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Abstract 

OBJECTIVES: Acute kidney injury commonly complicates congenital heart surgery with cardiopulmonary bypass, increasing morbidity 
and mortality. This study aimed to evaluate risk factors for postoperative acute kidney injury and its impact on outcomes after the 
Norwood procedure.
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METHODS: Neonates undergoing the Norwood procedure from 2001 to 2022 were reviewed. Using modified neonatal Kidney Disease 
Improving Global Outcomes criteria, we assessed acute kidney injury and analysed its risk factors and impact on survival.

RESULTS: Among the 355 patients who were included, severe acute kidney injury occurred in 100 (28.2%). Risk factors were low weight 
at Norwood <2.5 kg (odds ratio: 3.0, P¼ 0.015) and extracorporeal membrane oxygenation support (odds ratio: 2.2, P¼ 0.013). Shunt 
type was not identified as a risk (P¼ 0.317). Acute kidney injury was an independent risk factor for in-hospital death (odds ratio 2.3, 
P¼ 0.010) but did not influence survival after hospital discharge (hazard ratio: 1.5, P¼ 0.230). The hazard ratio for mortality in patients 
with acute kidney injury compared to patients without acute kidney injury was 2.5, P< 0.001 with a modified Blalock–Taussig–Thomas 
shunt and 1.9, P¼ 0.010 with a right ventricle-to-pulmonary artery conduit.

CONCLUSIONS: Severe acute kidney injury occurred in approximately a quarter of patients after the Norwood procedure and is an inde-
pendent risk for in-hospital mortality, both in patients with a modified Blalock–Taussig–Thomas shunt and right ventricle-to-pulmonary 
artery conduit.

Keywords: acute kidney injury • Norwood procedure • neonates • risk factors

ABBREVIATIONS   

AKI Acute kidney injury  
CI Confidence interval  
CKD Chronic kidney disease  
CPB Cardiopulmonary bypass 
CS-AKI Cardiac surgery-associated acute kidney in-

jury  
DAC Descending aortic cannulation  
ECMO Extracorporeal membrane oxygenation  
HLHS Hypoplastic left heart syndrome  
ICU Intensive care unit  
IQR Interquartile range  
KDIGO Kidney Disease Improving Global Outcomes  
MBTTS Modified Blalock–Taussig–Thomas shunt  
OR Odds ratio  
PD Peritoneal dialysis  
POD Postoperative day  
RRT Renal replacement therapy  
RVPAC Right ventricle-to-pulmonary artery conduit  
sCre Serum creatinine change  
SCP Selective cerebral perfusion 

INTRODUCTION

Acute kidney injury (AKI) is a notable complication following con-
genital heart surgery, with a reported incidence of 9.6–52% and has 
been strongly associated with postoperative mortality, especially in 
young patients [1, 2]. Neonates are at particular risk of postopera-
tive AKI due to their physiological immaturity and unique perinatal 
factors [3]. The aetiology of AKI is multifactorial, involving complex 
interactions between the non-physiological circulatory dynamics of 
cardiopulmonary bypass (CPB), the ischaemia during the aortic 
cross-clamp, inflammatory responses triggered by blood contact 
with the extracorporeal circuit and mechanical haemolysis [1–3]. 
Therefore, AKI is considered a poor prognostic factor leading to 
prolonged duration of ventilation, increased need for vasoactive 
drug support, prolonged intensive care unit (ICU) and hospital stay, 
and even increased mortality [4].

Among congenital heart diseases, hypoplastic left heart syn-
drome (HLHS) is one of the most complex and difficult to manage 
[5, 6]. The Norwood procedure, performed as the first stage pallia-
tion for HLHS and its variants, is a high-risk operation for neonates, 

with an elevated risk of postoperative AKI [5–8]. In particular, there 
is little understanding of the differential relationship between AKI, 
shunt type and mortality after the Norwood procedure. This rela-
tionship is important as shunt type markedly alters postoperative 
physiology in ways that may affect renal perfusion. However, re-
search focusing on the incidence of AKI following the Norwood 
procedure, its risk factors and its short- and long-term impacts is 
limited [7, 8]. The objectives of this study are to determine the inci-
dence of AKI after the Norwood procedure, to evaluate risk factors 
for the development of AKI, and to assess outcomes in patients 
who develop AKI.

METHODS

Ethical statement

The Institutional Review Board of the Technical University of 
Munich approved the study (2024–334-S-CB on 08 July 2024). 
Because of the retrospective nature of the study, the need for indi-
vidual patient consent was waived. Any collection and storage of 
data from research participants for multiple and indefinite use is 
consistent with requirements outlined in the WMA Declaration of 
Taipei. The ethics committee approved the establishment and 
monitor the ongoing use of databases.

Patients and data collection

Medical records of neonates with HLHS and its variants who 
underwent the Norwood procedure at the German Heart Center 
Munich from January 2001 to September 2022 were reviewed. 
Patients who received the Norwood procedure beyond the neo-
natal period and those who underwent bilateral pulmonary ar-
tery banding were excluded. Patient information was obtained 
from our single-ventricle database, which includes outcomes of 
subsequent palliative stages, including bidirectional cavopulmo-
nary shunt (BCPS), and total cavopulmonary connection (TCPC). 
For the monitoring of renal function, blood tests measured cre-
atinine, urea, sodium and potassium levels. Samples were taken 
before surgery, at admission to the ICU, and every morning for 
the next week after surgery. The follow-up period for each pa-
tient was defined as the interval between the Norwood proce-
dure and the most recent clinical examination. For deceased 
patients, follow-up was censored at the time of death.

2 L. Eberle et al. / Interdisciplinary CardioVascular and Thoracic Surgery 



Operative techniques and ICU management

Operative techniques for the Norwood procedure have been previ-
ously reported [9]. Notably, since 2009, cerebral perfusion during 
aortic clamping has been performed. Up to now, no abdominal 
perfusion during aortic cross-clamping has been established. 
Norwood procedures were performed by seven experienced con-
genital heart surgeons, with four surgeons operating in the first half 
of the study period (2001–11) and five in the second half (2012– 
22). The shunt choice of a right ventricle-to-pulmonary artery con-
duit (RVPAC) or a modified Blalock–Taussig–Thomas shunt 
(MBTTS) was made by surgeon’s decision. All patients received 
modified ultrafiltration after waning from CPB. Postoperative fluid 
management was performed according to our institutional man-
agement protocol (Supplementary Table S1). Peritoneal dialysis 
(PD) was performed at the discretion of the paediatric intensivist. 
Support of veno-arterial extracorporeal membrane oxygenation 
(ECMO) was performed through central cannulation of the ascend-
ing aorta and the right atrium.

Diagnosis and treatment of AKI

AKI was defined by the following modified version of the neona-
tal Kidney Disease Improving Global Outcomes (KDIGO) using 
measured creatinine levels: stage 1 is an absolute increase in se-
rum creatinine level of 0.3 mg/dl or 1.5 times baseline, stage 2 is 
two times baseline, and stage 3 is three times baseline, or when 
dialysis is required. Severe AKI was defined as KDIGO stage 2 or 
3 (at least a 2-fold increase in serum creatinine from baseline) 
[10, 11]. AKI was assessed based on serum creatinine levels 
recorded preoperatively and on the first to third postoperative 
days (PODs). Baseline serum creatinine was defined as the lowest 
value before cardiac surgery. Serum creatinine change (ΔsCre) 
was expressed as the percentage change in serum creatinine lev-
els compared to the baseline values.

Management of AKI

Since AKI has a wide variety of causes, our policy is to diagnose 
AKI at an early stage and appropriately manage it as follows: 
(1) maintain adequate intravascular volume (infusion therapy), 
(2) adjust renal perfusion pressure (appropriate use of inotropic 
agents and vasoconstrictors/dilators) and (3) promptly treat electro-
lyte abnormalities, acid-base imbalance, fluid overflow and urae-
mia resulting from renal impairment. However, if patients do not 
respond to the above-mentioned medical therapies, renal replace-
ment therapy (RRT), such as PD or continuous RRT (especially 
during ECMO management), is used in combination. Drug non- 
response was defined as persistent oliguria (<0.5 ml/kg/h) and/or 
worsening fluid overload despite optimal diuretic therapy (furose-
mide >2 mg/kg/day) for >24 h according to our institutional pro-
tocol. The initiation of RRT was based on the following criteria: 

severe fluid overload, persistent metabolic acidosis (pH <7.2), 
hyperkalemia (Kþ >6.0 mEq/l) or oliguria (<0.5 ml/kg/h for >12 h) 
despite optimal medical management. The choice between PD and 
CRRT was primarily determined by the presence of ECMO support, 
with CRRT being the preferred modality during ECMO.

Statistical analysis

Categorical variables are shown as numbers and percentages, and 
continuous variables as medians with interquartile ranges (IQRs). 
Levene’s test was used to differentiate between normal and non- 
normal distributions. A chi-squared test was used for categorical 
data analysis. Independent-sample t-tests were utilized for normally 
distributed continuous variables, whereas Mann–Whitney U-tests 
were used for non-normally distributed variables. A two-way re-
peated-measures analysis of variance was performed to test 
changes in serum creatinine over time and changes between survi-
vors and non-survivors, with time as a repeated measure. Both lo-
gistic and Cox proportional hazards regression analyses were 
performed. For all analyses, potential risk factors were first evalu-
ated using univariable analysis, and variables with P< 0.1 were in-
cluded in the initial multivariable models. Variables with P< 0.05 in 
multivariable analysis were retained in the final models. For binary 
outcomes, including AKI and hospital mortality, odds ratios (ORs) 
with 95% confidence intervals (CIs) were calculated using multivari-
able logistic regression. For survival analysis, death was treated as 
the event of interest, while patients were censored at the time of 
transplantation or last follow-up. Survival probabilities were esti-
mated using the Kaplan–Meier curve, and survival curves were 
compared using the log-rank test. The median follow-up time was 
calculated using the inverse Kaplan–Meier method, where death 
was treated as a censoring event and last follow-up or transplanta-
tion as events. Statistical analyses were performed using Windows 
SPSS version 28.0 (IBM, Ehningen, Germany) and R-statistical soft-
ware (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Patient characteristics

Table 1 shows the AKI distributions of 355 neonates. Of those 
who developed AKI, 95 (26.8%) were classified as at risk (stage 
1), 51 (14.4%) as injury (stage 2) and 49 (13.8%) as failure (stage 
3). Severe AKI, determined by the combination of stages 2 and 
3, was observed in 100 (28.2%) patients. Patient characteristics 
with and without severe AKI are shown in Table 2. There was no 
difference in primary diagnosis or associated anomalies between 
patients with and without severe AKI. Era analysis was per-
formed between the early (2001–11) and the late era (2012–22), 
with no significant difference in the incidence of severe AKI. The 
detailed comparison is shown in Supplementary Table S2. 
Perioperative variables and mortality data are presented in 

Table 1: Acute kidney injury distributions

Modified neonatal KDIGO None Risk (Stage 1) Injury (Stage 2) Failure (Stage 3)

AKI definition No severe AKI Severe AKI

Number (%) 160 (45.0) 95 (26.8) 51 (14.4) 49 (13.8)
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Table 3. Patients with severe AKI were more likely to weigh less 
than 2.5 kg at the time of the Norwood procedure than those 
without severe AKI (12.0% vs 3.9%, P¼ 0.005). Patients with se-
vere AKI had longer CPB times of >150 minutes than those with-
out severe AKI (44.0% vs 32.5%, P¼ 0.043). Postoperatively, 
patients with severe AKI had a longer ventilator stay (7 vs 5 days, 
P¼ 0.039) and a longer median ICU stay (17 vs 12 days, 
P< 0.036) than those without severe AKI. ECMO support was 
more frequently needed in the severe AKI group than those 
without severe AKI (24.0% vs 11.0%, P¼ 0.002). In-hospital 

mortality was higher in patients with severe AKI than in those 
without severe AKI (34.0% vs 14.9%, P< 0.001).

Early postoperative renal function

Supplementary Table S3 shows the comparison of renal function in 
patients with severe AKI between survivors and non-survivors. 
Serum creatinine, sodium and potassium levels were analysed pre-
operatively and daily from Day 0 to Day 7 postoperatively. 

Table 2: Baseline cohort characteristics

Variables: N (%) or median (IQR) Total Severe AKI No severe AKI P-value

Number of patients 355 100 (28.2) 255 (71.8)
Male sex 243 (68.5) 66 (66.0) 177 (69.4) 0.534
Premature birth 53 (14.9) 15 (15.0) 38 (14.9) 0.905
Gestational age (week) 39 (38–40) 39 (38–40) 39 (38–40) 0.985
Birth weight <2.5 kg 26 (7.3) 11 (11.0) 15 (5.9) 0.095
Genetic anomaly 17 (4.8) 3 (3.0) 14 (5.4) 0.320
Extracardiac anomaly 47 (13.2) 14 (14.0) 33 (12.9) 0.801
Primary diagnosis

HLHS 289 (81.4) 82 (82.0) 207 (81.2) 0.858
Tricuspid atresia 17 (4.8) 3 (3.0) 14 (5.5) 0.323
DILV 28 (7.9) 12 (12.0) 16 (6.3) 0.072
UAVSD 15 (4.2) 4 (4.0) 11 (4.3) 0.895

Associated anomaly
TGA 42 (11.8) 13 (13.0) 29 (11.4) 0.669
DORV 22 (6.2) 8 (8.0) 14 (5.5) 0.378
CoA 95 (26.8) 28 (28.0) 67 (26.3) 0.741
Dextrocardia 4 (1.1) 1 (1.0) 3 (1.2) 0.887
Heterotaxy 1 (0.3) 0 (0.0) 1 (0.4) 0.531
TAPVC 10 (2.8) 3 (3.0) 7 (2.7) 0.896
Dominant right ventricle 306 (86.2) 85 (85.0) 221 (86.7) 0.682

Table 3: Perioperative variables and mortality

Variables: N(%) or median (IQR) Total Severe AKI No severe AKI P-value

Number of patients 355 100 255
Age at Norwood (days) 8 (7–12) 8 (6–11) 8 (7–12) 0.410
Weight at Norwood (kg) 3.2 (2.9–3.5) 3.1 (2.9–3.5) 3.2 (2.9–3.5) 0.341
Weight at Norwood <2.5 kg 22 (6.2) 12 (12.0) 10 (3.9) 0.005

Operative data
CPB time (min) 138 (108–165) 144 (109–166) 136 (108–164) 0.256
CPB time >150 min 127 (35.8) 44 (44.0) 83 (32.5) 0.043
AXC time (min) 49 (41–59) 49 (43–61) 49 (40–59) 0.677
Lowest temp. (C) 19 (18–22) 19 (18–22) 19 (18–22) 0.240

Shunt type
MBTTS 189 (53.2) 49 (49.0) 140 (54.9) 0.316
RVPAC 166 (46.8) 51 (51.0) 115 (45.1)

Postoperative data
Peritoneal dialysis 44 (12.4) 44 (44.0) 0 (0.0) <0.001
Cardiac arrest 19 (5.4) 5 (5.0) 14 (5.5) 0.861
ECMO support 52 (14.6) 24 (24.0) 28 (11.0) 0.002
Duration of MV (days) 5 (4–9) 7 (5–14) 5 (4–8) 0.039
ICU stay (days) 13 (8–21) 17 (11–25) 12 (8–19) 0.036
Hospital stay (days) 24 (16–37) 26 (18–47) 24 (15–36) 0.101

Mortality
Hospital death 73 (20.6) 35 (35.0) 38 (14.9) <0.001
Reached stage II 263 (74.1) 61 (61.0) 202 (79.2) <0.001
Fontan completion 193 (54.4) 44 (44.0) 149 (58.4) 0.014

Bold indicates P < 0.05.
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Regarding the serum creatinine levels, non-survivors had higher 
creatinine levels than the survivors after POD 1, and this difference 
persisted until POD 7 (POD 1, 2, 3, 4, 5, 6, 7; 0.001, 0.008, 0.009, 
0.001, 0.001, 0.001 and P< 0.001, respectively). Serial ΔsCre in sur-
vivors and non-survivors are shown in Fig. 1. Compared to neo-
nates who survived until hospital discharge, neonates who died 
after surgery had significantly higher ΔsCre from POD 5 to POD 7. 
In survivors at hospital discharge, the peak serum creatinine levels 
were reached on POD 3 and then steadily decreased to almost 
baseline at POD 7. In non-survivors to hospital discharge, serum 
creatinine peaked on POD 5 and remained high thereafter. Early 
postoperative serum sodium levels were higher in non-survivors af-
ter POD 2, and significant differences were observed until POD 7. 
There was no difference in serum potassium levels between the 
survivors and non-survivors at any measured point before and 
7 days after the Norwood procedure.

Haemodialysis for AKI

Table 4 shows the comparison of the outcomes of RRT after the 
Norwood procedure in survivors and non-survivors at hospital 
discharge. PD was used in 44 patients (12.4%). The median time 
from the Norwood procedure to PD was 2.0 days (IQR: 0.0–4.0). 
The median duration of PDs was 3.5 days (IQR: 2.0–6.3). Non- 
survivors at hospital discharge were more likely to require PD 
use than survivors at hospital discharge (32.9% vs 7.1%, 
P< 0.001). Continuous RRT was used in 10 patients (2.8%), 7 in 
combination with ECMO. Non-survivors were more likely to 
have RRT than survivors (12.3% vs 0.4%, P< 0.001).

Follow-up data

In 282 hospital survivors, the median follow-up was 6.6 years 
(IQR: 2.4–12.7). The probability of reaching stage 2 (61.0% vs 
79.2%, P< 0.001) or completion of Fontan surgery (44.0% vs 
58.4%, P¼ 0.014) was lower in patients with severe AKI than in 
those without severe AKI. Overall survival after the Norwood 
procedure was significantly lower in patients with AKI compared 

to those without AKI (52.3% vs 73.6% at 5 years, P< 0.001, 
Fig. 2). This survival difference was particularly pronounced in 
the first year after surgery (55.6% vs 79.8% at 1 year), with both 
groups showing relatively stable survival rates thereafter.

Risk factors for severe AKI and in-hospital death

The results of the risk factor analysis are shown in Table 5. Severe 
AKI was found to be an independent predictor of in-hospital mor-
tality (OR¼ 2.3, P¼ 0.010). The hazard ratio for mortality in 
patients with AKI compared to patients without AKI was 2.5 
(P< 0.001) with a MBTTS and 1.9 (P¼ 0.010) with an RVPAC. 
Multivariable analysis identified two independent risk factors for se-
vere AKI after the Norwood procedure: weight <2.5 kg at surgery 
(OR¼ 3.0, P¼ 0.015) and ECMO support (OR¼ 2.2, P¼ 0.013).

DISCUSSION

Incidence of AKI after neonatal cardiac surgery

AKI associated with paediatric cardiac surgery is common with 
an incidence of 14–67%, and at risk for postoperative mortality 
[1–2, 12–14]. Currently, there are no well-established criteria for 
neonatal AKI. A low glomerular filtration rate during the first 
week after birth may not be accompanied by an obvious change 
in serum creatinine level [4]. The definition of AKI after neonatal 
cardiac surgery has not been established, and there are many 
criteria, such as the pRIFLE, AKIN, KDIGO and modified KDIGO 
criteria. Lu et al. [11] demonstrated that the modified KDIGO cri-
teria are the most reliable. Therefore, we adopted the modified 
KDIGO criteria, which are specifically relevant for evaluating re-
nal function in neonates undergoing the Norwood procedure. In 
the present cohort, 28% of the patients experienced severe AKI, 
which is consistent with previous studies [12–14]. However, our 
results also showed that another 26% of the patients were classi-
fied as stage 1 AKI, demonstrating that AKI is a frequent sequela 
after the Norwood procedure.

Figure 1: Serum creatinine change in survivors and non-survivors in patients who developed severe AKI after the Norwood procedure. The mean values and stan-
dard error of the mean for the % change in serum creatinine from the preoperative value at the nine measurement dates are shown.
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Impact of AKI on outcome after the 
Norwood procedure

Many studies demonstrated the negative impact of AKI on out-
comes after paediatric cardiac surgery [1–2, 12–14]. In line with 
these previous reports, our results showed higher in-hospital 
mortality in patients with AKI compared to those without. We 
could also demonstrate that an effective therapy that returns se-
rum creatinine level quickly to the baseline is associated with 
better hospital survival. The long-term outcomes of postopera-
tive AKI in infants and children with congenital heart disease re-
main to be determined. Wong et al. [8] demonstrated that 
severe AKI after stage 1 palliation was an independent risk factor 
for developing severe AKI at stage 2 and was associated with 
prolonged duration of mechanical ventilation following stage 3. 
Our results demonstrated that survival after hospital discharge 
was comparable between patients with and without AKI.

On the other hand, our study highlights the economic impor-
tance of AKI prevention strategies, as the increase in ICU length 
of stay and ECMO use associated with AKI is likely to lead to 
substantial increases in healthcare costs. However, we did not 
investigate the renal function after the hospital discharge. 

Information on the incidence and associated risks for postopera-
tive AKI in HLHS patients from multicentre studies is necessary 
to further understand the long-term burden of severe AKI after 
staged palliation.

Risk factors for the development of AKI

Li et al. [3] demonstrated that CPB time and age were indepen-
dently associated with AKI. This study’s multivariable analysis 
revealed two independent risk factors for AKI: low weight at 
Norwood (<2.5 kg) and ECMO support. These risk factors sug-
gests that low body weight and haemodynamic instability might 
be strongly associated with the development of postopera-
tive AKI.

Prevention and treatment of AKI

Prevention of AKI during and after the Norwood procedure is the 
most important issue. Rajagopal et al. [15] reported that simulta-
neous brain and visceral perfusion during neonatal aortic arch re-
construction reduced the incidence of AKI. Hammel et al. [16] 

Table 4: Outcomes of haemodialysis for AKI

Variables: N (%) or median (IQR) Total Survivors Non-survivors P-value

Number of patients 355 282 (79.4) 73 (20.6)
Peritoneal dialysis

PD 44 (12.4) 20 (7.1) 24 (32.9) <0.001
Time to PD from the Norwood (days) 2.0 (0.0–4.0) 1.0 (0.0–3.0) 3.0 (1.0–6.0) 0.083
Durations of PD (days) 3.5 (2.0–6.3) 3.0 (1.0–5.0) 4.0 (2.0–11.0) 0.066

Renal replacement therapy
RRT 10 (2.8) 1 (0.4) 9 (12.3) <0.001
RRTþECMO 7 (2.0) 0 (0.0) 7 (9.6) <0.001

Bold indicates P < 0.05.

Figure 2: Overall survival after the Norwood procedure by AKI status.
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further demonstrated that descending aortic cannulation (DAC) sig-
nificantly decreased the AKI incidence compared to conventional 
selective cerebral perfusion (SCP) (5% vs 31%). The benefits of DAC 
were further validated by Kulyabin et al.’s [17] comprehensive 
study, which showed that DAC not only reduced the number of 
patients requiring RRT but also lowered the risk of AKI (OR: 0.91, 
CI: 0.84–0.98) without increasing mortality rates (7.1% in DAC 
group vs 11.4% in SCP group). While peripheral cannulation 
through femoral or umbilical arteries has been proposed as an al-
ternative approach, DAC offers superior advantages, including sig-
nificantly lower flow resistance, the ability to maintain stable 
perfusion for extended periods and flexibility in surgical timing 
without compromising end-organ protection [16]. These collective 
findings consistently demonstrate the effectiveness of DAC in pre-
serving renal function during neonatal aortic arch reconstruction. 
As for the shunt type, this study demonstrated no significant differ-
ence in the incidence of AKI after the Norwood procedure be-
tween MBTTS and RVPAC. As a perioperative management 
strategy, it is essential to provide adequate fluid therapy and appro-
priate catecholamine administration, monitor renal perfusion pres-
sure and identify high-risk patients (low body weight, long duration 
of CPB) early. The development of standardized protocols that in-
corporate such a comprehensive approach is expected to minimize 
the risk of postoperative AKI.

Neonatal cardiac surgery-associated AKI and long- 
term renal outcomes

The relationship between cardiac surgery-associated AKI (CS- 
AKI) and chronic kidney disease (CKD) after neonatal cardiac 
surgery remains controversial. While Madsen et al. [18] demon-
strated that CS-AKI increased CKD risk 3.8-fold over 5 years, 
studies by Greenberg and Huynh found no significant associa-
tion [19, 20]. However, all three studies reported high rates of 
CKD and hypertension (17–30%) regardless of CS-AKI status, 
suggesting the involvement of multiple contributing factors such 
as CPB and chronic hypoxaemia. Therefore, long-term renal 
monitoring is essential for all post-cardiac surgery neonates.

Study limitations

Limitations of this study include its single-centre, retrospective 
design. A total of seven surgeons operated Norwood procedures 
during the study periods, which may lead to a bias. Despite find-
ing no significant difference in AKI incidence between shunt 
types, the heterogeneity in surgical approach and shunt selec-
tion could have influenced postoperative organ perfusion pat-
terns. A more standardized approach to surgical technique and 
shunt selection in future studies would help better isolate the 
specific impact of these variables on renal outcomes. The inabil-
ity to assess urine output in the early postoperative period due 
to fluid shifts was a study limitation. While serum creatinine was 
used as the primary marker for AKI, we acknowledge its limita-
tions in neonates due to maternal influence and immature mus-
cle mass. We did not measure several important variables 
including intraoperative and postoperative renal near-infrared 
spectroscopy, flow through the femoral or umbilical artery cath-
eters, hepatic enzyme concentrations and urinary biomarkers 
such as neutrophil gelatinase-associated lipocalin and kidney in-
jury molecule-1 that could enable earlier AKI detection. To ad-
dress these limitations, we plan to conduct a multicentre study 
and begin collecting urinary biomarkers in our prospective co-
hort. Additionally, future studies should incorporate muscle 
mass-independent markers such as cystatin C and focus on 
long-term outcomes, including renal function, quality of life and 
late complications in survivors of Norwood procedure 
with severe AKI.

CONCLUSION

Postoperative severe AKI was observed in 28% of the patients af-
ter the neonatal Norwood procedure and was associated with 
in-hospital death and lower survival. Body weight less than 
2.5 kg at the Norwood procedure and the need for ECMO sup-
port are risks for the development of severe AKI. The incidence 
of AKI was comparable between the patients with an MBTTS 
and those with an RVPAC.

Table 5: Risk factors for hospital death and severe AKI

Risk factors for hospital death

Variables Univariable Multivariable

Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Weight at Norwood <2.5 kg 4.4 1.81–10.53 0.001 3.6 1.27–10.01 0.016
CPB time >150 min 2.0 1.21–3.44 0.007
ECMO support 16.2 8.18–31.99 <0.001 14.2 6.91–29.12 <0.001
Severe AKI 3.1 1.80–5.26 <0.001 2.3 1.23–4.34 0.010

Risk factors for severe AKI

Variables Univariable Multivariable

Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Weight at Norwood <2.5 kg 3.3 1.39–8.00 0.007 3.0 1.23–7.33 0.015
CPB time >150 min 1.6 1.01–2.62 0.044
ECMO support 2.6 1.40–4.68 0.002 2.2 1.19–4.15 0.013

Bold indicates P < 0.05.
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