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Background-—The long-term prognosis of patients with repaired aortic coarctation is characterized by high rates of cardiovascular
and cerebrovascular disease related to hypertension, the basis of which remains unclear. To define potential underlying
mechanisms, we investigated aortic and carotid arterial biomechanics and wave dynamics, and determinants of aortic systolic
blood pressure, in young adults after coarctation repair.

Methods and Results-—Aortic arch and carotid biomechanics, wave intensity and wave power, and central aortic blood pressure,
were derived from echocardiography and brachial blood pressure in 43 young adults after coarctation repair and 42 controls.
Coarctation subjects had higher brachial and central systolic blood pressure (P=0.04), while aortic compliance was lower and
characteristic impedance (Zc) higher. Although carotid intima-media thickness was higher (P<0.001), carotid biomechanics were no
different. Carotid forward compression wave power was higher and was negatively correlated with aortic compliance (R2=0.42,
P<0.001) and distensibility (R2=0.37, P=0.001) in coarctation subjects. Aortic wave power and wave reflection indices were no
different in control and coarctation patients, but coarctation patients with elevated aortic Zc had greater aorto-carotid transmission
of forward compression wave power (P=0.006). Aortic distensibility was the only independent predictor of central aortic systolic
blood pressure on multivariable analysis.

Conclusions-—Young adults following coarctation repair had a less compliant aorta, but no change in carotid biomechanics.
Reduced aortic distensibility was related to greater transmission of aortic forward wave energy into the carotid artery and higher
central aortic systolic blood pressure. These findings suggest that reduced aortic distensibility may contribute to later
cardiovascular and cerebrovascular disease after coarctation repair. ( J Am Heart Assoc. 2019;8:e011411. DOI: 10.1161/JAHA.
118.011411.)
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M ore than 70 years after the development of surgical
techniques to correct coarctation of the aorta, the

morbidity and mortality of this patient group remains high
compared with the general population.1 Apart from local
complications such as re-coarctation and aortic aneurysm
formation, the long-term outlook for these patients is
characterized by the early development of coronary artery
and cerebrovascular disease,2–4 with a recent large

population-based study finding that survivors of coarctation
repair suffered all-cause stroke on average almost 19 years
earlier than the general population.5 A significant risk factor
for the development of cerebrovascular disease in adulthood
is hypertension, which has been demonstrated in a high
proportion of patients after coarctation surgery.6–9 Clinical
and echocardiographic measurements of arch re-obstruction
are unable to delineate the patients at risk of hypertension.7
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On the other hand, sensitive markers of early vascular
dysfunction or remodeling, such as arterial distensibility and
carotid intima-media thickness, and hemodynamic measures
of aortic pulse wave propagation and reflection,8,10–12 may
provide valuable information on future cardiovascular risk in
these patients.

One potential but as yet unstudied mechanism underlying
an elevated stroke risk after coarctation repair is a greater
transmission of wave energy from the aorta into cerebral
arteries. This phenomenon is demonstrable in the presence of
aortic coarctation, where it results from increased wave
reflection at the site of coarctation, with resultant passage of
greater reflected wave energy into major cephalic arteries.13

Whether a similar phenomenon occurs late after repair of
aortic coarctation, related to residual wave reflection from the
coarctation site, is unknown.

Aside from a wave reflection mechanism, a higher aortic
impedance could also lead to increased transmission of
forward wave energy from the ascending aorta into cephalic
arteries. In the context of normal aging, there is evidence
that stiffening of the aorta outpaces stiffening of more
peripheral large arteries (such as the carotid artery), thereby
reducing or even reversing a normal stiffness gradient
present in youth, which in turn can lead to increased
transmission of the aortic forward wave into the carotid
artery and higher pulsatile energy in cerebral arteries.14–19

Whether an altered aorto-carotid stiffness gradient also
occurs in young adults after coarctation repair is unknown,
but would be of significant interest given findings in older
adults that this is a predisposing factor for cerebral
microvascular damage.20

If increased aorto-carotid wave transmission is evident in
patients following coarctation repair, then an important
allied question is whether factors contributing to this

greater wave transmission also play a role in the elevated
central blood pressure commonly present in these
patients.11,21 The importance of central arterial blood pressure
in modulating cardiovascular risk is well established,22 with
evidence suggesting that this pressure may be a more sensitive
marker of cardiovascular risk and end-organ damage than
brachial artery blood pressure.23 However, the demographic,
cardiac (structural and functional) and vascular (structural and
biomechanical) variables which predict an elevated central
aortic systolic pressure after coarctation repair are yet to be
defined.

Thus the aims of this study were to determine: (1) whether
increased aorto-to-carotid artery wave transmission occurs
after coarctation repair; (2) to what extent any such increased
transmission is related to wave reflection within the aorta or
to an alteration of the normal stiffness gradient between the
aorta and carotid artery; and (3) whether the factor(s)
underlying aorto-carotid artery wave transmission patterns
are also predictive of an elevated central aortic systolic
pressure after coarctation repair. To address these aims,
echocardiographic wave intensity (WI) and wave power (WP)
analyses of both the aortic arch and carotid artery were
undertaken in young adults after coarctation repair and in a
control group of similar age. WP analysis is similar to WI
analysis,24 but has the benefit that wave power is conserved
at junctions, thereby allowing investigation of wave power
distribution in the arterial network.13,25 In addition, aortic and
carotid biomechanics, carotid intima-media thickness (cIMT)
and left ventricular (LV) anatomy and function were assessed
by echocardiography.

Methods

Study Population
The study was approved by the Human Research Ethics
Committee at the Royal Children’s Hospital, with subjects
who had undergone repair of aortic coarctation recruited
from the cardiac surgical database of this institution. Normal
birthweight (>2499 g) and term-born (≥37 weeks’ gesta-
tional age) participants from the Victorian Infant Collabora-
tive Study 1991 to 1992 cohort were used as controls.26 All
subjects gave informed consent to participate in the
research.

A total of 43 coarctation and 42 control subjects attended
the Royal Children’s Hospital for anthropometric and blood
pressure measurements, echocardiography, assessment of
aortic and carotid vascular properties, and wave analyses. All
measurements were performed in a single session by the
same technologist. The data that support the findings of this
study are available from the corresponding author upon
reasonable request.

Clinical Perspective

What Is New?

• This study presents a novel implementation of wave
intensity and wave power analysis at 2 arterial sites in
young adults following coarctation of the aorta repair.

• This has allowed for an assessment of wave energy
distribution between these 2 sites.

What Are the Clinical Implications?

• This study has demonstrated elevated wave energy trans-
mission into the carotid arteries of coarctation subjects
compared with controls.

• This was related to reduced aortic distensibility in the
coarctation subjects, and may be of relevance to the
elevated risk of adult cerebrovascular disease in this group.
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Anthropometric and Blood Pressure
Measurements
Subjects were asked to abstain from alcohol, tobacco, and
caffeine for at least 24 hours, and fasted for a minimum of
6 hours before their study appointment. Height was measured to
the nearest 0.1 cm with shoes removed, and weight to the

nearest 0.1 kg with digital scales. Body surface area (BSA) was
calculated according to the formula of Dubois and Dubois,27 with
body mass index (BMI) defined as weight (kg)/height (m)2. After
10 minutes of semi-recumbent rest in a quiet darkened room,
brachial artery systolic (SBP), diastolic (DBP), mean (MBP) and
pulse (PP) pressures were obtained from the right arm using a cuff

A

B

Figure 1. M-mode echocardiographic still-image of aortic arch diameter (A) and blood velocity (B), with
automated edge segmentation and average beat files displayed in the inset boxes.
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and digital oscillometric blood pressure monitor (HEM 705-CP,

OMRON, Japan). Central aortic and carotid blood pressures were

estimated by calibrating arterial diameter curves to brachial mean

and diastolic blood pressure following themethod ofQuail et al.28

Echocardiography
Routine echocardiography was performed with patients in a
semi-recumbent position using a GE Vivid 7 ultrasound
machine (GE Medical Systems, Horten, Norway) with a

Table 2. Echocardiographic Data

Coarctation (n=43) Control (n=42) Unadjusted P Value Difference in Means (�95% CI)* P Value*

LA z-score 1.00 (�0.21, 2.40) 0.74 (0.20, 1.30) 0.46† 0.42 (�0.33, 1.16) 0.27

AoRoot z-score 1.00 (0.05, 1.60) 0.20 (�0.21, 1.10) 0.07† 0.30 (�0.25, 0.85) 0.29

IVSd z-score 0.40 (�0.24, 1.10) �0.11 (�0.40, 0.45) 0.02† 0.29 (�0.08, 0.67) 0.13

LV EDd z-score 0.49 (�0.34, 1.30) 0.20 (�0.26, 0.72) 0.45† 0.22 (�0.25, 0.70) 0.36

LV ESd z-score �0.04 (�0.84, 0.82) 0.40 (0.08, 0.62) 0.10† �0.30 (�0.78, 0.17) 0.21

LV PWd z-score 0.32 (�0.08, 0.94) 0.18 (�0.22, 0.72) 0.18† 0.11 (�0.31, 0.53) 0.62

LV mass, grams 145 (112, 209) 125 (108, 167) 0.03† 4 (�13, 21) 0.66

LV mass index, g/m2 89 (72, 101) 75 (63, 85) 0.004† 4 (�3, 12) 0.23

FS, % 41 (37, 44) 36 (34, 40) 0.001† 3 (1, 6) 0.005

LVEF, % 68�4 66�4 0.06 1 (�1, 4) 0.18

Ascending aorta z-score 2.00�2.13 ��� ���
Proximal transverse arch z-score 0.48�1.12 ��� ���
Distal transverse arch z-score 0.41�1.21 ��� ���
Isthmus z-score 0.30�1.29 ��� ���
Descending aorta z-score 0.41�1.21 ��� ���
Descending aorta Vmax, m/s 2.06�0.51 ��� ���

Data are mean�SD. AoRoot indicates aortic root; EDd, end-diastolic diameter; EF, ejection fraction; ESd, end-systolic diameter; FS, fractional shortening; IVSd, interventricular septal
dimension; LA, left atrium; LV, left ventricle; PWd, posterior wall dimension; Vmax, maximum Doppler velocity.
*Data adjusted for age and sex.
†Median (25th, 75th percentiles) Mann–Whitney U test.

Table 1. Subject Demographics and Blood Pressure Variables

Coarctation (n=43) Control (n=42) Unadjusted P Value Difference in Means (�95% CI)* P Value*

Age, y 25 (19, 29) 19 (18, 19) <0.001† ��� ���
Male 21 (48.8%) 15 (35.7%) 0.19‡ ��� ���
Height, cm 169.4�13.9 170.6�8.3 0.63 �6.6 (�2.6, �10.5) 0.001

Weight, kg 68.0 (57.3, 85.0) 65.5 (59.0, 73.5) 0.48† 0.6 (�6.6, 7.9) 0.87

BSA, m2 1.81�0.27 1.79�0.21 0.51 �0.05 (�0.15, 0.05) 0.32

BMI, kg/m2 23.7 (21.5, 27.1) 22.6 (20.8, 24.3) 0.22† 1.9 (�0.4, 4.1) 0.10

HR, beats per min 63�12 62�9 0.71 4 (0, 9) 0.07

Brachial SBP, mm Hg 131�12 117�11 <0.001 12 (7, 17) <0.001

Brachial DBP, mm Hg 69 (64, 75) 66 (62, 69) 0.048† 1 (�3, 5) 0.54

Brachial PP, mm Hg 62 (52, 66) 51 (45, 56) <0.001† 11 (6, 16) <0.001

Central Aortic SBP, mm Hg 105 (101, 114) 100 (95, 109) 0.009† 6 (1, 11) 0.04

Central Aortic PP, mm Hg 38 (34, 49) 35 (31, 39) 0.07† 6 (1, 12) 0.02

Data are mean�SD. BSA indicates body surface area; BMI, body mass index; DBP, diastolic blood pressure; HR, heart rate; PP pulse pressure; SBP, systolic blood pressure.
*Data adjusted for age and sex.
†Median (25th, 75th percentiles) Mann–Whitney U test.
‡n (%), Chi-square test.
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5 MHz phased-array transducer for cardiac and aortic sonog-
raphy, and a 10 MHz linear-array vascular probe for carotid
artery imaging. M-mode echocardiography was performed
according to American Society of Echocardiography guideli-
nes29 to determine aortic root, left atrial and left ventricular
(LV) dimensions, which were normalized to the patient’s body
surface area by Z-scores.30

To assess LV systolic function, fractional shortening was
calculated from M-mode and ejection fraction using the
Simpson biplane method. LV mass (g) was calculated as 0.89
(1.04[LVEDd+IVSd+LVPWd]3�LVEDd3)])+0.6, where LVEDd is
LV end-diastolic diameter, IVSd is end-diastolic interventric-
ular septal thickness and LVPWd is LV end-diastolic posterior
wall thickness, and normalized to body surface area to obtain
LV mass index (LVMI).31

Carotid Intima-Media Thickness
Right common carotid artery (RCCA) imaging was performed
1 cm proximal to the carotid bulb with a high frequency linear
probe (5–13 MHz), and cIMT measured at end-diastole32

using wall-tracking software (EchoPAC, GE Vingmed Ultra-
sound, Norway). A minimum of 3 measurements were
acquired and the mean of the readings used.

Aortic and Carotid Biomechanical Properties
Ten-beat M-mode cine-loops of (1) aortic arch diameter were
recorded between the origins of the innominate and left
common carotid arteries (Figure 1); and (2) RCCA diameter
were recorded 2 cm proximal to the carotid bulb. After

cropping and indexing to the fiducial electrocardiographic R-
wave, semi-automated edge-detection, ensemble averaging,
and smoothing of beats with a Savitzky-Golay33 filter (second
order, window width 7) were performed using customized
software, with an effective sampling rate of 272 pixels/
second. Following measurement of systolic and diastolic
diameters, and calculation of their difference (DD), arterial
strain was computed as (DD)/(diastolic diameter). Using
estimated central blood pressure, arterial compliance was
calculated as (DD)/(pulse pressure) and distensibility as
(DD)/(diastolic diameter9pulse pressure).34

Aortic and Carotid Wave Analyses
Aortic arch and RCCA echocardiographic wave intensity (WI)
were analyzed as previously described,35 based on prior
approaches used in peripheral arteries.36–38 We also calcu-
lated the associated wave power (WP), using pressure and
flow rather than pressure and velocity.25 Using pulse-wave
Doppler, a 10-beat cine-loop of aortic or carotid blood velocity
was acquired (Figure 1), with cropping, edge-detection, aver-
aging, and filtering as for arterial diameter. As central arterial
distension and invasively-measured pressure waveforms cor-
relate closely in systole,39,40 the arterial diameter profile was
converted to a pressure waveform via a two-point calibration
using estimated central aortic or carotid arterial blood
pressure.

Using a custom script written in Spike2 software (Cam-
bridge Electronics Design, Cambridge, UK), velocity and
pressure signals were ensemble-averaged. Mean velocity
was then estimated from the maximum velocity (Doppler

Table 3. Arterial Biomechanical Properties

Coarctation (n=30*/41†) Control (n=28*/34†) Unadjusted P Value Difference in Means (�95% CI)‡ P Value‡

Aortic mean diameter, cm 2.17�0.39 2.36�0.22 0.02 �0.75 (�1.40, �0.09) 0.03

Carotid mean diameter, cm 0.66�0.07 0.64�0.06 0.11 0.02 (�0.02, 0.05) 0.40

Aortic DD, cm 0.36�0.10 0.43�0.10 0.01 �0.06 (�0.12, �0.01) 0.04

Carotid DD, cm 0.11 (0.09, 0.13) 0.09 (0.08, 0.11) 0.002§ 0.02 (0.01, 0.03) <0.001

Aortic strain 0.18�0.05 0.20�0.05 0.30 0.0 (�0.03, 0.02) 0.80

Carotid strain 0.18�0.04 0.16�0.03 0.01 0.03 (0.01, 0.05) 0.001

Aortic compliance, cm/mm Hg910�3 9.30�2.90 12.41�3.45 <0.001 �3.0 (�4.75, �1.27) 0.001

Carotid compliance, cm/mm Hg910�3 2.49 (2.24, 3.18) 2.70 (2.35, 3.34) 0.13§ �0.31 (�0.74, 0.11) 0.14

Aortic distensibility, 1/mm Hg910�3 4.71�1.67 5.66�1.73 0.04 �0.75 (�1.65, 0.15) 0.10

Carotid distensibility, 1/mm Hg910�3 4.19 (3.38, 5.07) 4.51 (3.77, 5.16) 0.13§ �0.54 (�1.26, 0.18) 0.14

cIMT, mm 0.56 (0.53, 0.62) 0.42 (0.41, 0.45) <0.001§ 0.13 (0.10, 0.16) <0.001

Data are mean�SD. cIMT indicates carotid intima-media thickness; DD, change in aortic arch diameter during cardiac cycle.
*Aortic parameters.
†Carotid parameters.
‡Data adjusted for age and sex.
§Median (25th, 75th percentiles) Mann–Whitney U test.
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spectral envelope) using the scaling factors a and b described
in our recent work.41 Net WI was calculated as the
instantaneous product of the rates of change in pressure
and velocity,42–44 and separated into forward and backward
components using wave speed calculated with the ln(D)P loop
method.41 Blood flow was calculated as mean velocity
multiplied by mean cross-sectional area, assuming a circular
cross-section. WP was then obtained as the instantaneous
product of the rates of change in pressure and flow, with
separation into forward and backward components via use of
characteristic impedance (Zc, calculated as qc/A, where
q=1.05 g/cm3 is blood density, c is wave speed and A is

vessel area).25 For both WI and WP, “forward-running” and
“backward-running” waves were defined as propagating away
from and towards the ventricle respectively, while “compres-
sion” and “decompression” waves increased and decreased
pressure, respectively.24 Wave size was quantified by inte-
grating over wave duration, resulting in the quantities of
cumulative intensity and cumulative power. Forward and
backward components of pressure were obtained by inte-
grating pressure differentials, and wave-related pressure-
change (DP) obtained as the pressure difference measured
between the start and end of the wave.45

Statistical Analysis
Data were analyzed with SPSS (version 23, IBM Inc), with
normality assessed using the Shapiro–Wilk test. Between-
group data were compared with an independent Student t test
for continuous normally-distributed data, a Mann–Whitney U
test for non-normally distributed data, and Chi-square analysis
for categorical variables, with P<0.05 considered statistically
significant. Because there were demographic variations
between coarctation repair and control subjects, differences
between groups were also adjusted for age at assessment
and sex, with findings based on the adjusted P value unless
otherwise stated. The correlation between aortic stiffness
variables and carotid forward wave power in each group, and
the difference in these relationships, was assessed with linear
regression. Box plots were constructed to compare the
carotid to aortic forward wave power ratio of coarctation
subjects having a high aortic characteristic impedance with
those in control subjects, and in coarctation subjects with a
normal impedance. Univariable associations of demographic,
cardiac, and vascular data with central aortic SBP were
assessed in the coarctation cohort, and variables with P<0.10
then entered into a multivariable linear regression using
stepwise backward elimination. In the multivariable model,
where independent variables were directly related to one
another, only the variable with the higher correlation with the
dependent variable was included.

Results

Subject Characteristics and Blood Pressure
Among the 43 coarctation subjects, the median (25th, 75th
percentiles) age of surgical repair was 32 (8, 618) days, with
19 (44%) having a bicuspid aortic valve. Twenty subjects had a
subclavian flap repair, 17 an end-to-end repair, and 6 subjects
underwent multiple procedures or early re-do operations.

Compared with control subjects, the coarctation group was
older, and shorter after adjusting for age and sex, but there
were no differences in weight, body surface area, BMI, or

Figure 2. Example aortic pressure, velocity, wave power (WP)
and wave intensity (WI) from control and coarctation participants.
Top panel: aortic pressure waveform derived from averaged
diameter distention waveforms. Second panel: aortic pressure
separated into forward (P+) and backward (P�) components with
arrows indicating wave-related pressure change (DP). Third panel:
averaged aortic mean velocity waveforms. Lower panel: WP and
WI separated into forward (green) and backward (red) compo-
nents. BCW indicates backward compression wave; FCW, forward
compression wave; FDW, forward decompression wave; WI, wave
intensity; WP, wave power.

DOI: 10.1161/JAHA.118.011411 Journal of the American Heart Association 6

Aorto-Carotid Wave Transmission Post Arch Repair Kowalski et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



heart rate between the groups (Table 1). The coarctation
group had higher brachial artery SBP and PP, as well as higher
central aortic SBP and PP.

Echocardiography
Left atrial, interventricular septal, LV posterior wall, end-
diastolic and systolic z-scores were not statistically different.
Although the unadjusted LV mass and mass index were
greater in the coarctation group, these differences disap-
peared when the data were adjusted for the age and sex
differences between groups. Both unadjusted and adjusted LV
fractional shortening were elevated in the coarctation
subjects (Table 2).

None of the coarctation patients had evidence of signif-
icant re-coarctation by echocardiography, with only 7 patients
having a descending aortic velocity of >2.5 m/s (maximum
3.1 m/s), without any diastolic run-off.

Aortic Biomechanical Properties and Wave
Analyses
Thirty coarctation and 28 control patients had sufficiently
good image quality of the transverse aortic arch to perform

biomechanical and wave analyses. Aortic DD and compliance
were lower in coarctation patients, with a trend towards lower
distensibility, while there was no difference in aortic strain
(Table 3).

Wave analysis revealed 3 major wave types in the aortic
arch (Figure 2): a pressure-increasing initial-systolic forward
compression wave (FCW) related to impulsive LV ejection, an
initial pressure-increasing backward compression wave (BCW)
arising from vascular reflection of FCW, and a pressure-
decreasing late-systolic forward decompression wave (FDW)
related to LV relaxation.24

Aortic characteristic impedance (Zc) was elevated in
coarctation subjects compared with controls, with a trend
towards higher aortic wave speed (Table 4). Coarctation
subjects had greater aortic FCW cumulative intensity and DP,
but cumulative power was not different because of a smaller
aortic diameter in the coarctation group. There was a greater
BCW cumulative intensity in coarctation subjects, with a
greater DP, but no difference in BCW cumulative power; FDW
cumulative intensity and DP were higher in the coarctation
group with a trend towards greater FDW cumulative power.
There was no difference in the wave reflection indices
calculated as the ratio of BCW:FCW cumulative intensity,
BCW:FCW cumulative power or BCW:FCW DP.

Table 4. Aortic Wave Analysis

Coarctation (n=30) Control (n=28) Unadjusted P Value Difference in Means (�95% CI)* P Value*

c, m/s 3.44 (3.18, 4.00) 3.13 (2.90, 3.57) 0.03† 0.32 (�0.04, 0.69) 0.08

Zc, g.cm
2/s 121 (95, 143) 89 (75, 98) <0.001† 38 (17, 59) 0.001

Cumulative intensity, W/m2/s9104

FCW 2.26 (1.76, 3.74) 1.56 (1.36, 2.15) 0.01† 1.16 (0.31, 2.00) 0.008

BCW �0.44 (�0.56, �0.33) �0.42 (�0.48, �0.25) 0.37† �0.23 (�0.43, �0.03) 0.02

FDW 0.49 (0.34, 1.27) 0.24 (0.18, 0.39) <0.001† 0.44 (0.13, 0.75) 0.007

BCW:FCW cumulative intensity ratio 0.26�0.16 0.27�0.13 0.76 �0.01 (�0.10, 0.07) 0.77

Cumulative power, W/s

FCW 7.29 (4.96, 18.46) 6.43 (5.01, 9.06) 0.49† 0.32 (�0.11, 0.74) 0.14

BCW �1.52 (�2.69, �1.01) �1.80 (�2.25, �1.02) 0.92† �0.81 (�2.04, 0.41) 0.19

FDW 1.70 (1.01, 4.20) 1.03 (0.79, 1.54) 0.04† 0.17 (�0.01, 0.35) 0.06

BCW:FCW CP ratio 0.19 (0.14, 0.33) 0.27 (0.15, 0.34) 0.41† �0.12 (�0.98, 0.65) 0.69

DP, mm Hg

FCW 23.1 (20.7, 32.0) 20.5 (18.4, 23.7) 0.03† 5.28 (1.00, 9.55) 0.02

BCW 8.9 (7.7, 12.2) 8.4 (6.1, 9.5) 0.14† 2.44 (0.46, 4.42) 0.02

FDW �10.9 (�14.7, �7.6) �6.6 (�9.6, �5.2) 0.003† �5.00 (�8.96, �1.03) 0.02

BCW:FCW DP ratio 0.45�0.16 0.44�0.14 0.71 0.01 (�0.08, 0.10) 0.81

Data are mean�SD. BCW indicates backward-running compression wave; c, local aortic wave speed; CP, cumulative power; FCW, initial systolic forward-running compression wave; FDW,
late-systolic forward-running decompression wave; Zc, characteristic impedance; DP, pressure change related to a given wave.
*Data adjusted for age and sex.
†Median (25th, 75th percentiles) Mann–Whitney U test.
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Carotid Artery Biomechanical Properties and
Wave Analyses

Forty-one coarctation and 34 control patients had sufficiently
good image quality of the RCCA to perform biomechanical and
wave analyses. cIMT was significantly higher in coarctation
patients (Table 3). In contrast to aortic data, the carotid DD
and strain were higher in coarctation patients, but the
compliance and distensibility were no different.

There were no differences in RCCA wave speed or Zc
between groups (Table 5). Compared with controls, the
coarctation subjects had greater carotid FCW, BCW, and
FDW cumulative intensities and associated DP. Unlike the
aortic findings, the cumulative power of the FCW, BCW and
FDW were all significantly higher in the coarctation group,
but there were no differences in carotid wave reflection
indices calculated by the ratio of BCW:FCW cumulative
intensity, BCW:FCW cumulative power or BCW:FCW DP
(Figure 3).

Aorta-to-Carotid Artery Wave Transmission
RCCA FCW cumulative power was correlated with aortic
compliance, distensibility, and Zc in coarctation subjects, but

not controls (Figure 4). There was a significant difference
between coarctation and control subjects for the relationship
between RCCA FCW cumulative power and aortic compliance
(interaction term P=0.005) and distensibility (interaction term
P=0.02), but not for the aortic Zc. In controls, RCCA FCW
cumulative power was 9.2�4.5% of aortic FCW cumulative
power. This percentage was higher (16.9�9.3%, P=0.006) in
coarctation patients with elevated aortic Zc, defined via the
90th percentile of the control group Zc, but was not different
(11.6�5.9%, P=0.4) in coarctation patients with normal aortic
Zc (Figure 5).

Predictors of Central Aortic Systolic Pressure
Significant univariable associations of subject demographic,
echocardiographic, and aortic vascular variables with central
aortic systolic pressure among coarctation subjects are
presented in Table 6. Age and sex were not associated with
central systolic pressure. On univariable analysis, after adjust-
ing for age and sex, LV fractional shortening, aortic distensibil-
ity, wave speed, and compliance were significantly associated
with central aortic systolic pressure. Repair type was also
significant, with greater systolic pressure in those who had
undergone an end-to-end anastomosis compared with

Table 5. Carotid Wave Analysis

Coarctation (n=41) Control (n=34) Unadjusted P Value Difference in Means (�95% CI)* P Value*

c, m/s 3.71�0.50 3.49�0.45 0.05 0.19 (�0.05, 0.43) 0.11

Zc, g.cm
2/s 1313�258 1315�295 0.98 22 (�118, 163) 0.75

Cumulative intensity, W/m2/s9104

FCW 3.18 (2.27, 4.11) 1.68 (1.28, 2.78) <0.001† 1.80 (1.17, 2.44) <0.001

BCW �1.32 (�1.96, �0.89) �0.84 (�1.23, �0.65) 0.002† �0.74 (�1.10, �0.38) <0.001

FDW 0.76 (0.56, 1.14) 0.33 (0.20, 0.58) <0.001† 0.56 (0.36, 0.76) <0.001

BCW:FCW cumulative intensity ratio 0.47�0.14 0.50�0.12 0.36 �0.04 (�0.11, 0.02) 0.21

Cumulative power, W/s

FCW 0.99 (0.68, 1.50) 0.52 (0.41, 0.80) <0.001† 0.67 (0.40, 0.95) <0.001

BCW �0.42 (�0.60, �0.28) �0.26 (�0.41, �0.20) <0.001† �0.30 (�0.46, �0.13) 0.001

FDW 0.24 (0.17, 0.38) 0.10 (0.07, 0.17) <0.001† 0.21 (0.13, 0.30) <0.001

BCW:FCW wave power ratio 0.43�0.20 0.52�0.16 0.30 �0.04 (�0.10, 0.02) 0.18

DP, mm Hg

FCW 24.3 (21.3, 28.6) 17.7 (16.1, 22.3) <0.001† 7.1 (4.3, 9.9) <0.001

BCW 15.0 (12.8, 20.5) 11.3 (9.7, 13.9) <0.001† 4.5 (2.5, 6.6) <0.001

FDW �13.9 (�19.1, �11.3) �9.4 (�14.0, �7.1) <0.001† �6.1 (�8.6, �3.6) <0.001

BCW:FCW DP ratio 0.68�0.09 0.66�0.08 0.22 0.01 (�0.03, 0.06) 0.57

Data are mean�SD. BCW indicates backward-running compression wave; c, local aortic wave speed; CP, cumulative power; FCW, initial systolic forward-running compression wave; FDW,
late-systolic forward-running decompression wave; Zc, characteristic impedance; DP, pressure change related to a given wave.
*Data adjusted for age and sex.
†Median (25th, 75th percentiles) Mann–Whitney U test.
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subclavian flap repair. In addition, there was a trend towards a
relationship with subject height, but no significant relationships
between central aortic pressure and indices of wave reflection,
peak descending aortic velocity, or archmeasurement z-scores.

Onmultivariable analysis, only aortic distensibility remained a
significant predictor of central aortic systolic pressure, although
a trend was evident towards a relationship with arch repair type.

Discussion
This is the first study to apply non-invasive arterial wave
analyses (wave intensity and wave power) at 2 arterial sites in

conjunction with central pressure assessment and standard
echocardiographic and biomechanical analyses in young
adults with repaired coarctation of the aorta. The main
findings of our study were that these patients had: (1)
evidence of increased transmission of wave power from the
aorta into the carotid artery; (2) a functionally stiffer (ie, less
distensible, less compliant, and higher Zc) aorta but not
carotid artery, despite a greater cIMT, resulting in a reduced
stiffness gradient between these vessels which favored
transmission of aortic wave energy into the carotid arteries;
(3) no evidence of increased aortic or carotid arterial wave
reflection; (4) a higher central aortic systolic pressure which
was independently associated with aortic distensibility.

A major finding of the present study was that, following
repair of aortic coarctation in infancy, young adults displayed
evidence of increased transmission of wave energy from the
aorta into carotid arteries. This conclusion was consistent
with FCW and FDW cumulative power in the RCCA of the
coarctation group being markedly higher than in the control
group, whereas aortic FCW and FDW cumulative power were
not statistically different between these groups. Note that a
lack of difference in FCW and FDW power in the aorta of
control and coarctation repair subjects contrasted with a
greater aortic FCW and FDW intensity in the coarctation repair
group, which was related to a smaller aortic diameter, and
consequently a higher velocity acceleration (dU/dt) without
an associated higher flow acceleration (dQ/dt).

Our data also suggested that biomechanical differences
were present between the aorta and carotid artery following
repair of aortic coarctation. Thus, reductions in distensibility,
compliance and DD were evident in the aortic arch after
coarctation repair, in keeping with previous stud-
ies.8,11,12,46,47 Additionally, characteristic impedance was
greater and local aortic wave speed tended to be higher
after coarctation repair, which accords with a higher brachial-
radial pulse wave velocity in a similarly aged cohort of
coarctation patients.48 Unlike pulse wave velocity, which
refers to average wave speed over a length of vasculature,
wave speed in our study was measured using a single-point
method (ie, at the site of measurement),24,41 which may be
important given evidence of region-specific increases in
stiffness within patients with coarctation.46 By contrast,
despite a higher cIMT, as observed in prior studies,8,49

carotid diameter change and strain were increased, while
characteristic impedance was no different to control subjects
in the carotid artery after coarctation repair, suggesting that
normal homeostatic remodeling of the carotid artery had
taken place.

Taken together, the foregoing biomechanical findings,
which are consistent with those of Sarkola et al,8 suggest
that there is a reduced aorto-carotid stiffness gradient in
young adults with repaired aortic coarctation. While this

Figure 3. Example carotid pressure, velocity, wave power (WP)
and wave intensity (WI) from control and coarctation participants.
Top panel: carotid pressure waveform derived from averaged
diameter distention wave forms. Second panel: carotid pressure
separated into forward (P+) and backward (P�) components.
Third panel: averaged carotid mean velocity waveforms. Lower
panel: WP and WI separated into forward (green) and backward
(red) components. BCW indicates backward compression wave;
FCW, forward compression wave; FDW, forward decompression
wave; WI, wave intensity; WP, wave power.
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conclusion resembles that reached by Paini et al, in an elderly
group of hypertensive subjects without coarctation,14 it
remains unclear whether this situation in coarctation patients
results from more rapid stiffening of the aorta relative to the
carotid artery, or from residual abnormalities in aortic size and

distensibility that remain after surgery in infancy. Regardless
of the underlying mechanism, however, the correlation
between carotid arterial FCW power and aortic distensibility,
compliance, and characteristic impedance (Figures 4 and 5)
strongly suggested that this reduced stiffness gradient
between the aorta and carotid artery contributed to elevated
transmission of aortic forward wave energy towards the brain
after coarctation repair.

Somewhat unexpectedly, the degree of aortic wave
reflection after coarctation repair, calculated using either
the ratio of changes in pressure related to BCW and FCW, or
the cumulative intensity or wave power BCW-to-FCW ratios,
was not different to that of control subjects in our study. In
turn, this finding indicated that, unlike the situation occurring
in the presence of an overt aortic coarctation,13 increased
aortic wave reflection was not a mechanism that contributed
to greater passage of forward wave energy from the aorta into
major cephalic arteries following coarctation repair. Never-
theless, although not seen in our cohort, such a mechanism
may play a role in patients exhibiting significant wave
reflection from the repair site arising as a result of residual
narrowing and/or stiffening.50,51

The lack of elevated aortic wave reflection in our study
differs from several previous studies. Murakami et al10

reported increased wave reflection in children assessed
during cardiac catheterization after coarctation repair, based
on an elevated augmentation index. On the other hand, Swan
et al52 reported no difference in augmentation index in
normotensive adults after coarctation repair. However, aug-
mentation index may not be a reliable index of wave reflection
per se, since it has a major dependence on both aortic wave,
speed, and forward wave amplitude.53–56 Indeed, the time to
inflection point on the aortic pressure trace was reduced by
half in Murakami et al,10 suggesting a substantially higher

Figure 4. Correlation of carotid arterial FCW cumulative wave power with aortic compliance, distensibility, and characteristic impedance (Zc)
using pooled data from control and coarctation groups. Red crosses indicate outliers that were not included in the regression analysis. FCW
indicates forward compression wave.

Figure 5. Box plots of the carotid/aortic FCW cumulative power
ratio in controls and coarctation patients with normal and high
aortic characteristic impedance (Zc), where high Zc was defined as
>90th percentile of the control group. FCW indicates forward
compression wave.
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aortic wave speed in the coarctation group. Whether this
accounts for the increased augmentation index rather than
increased reflection magnitude would need to be clarified via
wave separation analysis, which specifically reveals forward
and backward waves.

In a recent magnetic resonance imaging study of ascend-
ing aortic wave intensity by Quail et al,11 wave reflection
quantified as the ratio of backward area to forward area
waveforms was higher in young adults after coarctation repair
compared with controls (0.91 versus 0.88). Although not in
the original publication, the BCW:FCW cumulative intensity
ratio was also higher in the coarctation group (0.16 versus
0.08, personal communication with the authors of Quail
et al11). The reasons why these findings differ from those of
our study is unclear, but could be related to factors such as
differing imaging modalities (magnetic resonance imaging
versus ultrasound) and acquisition locations (ascending aorta
versus transverse aortic arch), or differences in patient
characteristics given that, unlike in our study, subjects after
coarctation repair in Quail et al11 had a higher LV mass index
and a similar aortic FCW intensity to controls.

The elevated brachial and central blood pressure indices in
the present study are consistent with our previous report,6 and
similar to the elevation in systolic pressure after coarctation
repair reported by other investigators.7 We have further
extended these observations by demonstrating that, amongst
demographic, cardiac, and vascular variables, lower aortic
distensibility was the only independent predictor of central
aortic systolic pressure. Importantly, neither echocardiographic
measures of aortic arch size and descending aortic velocity nor
wave reflection indices were predictive of central aortic SBP on
either univariable or multivariable analysis. These results
accord with previous authors who have demonstrated high
proportions of hypertension in patients after coarctation repair
in the absence of obvious aortic re-obstruction.7,9

Despite elevated brachial and central systolic blood
pressures compared with controls, subjects after coarctation

repair had an elevated LV fractional shortening without LV
dilation, similar to the findings of prior studies.57–61 However,
while our conclusion that LVMI was not elevated following
surgical repair of coarctation accords with the observation of
Sarkola,8 it differs from the increased LVMI reported in other
studies.11,47,61 Factors that may have contributed to this
difference include: (1) our use of echocardiography to obtain
LVMI, rather than magnetic resonance imaging,11,47; and (2)
our adjustment of LVMI data for age and sex, noting that
unadjusted LVMI was elevated in post-coarctation repair
patients (Table 2).

Limitations
Two study limitations require comment. First, adequate
visualization of both the carotid artery and transverse aortic
arch walls was not possible in all patients. The application of
another imaging modality such as cardiac magnetic reso-
nance imaging to this cohort could overcome limitations
related to poor aortic arch imaging windows. Second, our
cohort was not sufficiently powered to investigate biome-
chanical differences between surgical repair techniques, but
this would be an important avenue of further study given the
trend for an association of surgical technique with central
aortic systolic pressure in our multivariable analysis.

Conclusions
In this study, young adults following coarctation repair had
increased aorto-carotid wave transmission compared with
controls, as demonstrated by significantly elevated carotid
arterial, but not aortic, forward wave power. This phenomenon
was accompanied by a reduction of the normal aorto-carotid
stiffness gradient, higher aortic characteristic impedance, and
lower aortic arch compliance, but no evidence of parallel
changes in the corresponding carotid values. Lower aortic

Table 6. Significant Uni- and Multivariable Relationships of Demographic and Vascular Variables With Central Aortic Systolic
Pressure Adjusted for Age and Sex Among Coarctation Subjects (n=28)

Univariable Multivariable

Regression Coefficient (95% CI) % Variance Explained P Value Regression Coefficient (95% CI) P Value

Height, cm 0.30 (�0.06, 0.67) 17.1 0.10

Fractional Shortening, % 0.58 (0.01, 1.15) 7.2 0.05

Aortic distensibility, 1/mm Hg910�3 �4.07 (�6.46, �1.68) 37.7 0.002 �3.52 (�6.62, �0.42) 0.03

Aortic compliance, cm/mm Hg910�3 �1.74 (�3.29, �0.19) 21.9 0.03

Aortic c, m/s 8.59 (3.64, 13.54) 39.0 0.002

Repair (1=subclavian flap; 2=end-end) 9.0 (2.7, 15.3) 17.6 0.007 5.98 (�0.17, 12.12) 0.06

c indicates wave speed.
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distensibility was associated with central aortic SBP on
multivariable analysis in the coarctation group, and correlated
with increased carotid wave transmission. Despite elevated
brachial and central aortic systolic pressures, there was no
evidence of increased aortic wave reflection in the coarctation
group. The increase in aorto-carotid transmission of wave
energy following surgical repair of aortic coarctation may
contribute to the high rates of cerebrovascular disease in this
group.5
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