found in this issue.1,2

Disclosures
None.

References
1. Martins JD, Zachariah J, Tierney ESS, Truong U, Morris S, Kutty S, de Ferranti S,

Guarino M, Thomas B, Oliveira D, Marinho A, Ant�onio M, Gauvreau K, Jalles N,
Geva T, Carmo MM, Prakash A. Impact of treatment modality on vascular
function in coarctation of the aorta: the LOVE-COARCT study. J Am Heart
Assoc. 2019;8:e011536. DOI: 10.1161/JAHA.118.011536.

2. Kowalski R, Lee MGY, Doyle LW, Cheong JLY, Smolich JJ, d’Udekem Y, Mynard
JP, Cheung MMH. Reduced aortic distensibility is associated with higher aorto-
carotid wave transmission and central aortic systolic pressure in young adults
after coarctation repair. J Am Heart Assoc. 2019;8:e011411. DOI: 10.1161/
JAHA.118.011411.

3. Celermajer DS, Greaves K. Survivors of coarctation repair: fixed but not cured.
Heart. 2002;88:113–114.

4. Shang Q, Sarikouch S, Patel S, Schuster A, Steinmetz M, Ou P, Danford DA,
Beerbaum P, Kutty S. Assessment of ventriculo-vascular properties in repaired
coarctation using cardiac magnetic resonance-derived aortic, left atrial and left
ventricular strain. Eur Radiol. 2017;27:167–177.

5. Lombardi KC, Northrup V, McNamara RL, Sugeng L, Weismann CG. Aortic
stiffness and left ventricular diastolic function in children following early repair
of aortic coarctation. Am J Cardiol. 2013;112:1828–1833.

6. Parker KH, Jones CJH. Forward and backward running waves in the arteries:
analysis using themethodof characteristics. J BiomechEng. 1990;112:322–326.

7. Mynard JP, Smolich JJ. Novel wave power analysis linking pressure-flow waves,
wave potential, and the forward and backward components of hydraulic power.
Am J Physiol Heart Circ Physiol. 2016;310:H1026–H1038.

8. Hametner B, Wassertheurer S. Pulse waveform analysis: is it ready for prime
time? Curr Hypertens Rep. 2017;19:73.

9. Chirinos JA, Bhattacharya P, Kumar A, Proto E, Konda P, Segers P, Akers SR,
Townsend RR, Zamani P. Impact of diabetes mellitus on ventricular structure,
arterial stiffness, and pulsatile hemodynamics in heart failure with preserved
ejection fraction. J Am Heart Assoc. 2019;8:e011457. DOI: 10.1161/JAHA.
118.011457.

10. Parragh S, Hametner B, Bachler M, Kellermayer J, Eber B, Wassertheurer S,
Weber T. Determinants and covariates of central pressures and wave
reflections in systolic heart failure. Int J Cardiol. 2015;190:308–314.

11. Hametner B, Parragh S, Weber T, Wassertheurer S. Wave intensity of aortic
root pressure as diagnostic marker of left ventricular systolic dysfunction.
PLoS One. 2017;12:e0179938.

12. Ntsinjana HN, Chung R, Ciliberti P, Muthurangu V, Schievano S, Marek J,
Parker KH, Taylor AM, Biglino G. Utility of cardiovascular magnetic

DOI: 10.1161/JAHA.119.012278 Journal of the American Heart Association 3

Long-Term Effects of Coarctation Treatment Hametner et al
E
D
IT

O
R
IA

L

https://doi.org/10.1161/JAHA.118.011536
https://doi.org/10.1161/JAHA.118.011411
https://doi.org/10.1161/JAHA.118.011411
https://doi.org/10.1161/JAHA.118.011457
https://doi.org/10.1161/JAHA.118.011457


resonance-derived wave intensity analysis as a marker of ventricular function
in children with heart failure and normal ejection fraction. Front Pediatr.
2017;5:65.

13. Segers P, O’Rourke MF, Parker KH, Westerhof N, Hughes A, on behalf of the
Participants of the 2016 Workshop on Arterial Hemodynamics: Past, present
and future. Towards a consensus on the understanding and analysis of the
pulse waveform: results from the 2016 workshop on arterial hemodynamics:
past, present and future. Artery Res. 2017;18:75–80.

14. Hametner B, Schneider M, Parragh S, Wassertheurer S. Computational
assessment of model-based wave separation using a database of virtual
subjects. J Biomech. 2017;64:26–31.

Key Words: Editorials • aortic coarctation • arterial
stiffness • pulse wave analysis • pulse wave velocity

DOI: 10.1161/JAHA.119.012278 Journal of the American Heart Association 4

Long-Term Effects of Coarctation Treatment Hametner et al
E
D
IT

O
R
IA

L


