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Abstract One of the most important problems in patients

with aortic coarctation after aortic arch repair is future

cardiovascular disease. We have previously reported that

the enhancement of aortic pressure wave reflection in

patients could be one of the causes of future cardiovascular

diseases, because it results in an increase of the left ven-

tricular workload and is disadvantageous for coronary

circulation. Seventeen patients who had undergone aortic

arch repair without pressure gradient in their aortic arch

were enrolled. An ascending aortic pressure waveform was

recorded by a pressure-sensor-mounted catheter, and a

subendocardial viability ratio, which measures cardiac

blood supply–workload balance, was calculated. The val-

ues were compared with those in age-matched controls.

The patients’ mean age was 6.8 ± 2.8 years. The mean

ascending aortic systolic pressure was higher

(100.4 ± 12.9 vs. 90.2 ± 8.9 mmHg, p = 0.0011) and the

pulse pressure was wider (38.1 ± 7.1 vs.

32.5 ± 5.4 mmHg, p = 0.0072) in patients than in control

subjects. There was no difference in the mean subendo-

cardial viability ratio (1.01 ± 0.25 vs. 1.01 ± 0.24, ns),

while the mean tension time index (27.4 ± 5.6 vs.

23.0 ± 3.3, p = 0.0001) and diastolic pressure time index

(28.4 ± 11.1 vs. 23.6 ± 8.0, p = 0.0082) were higher in

patients than in controls. The cardiac blood supply–work-

load balance was preserved in patients after aortic arch

repair, despite an increase in their cardiac workload.
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Introduction

Cardiovascular complications are encountered following

surgical repair of aortic coarctation, despite apparently

successful procedures [1–6]. Although many of the com-

plications are related to anatomical problems such as

restenosis and aneurysm formation, there are some com-

plications that are not directly related to the morphological

problems of the reconstructed aorta. One of the most

important complications is the early onset of cardiovascu-

lar diseases, such as hypertension, myocardial infarction,

cardiac failure, stroke, and sudden death [7–9]. Compli-

cations have been reported even in cases where aortic arch

repair is completely successful. Cohen and colleagues have

reported that the most important predictor of long-term

survival and hypertension in patients was the age of

patients at the time of the initial repair [4]. The report

suggested that preoperative cardiovascular damage influ-

ences the postoperative condition. However, O’Sullivan

and colleagues reported that patients suffered from hyper-

tension after an early and successful aortic coarctation

repair [9]. Many hypotheses have been proposed to explain

these observations.

We have previously reported that the repaired site

generates an extra pressure wave reflection, which might

cause future cardiovascular disease [10]. The enhancement

of the pressure wave reflection leads to an increase in left

ventricular workload and is disadvantageous for coronary

circulation. The damaged cardiac blood supply–workload

balance could induce heart failure, arrhythmia, and sudden
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death. Therefore, we analyzed cardiac blood supply–

workload balance in patients after aortic arch repair.

Methods

Patients (Table 1)

We enrolled 17 patients who had undergone aortic arch

repair for a coarctation of the aorta or an interruption of the

aortic arch without an aortic recoarctation. Aortic

recoarctation was defined as an aorta with a structural

stenosis or an existence of a systolic blood pressure (SBP)

difference at the repaired site. No patients had any signif-

icant leakage at the aortic level, including patent ductus

arteriosus and aortic regurgitation. The mean age of the

patients was 6.8 ± 2.8 years (range 1–13 years). The

patients underwent an aortic arch repair at

28.9 ± 29.0 days (range 3–103 days). The aortic arch

repair was performed by an extended end-to-end anasto-

mosis in 12 patients (70.6%), subclavian flap in 4 patients

(23.5%), and a Blalock–Park operation in one patient

(5.9%). Thirteen patients (76.5%) had a ventricular septal

defect and underwent a closure of the defect at the mean

age of 0.76 ± 0.49 years (range 0.17–2.0 years). The

postoperative course was uneventful. Seven patients

(41.2%) were diagnosed with a bicuspid aortic valve

without aortic stenosis or aortic regurgitation. All patients

were fully active and asymptomatic. None of the patients

were on cardiovascular medications.

Control 1-to-1, age-matched patients had small left-to-

right shunt disorders (12 patients with ventricular septal

defects and five with atrial septal defects) [11], because it

has been reported that the value of a subendocardial via-

bility ratio in children, which we used to evaluate cardiac

blood supply–workload balance, depends on the patient’s

age [12]. Their mean pulmonary-to-systemic flow ratio was

1.2 ± 0.2 (range 1.0–1.5). They were also asymptomatic

and were given no medications. There were no differences

in height (117.1 ± 21.3 cm), weight (25.2 ± 15.9 kg), or

body surface area (0.88 ± 0.34 m2) compared with the

patient test group (Table 1). There were no differences in

cardiac index (4.1 ± 0.7 l/min m2) and heart rate

(94.0 ± 17.0 bpm) between the control and test groups.

Parents of all subjects gave their informed consent. The

study protocol was approved by the ethics committee of

Chiba Children’s Hospital and Hokkaido University

Hospital.

Data Acquisition

Ascending aortic pressure waveforms were recorded using

a catheter-mounted pressure sensor (Millar, SPC-454D;

Millar Instruments, Inc. Houston, TX) during cardiac

catheterization for evaluation of postoperative hemody-

namics. The ascending aortic pressure waveform was

recorded at one vertebral body thickness above the aortic

valve. Patients were sedated by a venous injection of

midazolam during cardiac catheterization. The waveform

was recorded on a hard disk through an analog–digital

converter with a sampling rate of 1000 Hz (1000 samples

per second). It was also simultaneously recorded with an

electrocardiogram.

Data Analysis

From the recorded pressure waveforms, we measured the

SBP, diastolic blood pressure (DBP), mean blood pressure

(MBP), and pulse pressure (PP) in each patient. Moreover,

we calculated a subendocardial viability ratio according to

the following equation:

Subendocardial viability ratio = diastolic pressure time index =

tension time index:

The subendocardium is thought to be more sensitive to

shortage of the blood supply than the subepicardium.

Buckberg and colleagues demonstrated that the ratio of the

diastolic phase area (diastolic pressure time index) to the

area of the systolic phase (tension time index) in the central

Table 1 Patients’ profile

Male/female 12/5

Age (years) 6.8 ± 2.8

Height (cm) 114.9 ± 16.3

Weight (kg) 21.4 ± 6.5

Body surface area (m2) 0.82 ± 0.19

Values are mean ± SD

Fig. 1 Measurement of a subendocardial viability ratio
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aortic pressure profile has a close correlation to the blood

supply to the subendocardium. That ratio was designated as

the subendocardial viability ratio [13–15] (Fig. 1).

Therefore, they coined this index as a measure of the

hemodynamic capacity for the supply divided by the

myocardial oxygen demand. The tension time index was

obtained by measuring the area under the aortic pressure

curve in systole; it equaled the mean aortic pressure in

systole multiplied by the duration of systole. The diastolic

pressure time index was obtained by measuring the area

under the aortic pressure curve in diastole and subtracting

the mean left atrial pressure (assumed to be equal to the left

ventricular diastolic pressure) multiplied by the diastolic

time from it. When the left atrial pressure was not recorded,

we used the pulmonary capillary wedge pressure instead.

Statistical Analysis

All values are reported as mean ± SD where applicable.

We compared the difference in the hemodynamic data and

subendocardial viability ratio values in patients after the

aortic arch repair with those in the age-matched control

subjects by a paired t test.

Results

Cardiac catheterization data are shown in Table 2. Blood

pressure values were measured in the ascending aorta. The

SBP was significantly higher (100.4 ± 12.9 vs.

90.2 ± 8.9 mmHg, p = 0.0011) and PP was significantly

wider (38.1 ± 7.1 vs. 32.5 ± 5.4 mmHg, p = 0.0072) in

patients after aortic arch repair compared with age-matched

controls. Moreover, DBP (62.3 ± 9.8 vs.

57.7 ± 6.7 mmHg, p = 0.019) and MAP (80.2 ± 13.5 vs.

74.4 ± 7.3 mmHg, p = 0.049) were significantly higher in

patients compared with the control subjects. Table 3

summarizes the subendocardial viability ratio data.

Although there was no difference in the subendocardial

viability ratio between the patients and control subjects

(1.01 ± 0.25 vs. 1.01 ± 0.24, ns), the tension time index

(27.4 ± 5.6 vs. 23.0 ± 3.3, p = 0.0001), which reflects the

workload of the left ventricle, and the diastolic pressure

time index (28.4 ± 11.1 vs. 23.6 ± 8.0, p = 0.0082),

which reflects the blood supply to the subendocardium,

were significantly higher in patients after aortic arch repair.

Discussion

The current study demonstrates that the subendocardial

viability ratio, which is a measure of cardiac blood supply–

workload balance, was not significantly affected following

successful aortic arch repair. However, tension time index,

which measures cardiac workload, and diastolic pressure

time index, which measures coronary blood supply, both

increased. Because the subendocardial viability ratio is a

ratio of diastolic pressure time index to tension time index,

the value was not significantly affected even though the

two parameters increased.

We have previously reported on subendocardial viability

ratio in patients after an arterial switch operation [16]. The

results were almost identical to those described here, i.e.,

no significant difference in subendocardial viability ratio

despite an increase in tension time index of the patients.

Maintaining a cardiac blood supply–workload balance is

essential for survival. Hence, it is important to maintain the

subendocardial viability ratio and many reports have

demonstrated the relationship between low subendocardial

viability ratio and poor outcome [17–21].

Our results demonstrate that blood pressure parameters

were higher in patients after aortic arch repair compared

with controls. Previous studies have reported decreased

distensibility of the proximal aorta [22–26] and hence left

ventricular hypertrophy [24, 27, 28] in patients after aortic

coarctation. We have previously reported that the degree of

left ventricular hypertrophy is associated with the

enhancement of pressure wave reflection in patients after

aortic arch repair, and that the hypertrophy may lead to

abnormal pathogenesis associated with myocardial fibrosis

[28, 29].

Czernin and colleagues have previously reported that a

gradual decline of myocardial blood flow reserve with

aging correlates with an age-related increase of baseline

myocardial work and blood flow [30]. Systolic blood

pressure in aged subjects was higher than that in young

subjects and may increase cardiac workload. This scenario

resembles the one we describe in the current study where

increased coronary blood flow is associated with aug-

mented cardiac workload. Hauser and colleagues have

reported decreased coronary flow reserve with the increase

of resting basal coronary blood flow in patients after an

Table 2 Blood pressure data

Arch repair (n = 17) Control (n = 17) p value

SBP (mmHg) 100.4 ± 12.9 90.2 ± 8.9 0.0011

DBP (mmHg) 62.3 ± 9.8 57.7 ± 6.7 0.019

MAP (mmHg) 80.2 ± 13.5 74.4 ± 7.3 0.049

PP (mmHg) 38.1 ± 7.1 32.5 ± 5.4 0.0072

The values about blood pressure were measured in the ascending

aorta. Values are mean ± SD

DBP diastolic blood pressure, MAP mean arterial pressure, PP pulse

pressure, SBP systolic blood pressure

296 Pediatr Cardiol (2018) 39:294–298

123



arterial switch procedure [31]. This finding is in agreement

with the study by Czernin and colleagues regarding coro-

nary circulation and the aging process [30]. Therefore,

cardiac blood supply–workload balance in young patients

after aortic surgery may be similar to that in aged indi-

viduals, i.e., aortic function may be damaged in a way that

is disproportionate with chronological age. Further studies

are needed to elucidate the mechanism of cardiac blood

supply–workload balance in patients after aortic arch

repair.

One of the most important limitations of the current

study is that the control subjects had a left-to-right shunt.

Therefore, cardiac workload could be slightly overesti-

mated. Judging from the product of their flow ratio and

pulmonary artery pressure, the increment of the cardiac

workload was under 5%. However, it could influence car-

diac blood supply–workload balance. Because we recorded

pressure waveforms in children by an invasive method, it

was necessary to administer sedative drugs, which could

influence cardiac blood supply–workload balance. Despite

these limitations, the relationship between the parameters

should be reliable in each condition.

Conclusion

Cardiac blood supply–workload balance is preserved in

patients after aortic arch repair, despite an increase in

cardiac workload.
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