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aBstract

aims Post-coarctectomy (CoA) patients have increased peripheral and central aortic blood 

pressure and enhanced pulse wave reflection. We aimed to assess determinants of wave reflec-

tion and the association of wave reflection and central hemodynamics with organ damage in 

CoA patients.

methods and results We assessed peripheral and central hemodynamics in 79 CoA patients 

(mean age 38±13 years, 61% males). Central blood pressure and augmentation index (AIx), a 

measure of wave reflection, were measured with applanation tonometry. Carotid intima-media 

thickness (cIMT) was measured using B-mode ultrasonography. Left ventricular mass was cal-

culated from M-mode echocardiography tracings using the Devereux formula and indexed for 

body surface area (LVMI). Age, systolic and diastolic blood pressure, the use of antihypertensive 

medication, subclavian flap and patch angioplasty and ascending aorta diameter significantly 

correlated with AIx. In a multivariate model consisting of age, age at repair and use of antihy-

pertensive medication (R2=0.47, p<0.001) adding peripheral or central systolic blood pressure 

yielded the strongest models for predicting cIMT (R2=0.52 and R2=0.51). In univariate regres-

sion analysis only male gender (R=0.41, p<0.001), but none of the hemodynamic parameters, 

was associated with a higher LVMI. 

conclusion In CoA patients age, blood pressure, use of antihypertensive medication, type 

of surgical intervention and ascending aorta diameter are determinants of AIx. AIx, however, 

does not independently predict organ damage in CoA patients. Next to age, age at repair and 

use of antihypertensive medication, peripheral and central systolic blood pressures were the 

strongest predictors of CIMT, while hemodynamic parameters were not associated with LVMI.
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introduction

Despite successful surgical repair the survival of post-coarctectomy (CoA) patients remains 

decreased compared to the general population.1-3 Late complications after correction of aortic 

coarctation include hypertension and accelerated atherosclerosis.4 CoA patients have more 

organ damage such as increased left ventricular mass (LVM) and increased carotid intima media 

thickness (cIMT), a validated marker of atherosclerosis,5 compared to controls.6, 7

Recent studies have demonstrated that wave reflection and central blood pressure are 

markedly increased in CoA patients, also after successful surgical repair.8-10 The reconstructed 

and scarred aorta is thought to cause early reflection of the pressure wave, thereby possibly 

contributing to the increased risk of cardiovascular disease in CoA patients.10 The reconstructed 

pre-stenotic aorta has shown to have reduced elastic properties.11, 12 This is also apparent when 

the coarctation is repaired at a younger age.13 Besides reduced elasticity, aortic arch anatomy 

may also contribute to an increase in wave reflection with angulated or gothic type aortic arches 

showing increased wave reflection.14 Thus, the increased wave reflection in CoA patients seems 

to be partially dependent on anatomical and functional disturbances in the proximal aorta. 

Increased wave reflection may cause an increased left ventricular afterload, resulting in 

left ventricular hypertrophy. Population based observational studies have shown that wave 

reflection and central blood pressure better predicted cIMT than peripheral blood pressure.15, 

16 Whether the increased wave reflection and higher central blood pressure in CoA patients is 

associated with cIMT or LVM as possible markers of their increased cardiovascular event rate, 

has to our knowledge not been assessed. 

Therefore our aim was to assess determinants of wave reflection in CoA patients and to 

investigate whether wave reflection and central blood pressure were associated with cIMT and 

LVM in CoA patients. 

methods

Study population

In this cross-sectional study 79 CoA patients were selected from the outpatients’ clinic of 

the Academic Medical Center (AMC), Amsterdam, the Netherlands, and from two partici-

pating tertiary referral centers using the CONCOR database, the Dutch registry and DNA-

bank for adult patients with congenital heart disease. The Medical Ethics Committee of 

all participating centres agreed with the protocol, and all patients gave written informed 

consent prior to participating in the study. All post-coarctectomy patients were eligible 

for this study. Patients were invited to visit the study center (AMC, Amsterdam), where 

hemodynamic measurements, ultrasonography of the carotid arteries and echocardiogra-

phy were performed on the same day. Demographic and clinical parameters such as age, 
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gender, body mass index (BMI), age at intervention the use of antihypertensive medication, 

other associated congenital cardiac anomalies, aortic arch type and type of surgery were 

obtained from patients’ medical records. Aortic arch morphology was determined by Mag-

netic Resonance Imaging using a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany) 

and classified according to Ou et al.17

Hemodynamic measurements

Participants were asked not to take their medication the morning of their visit to the hospital. 

Hemodynamic measurements were done in fasting condition after a 15 min. rest in a quiet 

temperature-controlled room in supine position. Brachial blood pressure was measured 3 

times at 1-minute intervals on the right arm using a validated oscillometric device (Omron 

705IT). The mean of the last 2 measurements was used for further analysis. We performed 

applanation tonometry of the radial artery with a high-fidelity micromanometer (Millar Instru-

ments, Texas, USA). Radial pressure waveforms were calibrated with brachial blood pressure 

and the corresponding central aortic waveform was generated using a generalized transfer 

function. Central systolic blood pressure (cSBP), central diastolic blood pressure (cDBP) and 

the augmentation index (AIx), a measure of systemic wave reflection, were calculated by 

analysis of the central waveform using the SphygmoCor system (Atcor Medical Pty Ltd, West 

Ryde, Australia) as described previously.18, 19 AIx was defined as the difference between the 

first and second peak of the waveform expressed as a percentage of the pulse pressure and 

was corrected for heart rate of 75 beats per minute. Measurements were done in duplicate 

and means were used for analysis.

B-mode ultrasonography of the carotid artery

B-Mode ultrasound images of the arterial wall segments of the right and left common carotid 

arteries, carotid bulbs, internal carotid arteries, were acquired according to a standardized 

protocol5. One well-trained and experienced sonographer—blinded to all clinical informa-

tion—performed all measurements. We used an Acuson 128XP ultrasound instrument (Acuson, 

Mountain View, CA) equipped with an L7 5 to 10 MHz linear array transducer and extended 

frequency software. The mean intima-media thickness of the common carotid artery, carotid 

bulb, internal carotid artery, were defined as the mean cIMT of the near and far walls of both the 

left and right sides to facilitate statistical analysis.

Echocardiography

Echocardiograms were obtained with either a Vivid 3 or Vivid 7 (GE, Vingmed Ultrasound, 

Horton, Norway) ultrasound images system. Aortic diameters were measured in end 

diastole at the root and at the ascending level. Left ventricular mass was calculated from 

M-mode echocardiography tracings, using the Devereux formula, and indexed for body 

surface areas (LVMI). 
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Statistical analysis

Baseline data are presented as mean±standard deviation (SD) for continuous variables with 

a normal distribution, median (range) for continuous variables with a non-normal distribu-

tion and n (%) for categorical variables. Univariate and multivariate regression analyses 

were used to identify independent predictors of AIx, LVMI and CIMT in patients after repair 

of aortic coarctation. Single variables that could have a pathophysiological association, 

such as SBP and DBP, were tested for co-linearity.  If significant colinearity existed between 

variables, the variable with the highest correlation with the dependent variable was chosen. 

All statistical tests were 2-sided and differences were considered statistically significant 

at p<0.05. Data analysis was performed using SPSS (16.0 for Windows, SPSS Inc, Chicago, 

Illinois, USA).

results

Patient characteristics of the 79 CoA patients are shown in table 1, mean age was 38±13 years 

and 61% was male. Median age at repair was 7 yrs and 44% used one or more antihypertensive 

drugs. 

Determinants of wave reflection 

Univariate and multivariate analyses for determinants of AIx are shown in table 2. In uni-

variate analysis age (R=0.49, p=<0.001), SBP (R=0.24, p=0.03), DBP (R=0.47, p<0.001), use of 

antihypertensive medication (R=0.24, p=0.04), subclavian flap (R= - 0.27, p=0.02) and patch 

angioplasty (R=0.23, p=0.04) interventions and ascending aorta diameter (R=0.36, p<0.01) 

correlated significantly with AIx, while the association between AIx and age of repair was 

borderline significant (R=0.21, p=0.07). All univariate variables with p<0.10 were entered in 

two multivariate models. Model 1 included age, DBP, age of repair, subclavian flap and patch 

angioplasty interventions. Because aorta diameters were not available for all participants, we 

included in model 2 ascending aorta diameter next to the variables of model 1. Age, DBP and 

patch angioplasty intervention remained significant in model 1. In model 2 next to age, DBP 

and patch angioplasty intervention, the ascending aorta diameter was a borderline significant 

predictor of AIx (p=0.07).

Central hemodynamics and organ damage 

Mean CIMT was 0.71±0.17 mm and LVMI was 121.3±38 g/m2. In table 3 univariate regression 

analysis with CIMT as the dependent variable is shown. Age (R=0.66, p<0.001), age at repair 

(R=0.45, p<0.001) and use of antihypertensive drugs (R=0.47, p<0.001) were associated with 

an increased cIMT. Also, peripheral and central blood pressures, and AIx are associated with 

CIMT. In univariate analysis the association with cIMT was similar for cSBP (R=0.57, p<0.001) 
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and peripheral SBP (R=0.52, p<0.001). Age, age at repair and use of antihypertensive medi-

cation were entered in a multivariate regression model together with each of the hemody-

namic parameters to determine which of the hemodynamic parameters had the strongest 

independent association with cIMT (table 5). Addition of DBP, cDBP, or AIx did not improve the 

model. SBP and cSBP were independently associated and improved the predictive value of the 

multivariate model, the R2 for the models were 0.52 and 0.51. In univariate regression analysis 

only male gender was associated with a higher LVMI (table 4), while none of the hemodynamic 

parameters were associated with LVMI.

table 1 Clinical characteristics of post-coarctectomy patients

clinical characteristics

n 79

Age, yrs 38±13

Age at repair, yrs 7 [0-61]

Male 48 (61%)

BMI, kg/m2 24.4±3

SBP, mmHg 133±17

DBP, mmHg 72±11

cSBP, mmHg 117±19

cDBP, mmHg 73±11

AIx, % 13±17

Use of antihypertensive medication, n (%) 35 (44%)

Type of repair, n (%)

End-to-end anastomosis 49 (62%)

Subclavian flap 10 (12%)

Patch angioplasty 6 (8%)

Stent 8 (10%)

Unknown 6 (8%)

Aortic arch type, n (%)

Romanesque 41 (52%)

Crenel 12 (15%)

Gothic 15 (19%)

Unknown 11 (14%)

Congenital cardiac anomalies, n (%)

Bicuspid aortic valve 37 (47%)

Hypoplastic arch 3 (4%)

ODB 3 (4%)

VSD 6 (8%)

Data are mean±SD or median [range] for continuous variables where appropriate and n (%) for categorical 
variables. Abbreviations: BMI=body mass index, SBP=systolic blood pressure, DBP=diastolic blood 
pressure, c=central, AIx=augmentation index, ODB=open ductus botalli, VSD=ventricular septal defect.
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table 2  Univariate and Multivariate Regression Analyses of AIx in CoA patients

univariate multivariate model 1
multivariate model 
2*

beta p-value beta p-value beta p-value
Age 0.49 <0.001 0.41 <0.01 0.38 0.02

Age repair 0.21 0.07 - 0.08 0.47 -0.11 0.39

Male 0.17 0.14

BMI 0.13 0.26

SBP 0.24 0.03

DBP 0.47 <0.001 0.30 <0.01 0.28 0.01

Use of antihypertensive drugs 0.24 0.04 0.03 0.82 0.05 0.68

type of repair
End to End anastomosis 0.09 0.43

Subclavian flap - 0.27 0.02 - 0.04 0.69 0.05 0.69

Patch angioplasty 0.23 0.04 0.22 0.03 0.27 0.02

Stent 0.05 0.68

aortic arch type
Romanesque 0.11 0.32

Crenel 0.12 0.28

Gothic - 0.12 0.31

associated congenital anomalies
Bicuspid valve - 0.02 0.86

Hypoplastic arch 0.03 0.78

VSD 0.15 0.19

ODB 0.03 0.78

aorta diameter*
Root 0.14 0.30

Ascending 0.36 <0.01 0.22 0.07

Univariate variables with p<0.10 were included in the multivariate model. The multivariate model 1 
included age, DBP, age of repair, subclavian flap and patch angioplasty. Model 2 additionally included 
aorta ascendens diameter. R for model 1=0.61, R for model 2=0.66. Abbreviations: BMI=body mass index, 
SBP=systolic blood pressure, DBP=diastolic blood pressure, VSD=ventricular septal defect, ODB=open 
ductus botalli. * n=60.

table 3 Univariate Regression Analysis for Carotid Intima-Media Thickness

explanatory variable r2 p-value

Age 0.44 <0.001

Age at repair 0.20 <0.001

Male gender (no/yes) 0.01 0.36

BMI 0.02 0.29

SBP 0.27 <0.001

DBP 0.13 <0.01

cSBP 0.33 <0.001

cDBP 0.13 <0.01

AIx 0.07 0.03

Use of antihypertensive drugs 0.22 <0.001
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discussion

In this cross-sectional study we assessed the determinants of wave reflection in a relatively 

young group of CoA patients and assessed the association of clinical and hemodynamic param-

eters with organ damage. We found that age, DBP and patch angioplasty intervention were 

independent predictors of AIx in multivariate analysis. AIx, however, did not independently 

predict organ damage in CoA patients. Age, age at repair, use of antihypertensive medication 

and peripheral and central hemodynamics were associated with increased cIMT in univariate 

analysis. Adding SBP or cSBP to a multivariate model including age, age at repair and a history 

of hypertension yielded the strongest predictive models. However, central SBP was not a better 

independent predictor of cIMT than peripheral SBP. Peripheral and central blood pressure, and 

AIx were not associated with LVMI. 

Determinants of wave reflection 

It is thought that in CoA patients enhanced wave reflection is partially caused by early reflec-

tion of pressure waves on the reconstructed and scarred aortic arch. The fact that surgical 

table 4 Univariate Regression Analysis for Left Ventricular Mass Index

explanatory variable r2 p-value

Age 0.03 0.20

Age at repair 0.00 0.59

Male gender (no/yes) 0.17 <0.001

BMI 0.01 0.34

SBP 0.02 0.26

DBP 0.00 0.91

cSBP 0.01 0.40

cDBP 0.00 0.93

AIx 0.00 0.73

Use of antihypertensive drugs 0.01 0.36

table 5 Multivariate Regression Analysis for Carotid Intima-Media Thickness

r2  for model β† p-value†

Model* 0.47 - -

Model + SBP 0.52 0.24 0.02

Model + DBP 0.48 0.10 0.30

Model + cSBP 0.51 0.25 0.03

Model + cDBP 0.48 0.10 0.32

Model + AIx 0.46 - 0.05 0.62

* Model includes age, age of repair and use of antihypertensive medication, p<0.001.
† for added variable
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intervention with patch angioplasty is an independent predictor of a higher AIx supports this 

concept. In the patch angioplasty procedure synthetic materials are used which are less elastic 

than native tissues. This might lead to enhanced local stiffness of the aorta, which in turn could 

lead to impedance mismatch and enhanced pulse wave reflection. The subclavian flap method, 

however, is supposed to result in less rigid suture lines and give a more tension free repair of 

the coarctation. Accordingly, in univariate analysis subclavian flap repair was associated with a 

lower AIx. In contrast, Kenny and colleagues showed that compared to end-to-end anastomo-

sis, the subclavian flap method results in stiffer arteries in young children.20 The diameter of the 

ascending aorta was positively associated with AIx in univariate regression analysis. Since we 

performed a cross-sectional study we cannot determine whether the increase in aorta diameter 

is a consequence or a cause of increased wave reflection. It could be argued that with advanc-

ing age fatigue of elastic fibers in the aortic wall causes aortic stiffness, which in turn increases 

wave reflection. In line with this is a report showing that in Marfan disease and Marfan-like 

syndrome the increased AIx predicts the progression of aortic diameter.21, 22 This is relevant 

because dilatation of the aortic root, with increased risk of aortic dissection, is the leading cause 

of morbidity and mortality in Marfan patients23 and to a lesser extent this is also true for CoA 

patients.24 In contrast with a previous report by Ou and colleagues,14 no association was found 

between aortic arch morphology and wave reflection. Differences in methodology could be 

responsible for discrepancy in these findings. Age was an independent predictor of AIx in both 

multivariate regression models in CoA patients. This is in line with the positive association of AIx 

with age in the normal population.25-27 

Central hemodynamics and organ damage

Despite successful surgical repair, CoA patients have a decreased life expectancy partially 

because of accelerated atherosclerosis and associated increased risk of cardiovascular disease. 

Approximately 30% of the late deaths in CoA patients are caused by coronary artery disease 

with hypertension as the most important contributor to coronary atherosclerosis.1, 3 cIMT is 

widely used as an intermediate end point for atherosclerosis and a risk marker of cardiovascular 

disease5. It has been reported that cIMT is increased in CoA patients.7, 28 Both SBP and cSBP, 

were independently associated with increased cIMT when separately entered in a multivari-

ate regression model, which is consistent with previous findings.29 Cross-sectional population 

studies show that central blood pressure, after adjustment for age, sex and BMI, is more 

strongly related with cIMT, LVM and cardiovascular events15, 30 than peripheral blood pressure. 

Also, a Chinese population study demonstrated that cSBP was more valuable in predicting car-

diovascular mortality than peripheral blood pressure variables.16 However, in our study in CoA 

patients cSBP was not a better predictor of cIMT than SBP. Perhaps this is a sign of premature 

aging of arteries, as Wojciechowska and colleagues have shown that with ageing peripheral 

SBP approximates central SBP.31 
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The association of wave reflection with organ damage in CoA patients has to our knowledge 

not been previously assessed. We showed that AIx was associated with increased cIMT, but this 

was not independent of age, age of repair or hypertension. Not surprisingly, the strongest pre-

dictor of CIMT was age. Also age at repair was positively associated with cIMT in CoA patients, 

which corresponds to long-term follow data reporting that morbidity and mortality of CoA 

patients is favourably affected by early repair of the coarctation.3

As in the normal population, we found male gender to be associated with higher LVMI in CoA 

patients. Although hypertension is common in CoA patients and is thought to be an important 

contributor to the increased risk of cardiovascular disease, there is discussion whether LVM is 

associated with blood pressure in this patient group. De Divitiis and colleagues found a positive 

association with 24-hour ambulatory SBP32, while others found no independent association 

between LVM and blood pressure.33 Recently, Sarkola and colleagues showed that SBP was 

associated with LVM in CoA patients with stent, but not with surgical repair of the coarctation.29 

So, whether LVM truly reflects hemodynamic status in CoA patients has not been resolved. We 

found no association between blood pressure and LVM, which is in line with previous observa-

tions that left ventricular hypertrophy (LVH) can occur in the absence of hypertension34 and 

LVM does not regress to normal values after surgical repair.35 Central hemodynamics have been 

suggested to better reflect the hemodynamic status in CoA status and might therefore predict 

LVM beyond peripheral pressures.36 We found, however, no association between non-invasively 

assessed central blood pressure and LVMI. Although increased LVM seems to be associated 

with increased aortic stiffness of the reconstructed aorta6, 37 and CoA patients exhibit enhanced 

wave reflection,10 we could not demonstrate an association between wave reflection and LVM 

in these patients. It has been hypothesized that aortic coarctation is more than a stenosis in 

the aorta and is related to more extensive disease involving the left ventricle.38 The lack of 

association between hemodynamic parameters and LVM could be interpreted in this context. 

Hypertension related cardiovascular disease is an important cause of premature cardiovascular 

disease in CoA patients, but the ill effects of hypertension might not be appreciated by examin-

ing the left ventricle.

limitations Our study was cross-sectional and has all the inherent limitations. Although the 

patients were asked not to take their antihypertensive medication on the morning of the 

measurement day, it is likely that blood pressure lowering drugs have affected the peripheral 

and central blood pressure measurements to some extent. However, use of antihypertensive 

medication was not an independent predictor of AIx in multivariate analysis. We did not assess 

left ventricle function. It is possible that blood pressure is not related to LVM but is associated 

with functional aspects of the heart. Lastly, we did not use 24 hour ambulatory blood pressures, 

which might have shown different associations with organ damage.
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Perspectives Since peripheral and central SBP were equally strong predictors of cIMT and 

AIx is not independently associated with carotid atherosclerosis, the added value of assessing 

central hemodynamics in CoA patients is questionable. Since peripheral SBP independently 

predicted cIMT we emphasize the need for careful follow-up of blood pressure in CoA patients. 

Future studies should point out whether pharmacological treatment aimed at lowering blood 

pressure will lead to regression of cIMT and more importantly to a reduction of cardiovascular 

disease. 
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