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Abstract

OBJECTIVES: Acute kidney injury (AKI) is common after paediatric cardiac surgery and associated with increased morbidity and mortality.
Aortic arch surgery may be an independent risk factor for AKI because of circulatory arrest below the descending thoracic artery during
anastomosis. We investigated the surgical outcomes associated with AKI after aortic arch repair in paediatric patients.

METHODS: We retrospectively analysed 120 paediatric patients who underwent aortic arch repair between 2003 and 2012. AKI was
defined according to the paediatric-modified risk, injury, failure, loss and end-stage kidney disease criteria. The incidence, clinical out-
comes and risk factors for AKI were analysed.

RESULTS: Aortic arch repair was performed for coarctation of aorta in 97 patients and interrupted aortic arch in 23 patients. The median
age and body weight at the time of surgery were 16.5 days and 3.3 kg, respectively. The mean duration of the follow-up was 3.9 years. AKI
developed in 42 patients (36.8%) and peritoneal dialysis (PD) was applied in 20 patients (16.7%). The recovery of renal function began a
mean of 3.8 days after conservative management, and full recovery occurred a mean of 6.7 days after conservative management. A lower
body weight (<3.0 kg) (odds ratio [OR]: 7.569, P = 0.009) and the absence of prerenal impairment (OR: 9.876, P = 0.041) were shown to be
independent risk factors. Patients who required PD had prolonged intensive care unit and hospital stays (P = 0.002 and P = 0.003).

CONCLUSIONS: AKI is common in low-birth-weight patients after aortic arch repair surgery. However, patients recover from AKI after con-
servative management. Requiring PD increases the morbidity associated with AKI.
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INTRODUCTION

Acute kidney injury (AKI) is common after cardiac surgery and is
associated with increased mortality [1–5], prolonged hospital stays
[6, 7] and progression to chronic kidney disease [8]. While the de-
tection of AKI can be obscure and difficult in children, the modi-
fied risk, injury, failure, loss and end-stage kidney disease (RIFLE)
criteria, which are based on changes in estimated creatinine clear-
ance (eCCr) and/or urine output, were, therefore, created and
have been validated to identify AKI development in paediatric
patients [9]. The incidence of AKI after paediatric cardiac surgery
has been reported as 11–52% in patients with heterogeneous
diagnoses [2, 4, 6, 7, 10, 11]. Elevated preoperative serum creatin-
ine levels, an age of less than 1 year, the presence of cyanotic
lesions, a prolonged cardiopulmonary bypass time and post-
operative low-cardiac-output syndrome have been reported as
risk factors for AKI after paediatric cardiac surgery [3, 12].

Although the reported incidence (based on the RIFLE criteria)
of AKI after thoracic aortic surgery in adult patients varies from 18
to 55% [13, 14], there are limited data regarding AKI after aortic
arch surgery in paediatric patients. Since the circulatory arrest
below the descending thoracic artery cannot be avoided during
anastomosis, aortic arch repair may be an independent risk factor
for AKI in paediatric patients. However, AKI has not been carefully
monitored after aortic arch repair in paediatric patients. Thus, we
investigated the incidence, clinical outcomes and risk factors for
AKI after aortic arch repair in paediatric patients.

MATERIALS ANDMETHODS

Study population

The study protocol was approved by the Institutional Review
Board of the University (No. H-1305-602-492). The procedures
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were performed in accordance with the institutional guidelines for
the protection of patient confidentiality. Patient consent was
waived due to the retrospective nature of the study.

We retrospectively reviewed paediatric patients who underwent
aortic arch repair from September 2003 to December 2012.
After exclusion of 2 patients who had single-ventricle physiology
due to haemodynamic difference, 120 patients (55 males and 65
females) were studied.

Acute kidney injury assessment

AKI was defined as a decrease in eCCr for more than 2 continuous
days after surgery based on the pRIFLE criteria (Table 1). To calculate
the eCCr, the following updated Schwartz formula was used [15]:

eCCr ¼ 0.413� height (cm)/serum creatinine.

We chose to only estimate the eCCr using the pRIFLE criteria. The
urine output criteria were not used to determine the post-
operative AKI because variations in postoperative haemodynamics
and diuretic doses might influence the patients’ urine output. In
addition, we defined postoperative AKI as a decrease in creatinine
clearance for more than 2 continuous days to exclude patients
with prerenal AKI, which could be corrected by hydration.
Creatinine levels were obtained for 3 days during preoperative to
postoperative intensive care unit (ICU) stays. We also recorded the
peak creatinine and nadir eCCr levels during the ICU stay. If a
patient showed evidence of AKI, we continued measuring the cre-
atinine levels until they normalized.

Risk factor assessment

Demographic variables including age, sex and surgical status
(emergency or elective surgery), as well as laboratory variables in-
cluding preoperative urine analysis, preoperative and postoperative
creatinine levels (up to 3 days) and the use of preoperative anti-
biotics were recorded. Surgery-related variables, including cardio-
pulmonary bypass (CPB) time, aorta cross clamp time, body
temperature during regional perfusion and regional perfusion
time; perioperative haemodynamic variables, including vasoactive-
inotropic score (VIS); and postoperative variables, including the
duration of mechanical ventilation, hospital stay, ICU stay, the initi-
ation of peritoneal dialysis, early and late mortality and post-
operative complications, were recorded.

Clinical variable definitions

The hourly doses of vasoactive medications were recorded for
the first 3 days after admission to the postoperative ICU. We calcu-
lated the VIS using a formula modified by Gaies et al. [16]. The
maximum VIS on each day was noted for 3 days.
The VIS was calculated as follows:

VIS ¼ dopamine dose (mg/kg/min)

þ dobutamine dose (mg/kg/min)

þ 100� epinephrine dose (mg/kg/min)

þ 10�milrinone dose ðmg/kg/minÞ
þ 10 000� vasopressin dose (U/kg/min)

þ 100� norepinephrine dose ðmg/kg/minÞ
þ 10� phenylephrine dose ðmg/kg/minÞ.

We investigated the postoperative VIS based on the patient’s risk
factors for AKI.
Preoperative renal impairment was defined as decreased eCCr

compared with the normal range (which varied according to age)
(Table 2). Preoperative urine was analysed by dipstick (Siemens
Multistix, Tarrytown, NY, USA) to identify any unpredicted renal
problems. Preoperative aminoglycoside antibiotic use was
defined as use for more than 3 continuous days before surgery.
Preoperative systemic ventricle dysfunction was defined as an
ejection fraction <45% measured by preoperative echocardiog-
raphy. Early mortality was defined as death within 30 days of
surgery. We calculated the fluid balance index during 3 days of the
ICU stay using the following formula:

fluid balance index ¼ fluid input

� output (ml)/body surface area (m2)

Early mortality was defined as death related to the operation
within 30 days.

Surgical procedures

After body temperature probe insertion into the rectum, full
median sternotomy was performed, and then, an arterial cannula
was inserted directly through the innominate artery and standard
bicaval cannulation was applied. In cases of ductal-dependent

Table 1: Paediatric-modified (pRIFLE) criteria for acute
kidney injury

Estimated CCr Urine output

Risk eCCr decrease by 25% <0.5 ml/kg/h for 8 h
Injury eCCr decrease by 50% <0.5 ml/kg/h for 16 h
Failure eCCr decrease by 75% or <0.3 ml/kg/h for 24 h

eCCr <35 ml/min/1.73 m2 or anuria for 12 h
Loss Persistent failure >4 weeks
End stage End-stage renal disease

(persistent failure >3 months)

eCCr: estimated creatinine clearance; pRIFLE: paediatric risk, injury,
failure, loss and end-stage renal disease.

Table 2: Preoperative renal impairment according to age

Age Preoperative
estimated
creatinine
clearance

Number with
prerenal
impairment
(%)

Total
number

Renal
impairment
cut-off value
according to
age

<2 weeks 38.6 ± 19.5 20 (33.9) 59 ≥30
2–8 weeks 47.6 ± 16.3 17 (44.7) 38 ≥45
8 weeks to 24

months
56.8 ± 35.2 10 (66.7) 15 ≥65

>24 months 100.9 ± 30.5 1 (14.3) 7 ≥90
Total 47.4 ± 26.4 48 (40.3) 119
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descending thoracic aortic circulation, another arterial cannula
was applied through the patent ductus arteriosus (PDA). During
cooling, an aortic root cannula was inserted and a T-connection
was formed with the side hole of the innominate artery cannula
following aortic arch dissection. Regional perfusion, including
cerebral and myocardial perfusion, was initiated after the body
temperature reached �28 °C. A distal anastomosis using synthetic
monofilament suture material was performed after the distal aorta
was clamped [17].

Statistical analysis

Continuous variables are expressed as the means ± standard devi-
ation or as medians with 25th and 75th percentile values.
Categorical variables are expressed as frequencies and percen-
tages. A one-way analysis of variance (ANOVA) was used for com-
parisons among more than three groups. The Bonferrini test with
equal variances and the Tamhene test with unequal variances
were used as post hoc methods. Changes in parameters over time
between two groups were compared using a repeated-measures
analysis of variance. The Bonferrini test was used as post hoc
methods in repeated-measures ANOVA. All variables of possible
risk factors for AKI were entered into multivariate logistic regres-
sion models with deterioration as the dependent variable and a
significance level of 0.2 by the enter method. The Hosmer–
Lemeshow test was used for goodness of fit for logistic regression.
A P-value of <0.05 was considered statistically significant. The ana-
lyses were performed using the SPSS statistical package (IBM SPSS
version 19.0, SPSS, Inc., Chicago, IL, USA).

RESULTS

Clinical outcomes

The median age and body weight at surgery were 16.5 days (9–
44.5 days) and 3.3 kg (2.9–4.0 kg). The aortic arch anomalies were
coarctation of aorta (CoA) in 97 patients and interrupted aortic
arch (IAA) in 23. Ventricular septal defect (n = 63) was the most
common combined anomaly. We performed an extended
end-to-side anastomosis in 64 patients, an extended end-to-end
anastomosis in 33 and IAA repair in 22 (Supplementary material,
Appendix 1). We performed preoperative computed tomography
or angiography using contrast media to evaluate the preoperative
status of 54 patients (45.0%). Twenty patients (16.7%) underwent
emergency surgery due to haemodynamic instability. The mean
CPB time and aorta cross-clamp time were 156.3 ± 51.4 min and
51.8 ± 34.4 min, respectively. The mean thoracic aorta clamping
time was 23.9 ± 6.8 min. The mean body temperatures during CPB
and regional perfusion were 24.1 ± 3.0°C and 26.0 ± 2.5°C, re-
spectively. The median ventilation duration was 107.1 h (range:
72.5–141.1 h). The median ICU stay and the median hospital stay
were 7.6 days (range: 4.7–9.7 days) and 14.0 days (range: 10.0–21.0
days), respectively. The mean follow-up duration was 3.9 ± 2.7
years (range: 0.0 years–9.0 years).

There was 1 early death and 2 late deaths. The early mortality
case was a female patient who developed AKI-I and had severe
coarctation of aorta and double-outlet right ventricle (Fallot type)
with diffuse aortic wall thickening and arch vessel hypoplasia. The
aortic wall of this patient exhibited diffuse thickening; therefore,
we speculated that elastin arteriopathy was present. The patient

died due to the dysfunction of both ventricles 7 days after surgery.
One of the 2 late mortality cases was a female patient who devel-
oped AKI-R and had a type B IAA with ventricular septal defect
(VSD). This patient exhibited clinical features of the Zellweger syn-
drome and died from hepatic failure caused by the Zellweger syn-
drome 2 months after surgery. The other late mortality case was a
female patient who had type A IAA with ventricular septal defect
but did not have AKI. This patient also had the Alagille syndrome
(arteriohepatic dysplasia), which caused the hepatic failure. She
died due to gastrointestinal bleeding 4 months after surgery.
There were also 11 surgery-related morbidities in 10 patients, as
follows: bronchial stenosis requiring aortopexy in 4 patients, vocal
cord palsy in 2, chylothorax in 2, postoperative temporary seizure
in 1, diaphragmatic palsy in 1 and mediastinitis in 1.

Acute kidney injury analysis

Intraoperative and postoperative acute kidney injury
analyses. We excluded 6 patients from the analysis of
postoperative AKI due to insufficient creatinine data. Among 114
patients, 42 (42/114, 36.8%) exhibited AKI during the ICU stay,
including 29 patients (29/114, 25.4%) who were classified as AKI-R
and 13 patients (13/114, 11.4%) who were classified as AKI-I. The
eCCr values during 3 days of the ICU stay exhibited a significant
difference among the three groups (no-AKI group vs AKI-R,
P = 0.026; no-AKI group vs AKI-I, P = 0.04 and AKI-R vs AKI-I,
P = 0.265) (Fig. 1). All of the patients younger than 24 months
developed postoperative AKI-R. Moreover, all of the patients
younger than 8 weeks developed postoperative AKI-I. The eCCr
values during 3 days of the ICU were decreased over time in all
groups (all P < 0.001). The decrease in eCCr began 0.9 ± 0.7 days
after surgery in the AKI-R group and 0.9 ± 0.8 days after surgery in
the AKI-I group. The recovery of renal function in the AKI-I group
began a mean of 3.8 ± 0.9 days after surgery, and the eCCr values
fully recovered to the preoperative level 6.7 ± 1.7 days after
conservative management.
The AKI-I and AKI-R groups had a tendency towards a pro-

longed hospital stay compared with the no-AKI group (P = 0.099,
P = 0.057, respectively). However, the ICU stay (P = 0.921, P = 0.798)
and the mechanical ventilation duration (P = 0.230, P = 0.381) did
not show a significant difference compared with the no-AKI group

Figure 1: eCCr levels during postoperative 3 days among the three groups. The
AKI-I group had a significant decrease in eCCr during the postoperative period.
Error bar means ± standard error of mean. AKI: acute kidney injury; AKI-I: acute
kidney injury-injury; AKI-R: acute kidney injury-risk; eCCr: estimated creatinine
clearance; Preop: preoperative; POD: postoperative day.
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in the AKI-I and AKI-R groups. The rates of in-hospital death and
late death did not differ significantly among the three groups
(P = 0.110 and P = 0.627, respectively). In addition, the CPB time
(P = 0.597), aorta cross clamp time (P = 0.338) and regional perfu-
sion time (P = 0.507) were not significantly different among the
three groups (Table 3). The actuarial 5-year survival rates were
97.9 ± 2.1% in the no-AKI group, 96.0 ± 3.9% in the AKI-R group
and 92.3 ± 7.4% in the AKI-I group, with no significant difference
among the three groups (P = 0.399).

Preoperative renal impairment analysis

Proteinuria was observed in 2 patients (2/56, 3.6%) and hematuria
in 2 patients (2/59, 3.4%) in the preoperative urine analysis by dip-
stick. Preoperative renal impairment was detected in 48 patients
(40.3%). The patients younger than 24 months showed a high inci-
dence of preoperative renal impairment. The incidence of pre-
operative renal impairment according to age is given in Table 2.
The mean preoperative creatinine and eCCr values were 0.6 ± 0.3
(n = 120) and 47.4 ± 26.4 (n = 120), respectively. Preoperative ami-
noglycoside antibiotic use significantly increased the incidence of
AKI (P = 0.017). The preoperative creatinine levels were significant-
ly decreased in the group of patients with no AKI compared with
the group with AKI, and there was an inverse correlation between
preoperative creatinine and preoperative clinical characteristics
(P = 0.012). The other preoperative clinical characteristics did not
exhibit any significant differences between the groups (Table 4).

Fluid balance and peritoneal dialysis treatment
analysis

We recorded and calculated fluid balance index of 101 patients
(84.2%). There was no significant difference in fluid balance index

among the three groups (P = 0.717) (Table 3). We performed PD on
20 patients (16.7%) in the postoperative ICU. The median PD initi-
ation time was 9.4 h (0.5–40.1 h) after ICU admission, and the mean
PD duration was 1.1 ± 0.8 days. The patients who required PD had a
significantly higher incidence of AKI [14 patients, (AKI-R: n = 9,
31.0%; AKI-I: n = 5, 38.5%)] than those who did not require PD (n = 6,
8.3%) (P = 0.003). Fourteen of the patients who required PD (among
the 42 AKI patients) exhibited significant decreases in eCCr during
the 3-day ICU stay compared with those who did not require PD
(P = 0.029). Furthermore, PD treatment did not shorten the eCCr re-
covery period in the ICU (postoperative day 0 [POD 0]: 10.2 ± 4.9
(mean difference ± standard of error); POD 1: 9.6 ± 4.3; POD 2:
11.4 ± 6.1 and POD 3: 13.5 ± 6.4) (Fig. 2). The patients who required
PD therapy had longer stays in the ICU [12.0 ± 7.7 (n = 21) vs
7.4 ± 6.5 (n = 99), P = 0.002] and in the hospital (24.0 ± 12.5 [n = 21] vs
15.7 ± 11.2 [n = 99], P = 0.003) compared with those who did not
require PD therapy. There was no correlation between the need for
PD and the presence of preoperative renal impairment (P = 0.84).

Vasoactive-inotropic score

The hourly vasoactive inotrope doses of 114 patients (95.0%)
were recorded for 3 days in the ICU, and the maximal VIS scores
were calculated (Table 4). The AKI-I group had the highest VIS
score compared with the AKI-R and no AKI groups to maintain
stable haemodynamic vital signs during the 3-day postoperative
ICU stay (P = 0.001) (Fig. 3).

Risk factor analysis

According to the univariate analysis, the factors that were inde-
pendently associated with the development of AKI-I were a body
weight at surgery of <3 kg, the absence of prerenal impairment

Table 3: Preoperative patient characteristics according to pRIFLE criteria in patients with AKI

Characteristics No-AKI AKI-R AKI-I P-value

Number 72 29 13
Age at surgery (months) 11.5 ± 35.9 1.2 ± 2.6 0.4 ± 0.3 0.174
<2 weeks, n (%) 35 (48.6) 13 (44.8) 10 (76.9) 0.442
2 weeks to 8 weeks, n (%) 19 (26.4) 13 (44.8) 3 (23.1) 0.440
8 weeks–24 months, n (%) 12 (16.7) 3 (10.3) 0 (0) 0.768
>24 months, n (%) 6 (8.3) 0 (0) 0 (0)

Sex (M/F) 40/32 15/14 7/6 0.940
Body weight (kg), mean ± SD 6.2 ± 9.0 3.6 ± 2.1 2.6 ± 0.7 0.12
Preoperative contrast use, n (%) 37 (51.4) 12 (41.4) 5 (38.5) 0.523
Preoperative aminoglycoside ≥3 days 5 (8.2) 4 (17.4) 5 (38.5) 0.017a

Emergency surgery, n (%) 13 (18.1) 3 (10.3) 3 (23.1) 0.517
Preoperative left ventricle dysfunction, n (%) 9 (12.5) 3 (10.3) 3 (23.1) 0.534
VSD, n (%) 46 (63.9) 19 (65.5) 10 (76.9) 0.660
Preoperative kidney assessment
Preoperative renal impairment, n (%) 36 (50) 10 (34.5) 1 (7.7) 0.012a

Preoperative creatinine 0.6 ± 0.3 0.5 ± 0.2 0.4 ± 0.2 0.012a

Preoperative eCCr (ml/min/1.73 m2) 44.5 ± 23.5 50.8 ± 30.2 54.9 ± 29.7 0.298
Hematuria, n (%) 2 (6.9) 0 0 0.346
Proteinuria, n (%) 2 (6.7) 0 0 0.329

AKI: acute kidney injury; AKI-R: acute kidney injury-Risk; AKI-I: acute kidney injury-Injury; eCCr: estimated creatinine clearance; SD: standard deviation; VSD:
ventricular septal defect.
aSignificant difference among the groups.
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and preoperative aminoglycoside antibiotic use for more than 3
days. A body weight at surgery of <3 kg and the absence of prere-
nal impairment were also associated with the development of

AKI-I in the multivariate analysis (Table 5). However, we did not
find any risk factors that were significantly associated with pre-
operative renal impairment.

Table 4: Intraoperative and postoperative patient assessments according to pRIFLE criteria

Characteristics No AKI AKI-R AKI-I P-value

Intraoperative assessment
CPB time, min (n) 155.3 ± 52.2 (67) 166.2 ± 54.0 (27) 152.2 ± 42.3 (13) 0.597
ACC time, min (n) 57.7 ± 32.7 (60) 57.2 ± 36.3 (26) 43.1 ± 24.7 (13) 0.338
RP time, min (n) 23.6 ± 5.1 (64) 22.5 ± 6.7 (27) 24.6 ± 6.8 (13) 0.507
Lowest BT, °C (n) 24.0 ± 3.2 (64) 23.9 ± 3.1 (27) 24.7 ± 1.9 (13) 0.701
BT at RP, °C (n) 25.8 ± 3.3 (65) 26.0 ± 2.5 (27) 26.9 ± 2.1 (13) 0.510
CPB input/output (n) −113.9 ± 158.7 (64) −158.1 ± 134.9 (28) −62.7 ± 60.8 (13) 0.133

Postoperative assessment
AG antibiotic use, n (%) 18 (25.0) 9 (31.0) 5 (38.5) 0.561
Patient required PD, n (%) 6 (8.3) 9 (31.0) 5 (38.5) 0.003
MV time, h (n) 109.7 ± 88.6 (72) 127.0 ± 82.7 (27) 140.2 ± 45.3 (13) 0.382
ICU stay, days (n) 11.3 ± 34.8 (72) 9.6 ± 6.7 (27) 12.3 ± 10.5 (13) 0.950
Hospital stay, days (n) 15.3 ± 9.1 (72) 20.1 ± 15.2 (27) 22.7 ± 14.6 (13) 0.040
In-hospital death, n (%) 0 (0) 0 (0) 1 (7.7) 0.110
Late death, n (%) 1 (1.4) 1 (3.4) 0 (0) 0.627

eCCr
Preoperative 44.5 ± 23.5 (72) 50.8 ± 30.2 (28) 54.9 ± 29.7 (13) 0.298
POD 0 mean ± SD (n) 54.3 ± 24.3 (72) 44.5 ± 16.7 (29) 32.5 ± 7.9 (13) 0.002
POD 1 46.0 ± 34.8 (72) 30.4 ± 15.7 (29) 23.3 ± 6.2 (13) 0.007
POD 2 45.5 ± 28.5 (67) 32.1 ± 20.8 (27) 19.2 ± 5.7 (12) 0.001
POD 3 53.5 ± .29.9 (62) 35.1 ± 21.6 (28) 23.0 ± 12.7 (13) <0.001

VIS score, n 72 29 13
POD 0 13.3 ± 6.8 15.5 ± 5.8 22.5 ± 15.7 0.001
POD 1 11.3 ± 6.5 16.4 ± 10.6 20.3 ± 10.1 <0.001
POD 2 9.3 ± 5.6 11.0 ± 4.1 14.6 ± 9.4 0.09
POD 3 7.6 ± 5.0 8.4 ± 3.3 11.0 ± 10.2 0.125

Fluid balance index
POD 0, mean ± SD (n) −146.0 ± 656.1 (69) −1690 ± 652.1 (29) 715.1 ± 663.9 (13) <0.001
POD 1 128.9 ± 486.9 (70) 229.0 ± 675.5 (29) 145.5 ± 778.1 (13) 0.734
POD 2 −258.9 ± 497.2 (65) −335.8 ± 557.9 (29) −740.5 ± 420.4 (13) 0.009
POD 3 −299.9 ± 509.2 (62) −315.0 ± 453.5 (27) −404.2 ± 392.7 (13) 0.778

ACC: aortic cross clamp; AG: aminoglycoside; AKI: acute kidney injury; AKI-R: acute kidney injury-risk; AKI-I: acute kidney injury-injury; BT: body temperature;
CPB: cardiopulmonary bypass; eCCr: estimated creatinine clearance; ICU: intensive care unit; MV: mechanical ventilation; PD: peritoneal dialysis; POD:
postoperative day; RP: regional perfusion; SD: standard deviation; VIS: vasoactive-inotropic score.

Figure 2: eCCr levels during the postoperative period. The patients who
required PD had a significant decrease in eCCr compared with the patients
who did not require PD (among the patients with AKI). Error bar means ±
Standard error of mean. AKI: acute kidney injury; eCCr: estimated creatinine
clearance; PD: peritoneal dialysis; Preop: preoperative; POD: postoperative day.

Figure 3: VIS scores according to group. The VIS was increased in the AKI-I
group compared with the other groups to maintain the appropriate haemo-
dynamics. Error bar means ± standard error of mean. AKI: acute kidney injury;
AKI-I: acute kidney injury-injury; AKI-R: acute kidney injury-risk; eCCr: esti-
mated creatinine clearance; Preop: preoperative; POD: postoperative day; VIS:
vasoactive-inotropic score.
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DISCUSSION

In this study, we found that AKI after aortic arch surgery using a
strategy of cerebral regional perfusion and distal descending thor-
acic aortic clamping during anastomosis was relatively common in
paediatric patients, with an incidence of 37.8% according to the
pRIFLE criteria. However, these paediatric patients recovered from
AKI within 7 days of conservative management.

Albabas et al. [18] reported that 75% of patients developed post-
operative AKI within 48 h of ICU admission. Among these patients,
43% received renal replacement therapy for a median duration of
4 days. In addition, Aydin et al. [6] reported that 85% of patients
exhibited evidence of AKI within 24 h of admission to the ICU,
and the duration was <48 h in 75% of these patients. In this study,
the decline in renal function began a mean 0.9 days after surgery,
renal function began to recover �4 days after surgery in the
patients who developed AKI, and renal function recovered fully
�7 days after surgery with conservative management.

There have been several reports that a long CPB duration was
related to AKI incidence [1, 6, 9]. The patients in these studies had
heterogeneous diagnoses, and the group with a high incidence of
AKI had a higher risk-adjusted classification for congenital heart
surgery (RACHS-1) score; thus, unstable haemodynamics and a
longer CPB time may be associated with AKI incidence. We also
identified that the AKI-I group required high doses of vasoactive
inotropic medications to maintain the appropriate blood pressure
levels in this study. However, the disease categories in the present
work were relatively homogeneous compared with the above
studies, although there were diverse combined operations.
Therefore, the CPB time, body temperature during CPB and post-
operative ICU haemodynamics were relatively similar among our
patients, and we did not find significant differences in those para-
meters in this study. There have been several reports that moder-
ate hypothermia for circulatory arrest is safe, effective for organ

protection and not associated with AKI [19, 20]. However, we
usually selected moderate degrees of hypothermia during des-
cending thoracic aortic clamping, and we demonstrated that
moderate hypothermia itself was not sufficient to prevent post-
operative AKI. Our strategy in paediatric aortic arch surgery
includes myocardial and cerebral perfusion during anastomosis
with descending thoracic aortic clamping during moderate hypo-
thermia [17]. Imoto et al. [21] reported inserting an additional
cannula into the descending thoracic aorta for lower body perfu-
sion; the postoperative renal function was tolerable. However, al-
though the development of AKI during aortic arch surgery, due to
total circulatory arrest during anastomosis, was inevitable in this
study, we found that kidney function could be recovered with
conservative management. Thus, additional descending thoracic
aortic perfusion may not be necessary. Neither age nor the degree
of AKI was associated with early or late mortality in this study, in
contrast to other reports that AKI after cardiac surgery increased
both early and late mortality [1, 2]. The incidences of early and late
mortality after paediatric aortic arch surgery were low in this study
therefore, we suspect that AKI did not influence mortality.
Coarctation of aorta and IAA were representative diagnoses in

this study. These diagnoses can be affected by kidney function
during the preoperative period due to the decreased blood flow
to the kidney caused by severe coarctation of aorta and the
decreased PDA flow and left ventricle dysfunction caused by pres-
sure loading at the aortic arch level (although this study identified
no risk factors for prerenal impairment). Interestingly, we found
that patients with prerenal impairment had a low incidence
of postoperative AKI during the ICU stay, in contrast to other
reports [22, 23]. Although there is a wide spectrum of prerenal im-
pairment that is associated with many compensatory mechanisms
in the potential reversibility of the condition, we suspect that
decreased blood flow to the kidney may have caused the precon-
ditioning to the deconditioning that the incidence of AKI after

Table 5: Univariate and multivariate analyses of risk factors for acute kidney injury according to the pRIFLE-I criteria compared
with no acute kidney injury

Variables Univariate analysis Multivariate analysis

OR 95% CI P-value OR 95% CI P-value

Sex
Male 1
Female 1.071 0.327–3.506 0.909

Age
<2 weeks 1
2–8 weeks 0.553 0.135–2.254 0.408
8 weeks to 24 months 0.000 0.999
>24 months 0.000 0.999

Body weight
<3 kg 7.889 2.027–30.705 0.003 7.569 1.64–34.93 0.009
>3 kg 1 1

Preoperative aminoglycoside use 5.208 1.4–19.38 0.014 3.464 0.680–17.65 0.135
Preoperative contrast 0.591 0.176–1.981 0.394
Preoperative left ventricle dysfunction 2.067 0.476–8.966 0.332
Emergency surgery 1.362 0.328–5.650 0.671
Cardiopulmonary bypass time 0.999 0.987–1.011 0.838
Aortic cross-clamp time 0.981 0.957–1.006 0.136 0.988 0.394
No prerenal impairment 10.036 1.257–80.114 0.030 9.876 0.96–1.02 0.041
Aminoglycoside 1.875 0.544–6.467 0.320 1.10–89.05

CI: confidence interval; OR: odds ratio.
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aortic arch repair may have decreased inversely [24, 25]. We also
suspect that a preoperative decrease in the renal creatinine clear-
ance level may make it difficult to achieve a >50% decrease in cre-
atinine clearance postoperatively.

CONCLUSIONS

Using the pRIFLE criteria, AKI incidence after aortic arch surgery
reached 35% in paediatric patients in this study. However, the vast
majority of patients recovered within 7 days of conservative man-
agement. The patients who developed AKI and required PD treat-
ment experienced prolonged stays in the ICU and in the hospital.
A body weight of <3 kg at surgery was a risk factor for AKI devel-
opment after aortic arch repair in paediatric patients.

Study limitations

This was a retrospective and single-centre study. We also did not
examine the patients to evaluate their most recent level of kidney
function. Although the AKI group recovered kidney function,
further follow-up may be required to assess long-term outcomes.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.

Conflict of interest: none declared.

REFERENCES

[1] Pedersen KR, Hjortdal VE, Christensen S, Pedersen J, Hjortholm K, Larsen
SH et al. Clinical outcome in children with acute renal failure treated with
peritoneal dialysis after surgery for congenital heart disease. Kidney Int
Suppl 2008;S81–6.

[2] Sethi SK, Goyal D, Yadav DK, Shukla U, Kajala PL, Gupta VK et al.
Predictors of acute kidney injury post-cardiopulmonary bypass in chil-
dren. Clin Exp Nephrol 2011;15:529–34.

[3] Skippen PW, Krahn GE. Acute renal failure in children undergoing cardio-
pulmonary bypass. Crit Care Resusc 2005;7:286–91.

[4] Barbash IM, Ben-Dor I, Dvir D, Maluenda G, Xue Z, Torguson R et al.
Incidence and predictors of acute kidney injury after transcatheter aortic
valve replacement. Am Heart J 2012;163:1031–6.

[5] Elhmidi Y, Bleiziffer S, Piazza N, Hutter A, Opitz A, Hettich I et al. Incidence
and predictors of acute kidney injury in patients undergoing transcatheter
aortic valve implantation. Am Heart J 2011;161:735–9.

[6] Aydin SI, Seiden HS, Blaufox AD, Parnell VA, Choudhury T, Punnoose A
et al. Acute kidney injury after surgery for congenital heart disease. Ann
Thorac Surg 2012;94:1589–95.

[7] Zappitelli M, Bernier PL, Saczkowski RS, Tchervenkov CI, Gottesman R,
Dancea A et al. A small post-operative rise in serum creatinine predicts

acute kidney injury in children undergoing cardiac surgery. Kidney Int
2009;76:885–92.

[8] Dimopoulos K, Diller GP, Koltsida E, Pijuan-Domenech A, Papadopoulou SA,
Babu-Narayan SV et al. Prevalence, predictors, and prognostic value of
renal dysfunction in adults with congenital heart disease. Circulation 2008;
117:2320–8.

[9] Akcan-Arikan A, Zappitelli M, Loftis LL, Washburn KK, Jefferson LS,
Goldstein SL. Modified RIFLE criteria in critically ill children with acute
kidney injury. Kidney Int 2007;71:1028–35.

[10] Li S, Krawczeski CD, Zappitelli M, Devarajan P, Thiessen-Philbrook H, Coca
SG et al. Incidence, risk factors, and outcomes of acute kidney injury after
pediatric cardiac surgery: a prospective multicenter study. Crit Care Med
2011;39:1493–9.

[11] Tóth R, Breuer T, Cserép Z, Lex D, Fazekas L, Sápi E et al. Acute kidney
injury is associated with higher morbidity and resource utilization in pedi-
atric patients undergoing heart surgery. Ann Thorac Surg 2012;93:
1984–90.

[12] Boigner H, Brannath W, Hermon M, Stoll E, Burda G, Trittenwein G et al.
Predictors of mortality at initiation of peritoneal dialysis in children after
cardiac surgery. Ann Thorac Surg 2004;77:61–5.

[13] Arnaoutakis GJ, Bihorac A, Martin TD, Hess PJ Jr, Klodell CT, Ejaz AA et al.
RIFLE criteria for acute kidney injury in aortic arch surgery. J Thorac
Cardiovasc Surg 2007;134:1554–60; discussion 1560–1.

[14] Englberger L, Suri RM, Greason KL, Burkhart HM, Sundt TM 3rd, Daly RC
et al. Deep hypothermic circulatory arrest is not a risk factor for acute
kidney injury in thoracic aortic surgery. J Thorac Cardiovasc Surg 2011;
141:552–8.

[15] Schwartz GJ, Muñoz A, Schneider MF, Mak RH, Kaskel F, Warady BA et al.
New equations to estimate GFR in children with CKD. J Am Soc Nephrol
2009;20:629–37.

[16] Gaies MG, Gurney JG, Yen AH, Napoli ML, Gajarski RJ, Ohye RG et al.
Vasoactive-inotropic score as a predictor of morbidity and mortality in
infants after cardiopulmonary bypass. Pediatr Crit Care Med 2010;11:
234–8.

[17] Lim HG, Kim WH, Jang WS, Lim C, Kwak JG, Lee C et al. One-stage total
repair of aortic arch anomaly using regional perfusion. Eur J Cardiothorac
Surg 2007;31:242–8.

[18] Alabbas A, Campbell A, Skippen P, Human D, Mastell D, Mammen C.
Epidemiology of cardiac surgery-associated acute kidney injury in neo-
nates: a retrospective study. Pediatr Nephrol 2013;28:1127–34.

[19] Roh GU, Lee JW, Nam SB, Lee J, Choi JR, Shim YH. Incidence and risk
factors of acute kidney injury after thoracic aortic surgery for acute dissec-
tion. Ann Thorac Surg 2012;94:766–71.

[20] Urbanski PP, Lenos A, Bougioukakis P, Neophytou I, Zacher M, Diegeler
A. Mild-to-moderate hypothermia in aortic arch surgery using circula-
tory arrest: a change of paradigm?. Eur J Cardiothorac Surg 2012;41:
185–91.

[21] Imoto Y, Kado H, Shiokawa Y, Minami K, Yasui H. Experience with the
Norwood procedure without circulatory arrest. J Thorac Cardiovasc Surg
2001;122:879–82.

[22] Kheterpal S, Tremper KK, Englesbe MJ, O’Reilly M, Shanks AM, Fetterman
DM et al. Predictors of postoperative acute renal failure after noncardiac
surgery in patients with previously normal renal function. Anesthesiology
2007;107:892–902.

[23] Ellenberger C, Schweizer A, Diaper J, Kalangos A, Murith N, Katchatourian
G et al. Incidence, risk factors and prognosis of changes in serum creatin-
ine early after aortic abdominal surgery. Intensive Care Med 2006;32:
1808–16.

[24] Macedo E, Mehta RL. Prerenal failure: from old concepts to new para-
digms. Curr Opin Crit Car. 2009;15:467–73.

[25] Er F, Nia AM, Dopp H, Hellmich M, Dahlem KM, Caglayan E et al. Ischemic
preconditioning for prevention of contrast medium-induced nephropa-
thy: randomized pilot RenPro Trial (Renal Protection Trial). Circulation
2012;126:296–303.

W.S. Jang et al. / European Journal of Cardio-Thoracic Surgerye214

http://ejcts.oxfordjournals.org/lookup/suppl/doi:10.1093/ejcts/ezu132/-/DC1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


