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Relationship between intra-operative urine output and
postoperative acute kidney injury in paediatric

cardiac surgery

A retrospective observational study

Dongyun Bie, Yinan Li, Hongbai Wang, Qiao Liu, Dou Dou, Yuan lJia, Su Yuan, Qi Li,

Jianhui Wang™ and Fuxia Yan*

BACKGROUND Intra-operative urine output (UO) has been
shown to predict postoperative acute kidney injury (AKI) in
adults; however, its significance in children undergoing
cardiac surgery remains unknown.

OBJECTIVE To explore the association between intra-oper-
ative UO and postoperative AKI in children with congenital
heart disease.

DESIGN A retrospective observational study.
SETTING A tertiary hospital.

PATIENTS Children aged >28days and <6years who
underwent cardiac surgery at Fuwai Hospital from 1 April
2022 to 30 August 2022.

MAIN OUTCOME MEASURES AKI was identified by the
highest serum creatinine value within postoperative 7 days
using Kidney Disease Improving Global Outcomes (KDIGO)
criteria.

RESULTS In total, 1184 children were included. The inci-
dence of AKl was 23.1% (273/1184), of which 17.7% (209/
1184) were stage 1, 4.2% (50/1184) were stage 2, and
others were stage 3 (1.2%, 14/1184). Intra-operative UO
was calculated by dividing the total intra-operative urine

volume by the duration of surgery and the actual body weight
measured before surgery. There was no significant differ-
ence in median [IQR] intra-operative UO between the AKI
and non-AKI groups (2.6 [1.4 to 5.4] and 2.7 [1.4 to 4.9],
respectively, P=0.791), and multivariate logistic regression
analyses showed that intra-operative UO was not associated
with postoperative AKI [adjusted odds ratio (OR) 0.971;
95% confidence interval (Cl), 0.930 to 1.014; P=0.182].
Regarding the clinical importance of severe forms of AKI, we
further explored the association between intra-operative UO
and postoperative moderate-to-severe AKI (adjusted OR
0.914; 95% CI, 0.838 to 0.998; P=0.046).

CONCLUSIONS Intra-operative UO was not associated with
postoperative AKI during paediatric cardiac surgery. Howev-
er, we found a significant association between UO and
postoperative moderate-to-severe AKI. This suggests that
reductions in intra-operative urine output below a specific
threshold may be associated with postoperative renal dys-
function.
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KEY POINTS

e The relationship between intra-operative urine
output (UO) and postoperative acute kidney inju-
ry (AKI) in children with congenital heart disease
remains unclear.

e This study demonstrated a significant association
between intra-operative UO and moderate-to-se-
vere AKI in children following surgery for con-
genital heart disease.

e Monitoring intra-operative UO may prevent mod-
erate-to-severe AKI if kidney protective measures
are followed.

Introduction

Acute kidney injury (AKI) is a common complication
after paediatric cardiac surgery and has a significant
association with worse short and long-term outcomes,
such as increased in-hospital mortality, prolonged hospi-
tal and intensive care unit stay, and chronic kidney
disease.l2 Owing to different types of surgery and varied
diagnostic criteria, the reported incidence of postopera-

tive AKI in paediatric cardiac surgery ranges from 9% to
50%.34

Serum creatinine (SCr) and urine output (UO) are rep-
resentative indicators both for the diagnosis and for
assessment of the treatment effect of AKIL.5> However,
isolated and notable SCr changes often lag slightly be-
hind renal impairment, which might delay both the
detection and therapy of AKI. Therefore, timely identi-
fication of reliable markers is essential for preventing
postoperative AKI, and this has become a popular topic in
recent years.® As a crucial indicator of renal perfusion,
reduced UO is believed to be attributed to systemic
hypovolaemia or sustained hypoperfusion of the kidneys.
Intra-operative UO predicts postoperative AKI in adults
undergoing cardiac’ and noncardiac procedures.8?

Congenital heart disease is a major cause of hospital-
acquired AKI and accounts for 19% of cases approxi-
mately.!® Following cardiopulmonary bypass (CPB)
surgery for congenital heart disease, children often expe-
rience abnormal blood flow patterns, renal ischaemia-
reperfusion injury, and systemic inflammatory response,
both due to the primary cardiac defect and the surgical
intervention, resulting in a high risk of new-onset post-
operative AKIL.'-12 Evidence from previous studies in
children on the association between intra-operative UO
and postoperative AKI under conditions of disturbed
haemodynamic status remains unclear. Therefore, we
hypothesised that intra-operative UO would have a sig-
nificant association with postoperative renal injury in
children undergoing congenital heart surgery. This study
aimed to explore the association between intra-operative
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UO and postoperative AKI in children after surgery for
congenital cardiac defects.

Methods

Ethics statements

Ethical approval for this study was provided by the
Ethical Committee of Fuwai Hospital, Beijing, China
on 3 March 2022 (ethical approval number: 2021-1607).
The data used in this retrospective study were obtained
from a trial registered with Clinicaltrials.gov (Clinical-
trials.gov identifier: NCT05489263; A Predictive Score
System for AKI Following Paediatric Cardiac Surgery),
and written informed consent was obtained from all
participants and/or their legal representatives before en-
rolment. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology
reporting guideline for observational studies.

Study design and population

This retrospective observational study used a prospec-
tively collected peri-operative clinical dataset. We in-
cluded infants and children aged >28 days and <6 years
who underwent surgical repair of congenital cardiac dis-
ease with CPB between 1 April 2022 and 30 August 2022
at Fuwai Hospital. We excluded patients if they had
chronic renal disease, defined as preoperative estimated
glomerular filtration rate of <60 mlmin—' 1.73 m~? or
requiring dialysis;!® had unavailable preoperative SCr
and postoperative SCr values within postoperative day
(POD) 7; had off-pump surgery; did not have intra-
operative UO records; and were re-explored within 7 days
after surgery. For patients who underwent multiple
admissions for cardiac surgery during the study period,
only the first admission was considered.

Data collection

All data were obtained from a dataset in which peri-
operative clinical data were prospectively collected from
the electronic medical records. Personal and clinical
characteristics, laboratory biomarkers, intra-operative in-
formation, and postoperative data were recorded in real-
time by caregivers.

Personal characteristics included age at surgery, sex, weight,
and gestational age. Preoperative variables that may be
associated with postoperative AKI were selected according
to previous reports and clinical knowledge,!# including the
Risk Stratification for Congenital Heart Surgery
(RACHS-1) score, previous cardiac surgery history, left
ventricular ejection fraction, laboratory test results [hae-
moglobin (Hb) concentration and SCr], mean arterial
pressure (MAP), and diuretic administration. Surgical
variables included CPB duration, aortic cross-clamping
(ACC) duration, lowest core temperature during CPB,
blood transfusion, intravenous fluid administration, furo-
semide use, furosemide dose, blood loss, UO, lowest Hb
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level during surgery, Hb level after CPB, modified ultra-
fileration and vasoactive-inotropic score (VIS).

Intra-operative UO was routinely recorded by the anaes-
thetic team. The average intra-operative UO was retro-
spectively calculated as the UO per body weight of the
patient per hour (mlkg='h~=1), and was arrived at by
dividing the total intra-operative urine volume by the
duration of surgery and the actual body weight measured
before surgery. Additionally, the intravenous fluid admin-
istration volume and blood loss were adjusted for body
weight. Duration of surgery was from anaesthesia induc-
tion to the end of wound closure, and SCr concentrations
were measured daily during the intensive care unit
(ICU) stay.

Outcomes

The highest SCr value within POD 7 was used with the
KDIGO criteria to identify AKI (Table 1).15 For all
analyses, we used moderate-to-severe AKI, defined as
stages 2 to 3. The most recent preoperative SCr value was
used as the baseline value.

Statistical analysis

We explored the relationship between intra-operative
UO and any AKI (stages 1 to 3) using multivariate logistic
regression analysis, where missing values were imputed
using median or mode, as appropriate. Continuous vari-
ables are presented as mean £ SD or median [IQR].
Categorical variables are computed as frequency and
proportion. Continuous variables were compared using
the Student’s 7-test, Mann—Whitney U-test, or Kruskal—
Wallis test, and categorical variables were compared
using the x? or Fisher exact test. Variables with a P-value
of <0.2 in the univariate analysis or clinically relevant
variables were included in an enter selection multivariate
logistic regression model with intra-operative UO. We
included only one factor if two factors were correlated (i.
e. variance inflation factor of >5) to avoid collinearity.!°
The effect size was quantified using the adjusted OR and
95% CI.

Given that the severe form of AKI has a significant
association with morbidity and mortality!” and that pe-
ri-operative mild AKI may not be of clinical importance, 8
we further explored the potential association between
intra-operative UO and severe postoperative forms of
AKI in posthoc analysis. Owing to the low incidence of
moderate and severe AKI in this cohort, we grouped

moderate-to-severe AKI (stages 2 and 3) together for
multivariate logistic regression analyses and adjusted
for both statistically and clinically relevant variables.
Patients with non-AKI and mild AKI were also compared
to determine the association between UO and mild
postoperative AKI.

We used SPSS software (version 25.0; SPSS, Chicago, 1L,
USA) and R software (version 4.2.0; R Foundation for
Statistical Computing, Vienna, Austria) to perform statis-
tical analyses. A P-value of <0.05 was considered
statistically significant.

Results

Of the 1895 children who underwent congenital heart
surgery during the study period in our hospital, 1184 were
included in the final analysis (Fig. 1). The baseline,
preoperative, intra-operative, and postoperative charac-
teristics are summarised in Table 2 for the whole group,
and for patients who did and did not develop AKI. The
overall median [IQR] age was 22.3 [8.4 to 43.5] months,
and the intra-operative UO was 2.7 [1.4 to 5.0] ml kg~!
h=1. Approximately 42% of children were designated as
having a RACHS-1 score of >3. The incidence of post-
operative AKI on POD 7 was 23.1% (273/1184), and
moderate-to-severe AKI occurred in 64 patients (5.4%)
(Table 3).

In univariate analysis, the AKI group was significantly
younger; had lower preoperative MAP, SCr, and Hb
values; and a higher proportion of diuretic use than the
non-AKI group. Additionally, compared with the non-AKI
group, the AKI group was more likely to have complex
cardiac procedures (RACHS-1 score of >3), longer CPB
and aortic cross-clamp durations, more intra-operative
blood loss, and a higher VIS. The AKI group was more
likely to undergo modified ultrafiltration and blood trans-
fusion, have a higher volume of fluid administration per
body weight, and receive more furosemide intra-opera-
tively than the non-AKI group (all P<0.05, Table 2).
There was no significant statistical difference in intra-
operative UO between the AKI and non-AKI groups
(2.6 [14 to 5.4] and 2.7 [1.4 to 4.9], respectively;
P=0.791). To account for baseline and peri-operative
differences, multivariate logistic regression analysis was
used to adjust for potential confounders with a P-value of
<0.2 and clinically relevant variables in univariate
analysis including sex, age, gestation weeks, baseline
serum creatinine, RACHS-1 >3, MAP, preoperative

Table 1 Acute kidney injury definition according to Kidney Disease Improving Global Outcomes
Stage Serum creatinine Urine output
1 1.5 to 1.9 times baseline or >0.3mg d~' (>26.5 prmol I=") increase <0.5 ml kg"h’1 for6to 12 h
2 2.0 to 2.9 times baseline <05 mlkg '"h " for >12 h
3 3.0 times baseline or increase in serum creatinine to >4.0mg dI~" (>353.6 pmol <0.3 ml kg~ '"h™" for >24 h or anuria for >12 h

I") or a initiation of renal replacement therapy or in patients <18 years a

decrease in eGFR to <35 ml min~' 1.73"m~?
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Fig. 1 Flow chart. AKI, acute kidney injury.

1895 Cardiac patients <18 years
Fuwai Hospital . Beijing China
4/1/2022 to 8/30/2022

L

711 Excluded:

26 pre-operative serum creatinine missing
79 intra-operative urine output missing

3 congenital renal malformations

80 known chronic kidney disease, defined as pre-operative estimated glomerular
filtration rate of less than 60 ml min~' 1.73 m=2 or requiring dialysis

38 surgical procedures during the first 7 postoperative days
119 off-pump procedure

16 aged less than 28 days
350 aged more than 6 years

1184 Eligible procedures

y

y

y

y

Non AKI n =911

AKI (stage 1) n =209

AKl(stage 2) n =50

AKl(stage 3) n =14

INGERRET))

Table 2 Baseline and peri-operative characteristics of patients with and without acute kidney injury

Non-AKI (n=911)

AKI (n=273)

P-value

Baseline characteristics

Female 569 (48.1) 449 (49.3) 120 (44.0) 0.14
Age at surgery (months) 22.3 [8.4 to 43.5] 29.2 [10.7 to 47.8] 9.2 [4.7 to 24.9] <0.001
Weight (kg) 11.7+5.0 125+5.0 9.1+4.1 <0.001
Gestational age (weeks) 39 [38 to 40] 39 [38 to 40] 39 [37 to 40] 0.059
Preoperative data
Previous cardiac surgery 58 (4.9) 46 (5.0) 12 (4.4) 0.78
RACHS-1 >3 499 (42.1) 367 (40.2) 132 (48.3) 0.018
LVEF (%) 69 [65 to 73] 69 [65 to 73] 69 [65 to 72] 0.319
MAP(mmHg) 67 [63 to 70] 68 [64 to 71] 65 [63 to 69] <0.001
Serum creatinine (mol 17') 28 [22 to 34] 29 [283 to 36] 23 [19 to 29] <0.001
Haemoglobin (g dI™") 12 [11.2 to 12.8] 12.2 [11.4 t0 12.9] 11.5 [10.6 to 12.3] <0.001
Use of diuretics 93 (7.9) 63 (6.9) 30 (11.0) 0.039
Intra-operative data
CPB duration (min) 71 [48 to 99] 68 [47 to 94] 80 [65 to 122] <0.001
ACC duration (min) 44 [27 to 67] 42 [26 to 63] 49 [32 to 77] <0.001
Blood transfusion 78 (6.6) 52 (5.7) 26 (9.5) 0.037
Fluid administration (ml kg™") 5.2 [3.5 t07.9] 4.7 [3.3 to 7.4] 6.9 [4.6 to 9.8] <0.001
Urine output (ml kg~ 'h™") 2.7 [1.4 to 5.0] 2.7 [1.4 to 4.9] 2.6 [1.4 to 5.4] 0.791
Use of furosemide 923 (78.0) 704 (77.8) 219 (80.2) 0.344
Furosemide dose (mg kg’1) 0.4 [0.2 to 0.6] 0.4 [0.2 to 0.5] 0.5 [0.3 to 0.8] <0.001
Blood loss (ml kg") 1.3 [1.0 to 1.8] 1.2 [0.9 to 1.7] 1.5 [1.2 to 2.1] <0.001
Vasoactive-inotropic score 12 [6 to13] 12 [6 to 12] 12 [11 to 16] <0.001
Haemoglobin after CPB (g dI™") 8.8 [8.2 t0 9.7] 8.8 [8.2 t0 9.7] 8.9 [8.1 to 9.6] 0.94
Lowest Haemoglobin (g dl b 9.3 [8.7 to 9.6] 9.3 [8.7 to 9.7] 9.3 [8.7 to 9.6] 0.926
Lowest core temperature during CPB (°C) 32.9 [31.4 to 33.9] 33.1 [31.7 t034.2] 32.0 [30.8 to 33.2] <0.001
Modified ultrafiltration 990 (83.6) 737 (80.9) 253 (92.7) <0.001
Postoperative outcomes
Length of MV (h) 3 [0 to 6] 3 [0 to 5] 40 to 19] <0.001
Length of ICU stay (days) 2 [1to 4] 2 [1to 3] 3 [1 to 5] <0.001
Length of hospital stay (days) 6 [5 to 9] 6 [5 to 8] 7 [6to 10] <0.001

Data are given as n (%), median [IQR] and mean + SD as appropriate. ACC, aortic cross-clamp; CPB, cardiopulmonary bypass; ICU, intensive care unit; LVEF, left
ventricular ejection fractions; MAP, mean arterial pressure; MV, mechanical ventilation; RACHS-1, risk adjustment in congenital heart surgery-1 method.
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Table 3 Baseline and peri-operative characteristics of patients with and without different stages of acute kidney injury

Non-AKI (n=911)

Baseline characteristics

Female 449 (49.3)
Age at surgery (months) 29.2 [10.7 to 47.8]
Weight (kg) 125+5.0

Gestational age (weeks) 39 [38 to 40]

Preoperative data

Previous cardiac surgery 46 (5.0)
RACHS-1>=3 367 (40.2)
LVEF (%) 69 [65 to 73]
MAP(mmHg) 68 [64 to 71]

29 [23 to 36]
12.2 [11.4 to 12.9]
63 (6.9)

Serum creatinine (mol 17')
Haemoglobin (g di~")

Use of diuretics
tra-operative data

CPB duration (min)

ACC duration (min)

=3

68 [47 to 94]
42 [26 to 63]

Blood transfusion 52 (5.7)
Fluid administration (ml kg~") 4.7 [3.3 to 7.4]
Urine output (ml kg~ 'h™") 2.7 [1.4 to 4.9]
Use of furosemide 704 (77.3)
Furosemide dose (mg kg’1) 0.4 [0.2 to 0.5]
Blood loss (ml kg-") 1.2 [0.9 to 1.7]
Vasoactive-inotropic score 12 [6 to 12]
Haemoglobin after CPB (g di™") 8.8 [8.2 to 9.7]
Lowest haemoglobin (g di=") 9.3 [8.7 to 9.7]
Lowest core temperature during CPB (°C) 33.1[31.7 t034.2]
Modified ultrafiltration 737 (80.9)
Postoperative outcomes
Length of MV (h) 3 [0 to 5]
Length of ICU stay (days) 2 [1to 3]
Length of hospital stay (days) 6 [5 to 8]

Mild AKI (n =209) Moderate to severe AKI (n = 64) P-value
94 (45.0) 26 (40.6) 0.251
11.2 [6.6 to 27.5] 5.7 [3.8 to 12.3] <0.001
9.7+4.2 7.3+3.0 <0.001
39 [38 to 40] 38 [37 to 40] 0.140
10 (4.8) 2 (3.1) 0.786
98 (46.9) 34 (53.1) 0.041
68 [65 to 72] 70 [65 to 72] 0.572
66 [63 to 70] 64 [62 to 67] <0.001
24 [19 to 30] 20 [17 to 22] <0.001
11.6 [10.8 to 12.3] 11.2 [10.2 to 12.3] <0.001
21 (10.0) 9 (14.1) 0.052
76 [63 to 122] 103 [69 to 145] <0.001
47 [29 to 70] 61 [45 to 95] <0.001
17 (8.1) 9 (14.1) 0.021
6.6 [4.3 to 8.9] 8.2 [5.6 to 10.9] <0.001
2.7 [1.3 to 5.2] 2.4 [1.5 to 5.5] 0.964
165 (78.9) 54 (84.4) 0.387
0.5 [0.3 to 0.7] 0.7 [0.4 to 0.9] <0.001
1.4 [1.1 to 1.9] 2.1 [1.5 to 2.6] <0.001
12 [10 to 16] 12 [12 to 16] <0.001
9.0 [8.1 t0 9.7] 8.8 [7.9 to 9.5] 0.324
9.3 [8.7 to 9.6] 9.2 [8.8 to 9.5] 0.005
32.0 [30.9 to 33.4] 31.2 [30.2 to 32.1] <0.001
193 (92.3) 60 (93.8) <0.001
4[0to12] 7 [0 to 65] <0.001
2 [1 to 4] 4 [2to 11] <0.001
7 [5 to 9] 9 [6 to 13] <0.001

Data are given as n (%), median [IQR] or mean + SD as appropriate. ACC, aortic cross-clamp; CPB, cardiopulmonary bypass; ICU, intensive care unit; LVEF, left
ventricular ejection fractions; MAP, mean arterial pressure; MV, mechanical ventilation; RACHS-1, risk adjustment in congenital heart surgery-1 method.

diuretic use, cardiac surgery history, haemoglobin, aortic
cross-clamp duration, intra-operative furosemide dose,
blood loss, fluid administration, blood transfusion, the
lowest core temperature during CPB, modified ultrafiltra-
tion and vasoactive-inotropic score. We still did not find a
statistically significant association between intra-operative
UO and postoperative AKI stage (adjusted OR, 0.971;95%
CI, 0.930 to 1.014; P=0.182) (Table 4).

The distribution of intra-operative UO according to AKI
severity is shown in Fig. 2. It showed a slightly reducing
trend that was somewhat consistent with the UO diag-
nostic criteria of AKI: less UO is associated with worse
kidney function.!> In the posthoc analysis, we did not find
a significant association between UO and mild AKI
(adjusted OR, 0.986; 95% CI, 0942 to 1.033;
P=0.551). We further examined the relationship be-
tween intra-operative UO and the severe form of post-
operative AKI in patients without AKI and those with
moderate-to-severe AKI. Baseline and peri-operative
variables are presented in Table 3. The median intra-
operative UO of patients with moderate-to-severe AKI
was less than that in those without AKI (2.4 [1.5 to 5.5]
and 2.7 [1.4 to 4.9] ml kg=' h—! respectively). After
adjusting for both statistically and clinically relevant
factors including age, baseline serum creatinine,

RACHS-1 >3, MAP, aortic cross-clamp duration, intra-
operative furosemide dose, blood loss, fluid administra-
tion, blood transfusion, the lowest core temperature
during CPB, vasoactive-inotropic score and modified
ultrafiltration, we found a significant association between
intra-operative  UO and postoperative moderate-to-
severe AKl(adjusted OR, 0.914; 95% CI, 0.838 to
0.998; P=0.046). The results of the multivariate logistic
regression analysis are presented in Table 4.

Discussion

In this study, we evaluated the relationship between
intra-operative UO and postoperative AKI in children
who underwent surgery for congenital cardiac disorders.
The overall incidence of AKI was 23.1%. Consistent with
previous studies, our study showed that patients with AKI
had worse clinical outcomes, longer mechanical ventila-
tion times, longer ICU stays, and longer hospital stays
than those without AKI. The main finding was that intra-
operative UO was not associated with postoperative AKI.
In the posthoc analyses of the non-AKI and moderate-to-
severe AKI groups, we found a significant association
between intra-operative UO and stage 2/3 AKI.

Since no widely available therapeutic strategies have
been identified for patients with AKI, early recognition

Eur J Anaesthesiol 2024; 41:881-888
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Table 4 Association between intra-operative urine output and postoperative acute kidney injury

Adjusted OR

Any stage AKI (non vs. Stage 1.2.3) 0.971
Mild AKI (non vs. Stage 1) 0.986
Moderate to severe AKI (non vs. Stage 2.3) 0.914

95% CI P-value
0.930 to 1.014 0.182
0.942 to 1.033 0.551
0.838 to 0.998 0.046

The estimated ORs were obtained from multivariate logistic regression models. AKI, acute kidney injury; Cl, confidence interval; OR, odds ratio.

of the potential risk factors for postoperative AKI is
necessary. As an early marker of renal injury, UO has
been included in all the AKI diagnostic criteria.!® Studies
concerning intra-operative oliguria and postoperative
AKI in cardiac surgery are rare, especially in children.
We explored this relationship in children undergoing
congenital heart surgery, and the results of our study
were partly consistent with the studies above. The intra-
operative UO in the moderate-to-severe AKI group was
lower than that in the non-AKI group, and there was a
significant relationship between lower intra-operative
UO and postoperative moderate-to-severe AKI (Table 4).

During cardiac surgery, a reduced intra-operative UO is
probably an early indication of compromised renal func-
tion. Non-pulsatile flow during cardiopulmonary by-
pass, systemic inflammation, and release of free Hb
may induce microcirculatory dysfunction and endothe-
lial dysfunction with capillary leakage and impaired
glomerular filtration rate.29 Additionally, reduced intra-
vascular flow or sustained general hypoperfusion
may cause a reduction in renal perfusion and result
in decreased filtration load, potentially contributing
to postoperative renal impairment and other adverse
outcomes.?!-23 Hence, patients with decreased intra-

operative UO may be more likely to progress to postop-
erative AKI than those without.

We did not find an association between intra-operative
UO and AKI postoperatively. However, we did find a
significant association when directly comparing non-AKI
and severe forms of AKI (stage 2/3) groups. Our data
showed a slightly decreasing trend in UO according to the
AKT stage (Fig. 2). We think this is not a chance finding; it
is consistent with the diagnostic criteria of AKI in terms of
UO.'* Maybe only when intra-operative UO falls below a
specific threshold does it reveal its true relationship with
postoperative renal dysfunction. However, our study
sample size was much smaller than those of other studies
that have investigated intra-operative UO and postoper-
ative AKI,3924 and we did not obtain a clinical oliguria
threshold according to our sample size. Additionally, in
our study, the intra-operative UO in patients with mild
AKI (2.7 [1.3 to 5.2] ml kg=! h—!) was similar to those
without AKI (2.7 [1.4 to 4.9] ml kg—! h—1). Children who
developed mild AKI account for a large portion of
patients with postoperative AKI, and the proportion is
approximately 77% (209/273). Thus, the significant
association between intra-operative UO and postopera-
tive renal dysfunction may be masked by mild AKI.

Fig. 2 Distribution of intra-operative UO according to the AKI stages; AKI, acute kidney injury; UO, urine output.
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Furthermore, although previous studies in adults who
had undergone cardiac surgery showed that a mild in-
crease in SCr was associated with adverse outcomes,2>
mild AKI was not found to be related to short- or long-
term adverse outcomes, such as the duration of hospita-
lisation or long-term renal dysfunction.!82¢ In our study,
we used the SCr criteria of KDIGO to diagnose AKI.
However, children have lower normal baseline SCr
values than adults, so the definition of AKI based on
the percentage change in creatinine may lead to the
misclassification of children without biologically signifi-
cant kidney injury as having mild AKI, thus influencing
the relationship between potential risk factors and renal
injury.?” This may partly explain why when we directly
compared non-AKI and severe forms of AKI for analysis, a
significant association between reduced intra-operative
UO and postoperative moderate-to-severe AKI was
found. Further large-sample size studies are warranted
to explore the statistical differences in intra-operative
UO between non-AKI and any stage AKI groups.

Various underlying physiological processes lead to the
clinical signs of reduced UO and oliguria, including
different fluid administration strategies, haemodynamic
changes, and surgical insults during cardiac surgery.28
Previous studies have reported a close relationship be-
tween restricted fluid administration and intra-operative
reduced UO and adverse outcomes. Those who received
restrictive fluid therapy were more likely to have a lower
UO than those who received liberal infusion regi-
mens.?%30 Preoperative fasting and other fluid deficits
resulting from vasodilation and haemorrhage may also
influence intra-operative UQO. Additionally, reduced
clearance and slower distribution of intra-operative fluids
during general anaesthesia result in intra-operative oli-
guria.'* Intravascular hypovolaemia, prolonged hypoten-
sion, reduced perfusion of the kidneys, and non-renal
causes such as the release of antidiuretic hormone in
response to pain, may also contribute to reduced intra-
operative UO.!2 Non-pulsatile flow during the process of
CPB may induce renal vasoconstriction and redistribu-
tion of blood flow away from the kidneys.3! In our study,
there were significant differences in the variables mea-
suring peri-operative fluid status between the AKI and
non-AKI groups. We controlled for intra-operative fluid
administration and blood loss as potential confounders to
minimise the influence of input and output fluid on intra-
operative UQO. Patients who developed postoperative
moderate-to-severe AKI had less UO than patients with-
out AKI (2.4 [1.5 to 5.5] and 2.7 [1.4 to 4.9] ml kg=' h—1,
respectively) even if they received more fluid intra-op-
eratively (8.2 [5.6 to 10.9] and 4.7 [3.3 to 7.4] ml kg1,

respectively).

In our study, furosemide was routinely given (923/1184,
78.0%) during the process of CPB. Furosemide is a potent
diuretic acting on the sodium-potassium-chloride co-
transporter at the intraluminal side of the ascending limb

of the loop of Henle, and it is used to promote UQO.32
When properly used in fluid overload, furosemide may
resolve intra-renal congestion, reduce renal oxygen con-
sumption, and protect against renal injury.33 At our
centre, a small dose of furosemide (<5mg) was given
to children during the process of CPB as an approach to
avoid oligo-anuria or fluid retention during procedures for
congenital heart disease.?* Since it would directly affect
the intra-operative UO measurement and potential post-
operative kidney function, we adjusted for preoperative
and intra-operative diuretic use as confounding factors to
minimise their influence. Additionally, a large proportion
of patients (990/1184, 83.6%) received modified ultrafil-
tration after weaning from CPB. The process of ultrafiltra-
tion can effectively remove excess water in the body,
concentrate blood cells, restore body fluid balance, clear
some inflammatory mediators, improve the function of
organs after surgery, and improve the clinical effect of
cardiac surgery with cardiopulmonary bypass.35-3¢ Ultrafil-
tration can affect intra-operative UO by directly influenc-
ing the intra-operative volume status and haemodynamic
status.3” We also adjusted modified ultrafiltration use as
a confounder.

Our data from paediatric cardiac surgery patients that
reflects real clinical conditions show that reduced intra-
operative UO was associated with postoperative moder-
ate-to-severe AKI after controlling for the above clinically
sensitive risk factors. Our results further increase aware-
ness of reduced intra-operative UO as an important sign
of postoperative renal injury in daily practice. However,
the number of severe AKI cases are limited and may be
insufficient to provide a robust conclusion in posthoc
analyses. It is crucial to demonstrate a significant associ-
ation between intra-operative UO and postoperative re-
nal dysfunction in patients with cardiac defects and
disturbed haemodynamic status. Studies with larger sam-
ple sizes are warranted to determine the oliguria thresh-
old that predicts postoperative AKI in paediatric cardiac
surgery.

Our study had several limitations in addition to its
retrospective design. First, to guarantee a large sample
size, we did not limit the study cohort to special cardiac
defects or surgical procedures, and we included the
targeted age spectrum to <6 years of age. Approximately
half of our children underwent simple cardiac surgery
with a shorter surgical time and more modest kidney
insults than the others (RACHS-1 score of <3; 685/1184,
57.8%). We also excluded neonates owing to their unique
renal physiology, epidemiology and outcomes.?® "This
may partly explain why our incidence of AKI is a little
lower than that reported previously.2¢ Second, the mea-
surement of intra-operative UO was recorded by medical
personnel and extracted from the clinical record, which
may be imprecise. Third, we only used the SCr criteria of
the KDIGO to diagnose AKI; therefore, there may have
been some patients who could have been identified by
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the UQO criteria and were missed. Finally, we were unable
to include all potential confounders in this analysis,
including radiocontrast administration for cardio-angiog-
raphy. However, to our best knowledge, very few chil-
dren have undergone cardiac catheterisation and have
been exposed to radiocontrast. Future studies with larger
sample sizes that account for more possible confounders
or those with prospective designs are warranted.

In conclusion, we did not find a significant association
between intra-operative UO and postoperative AKI
(stages 1 to 3) in children undergoing surgery for congen-
ital cardiac defects. In the posthoc analyses, we found
that reduced intra-operative UO may be correlated with
severe postoperative forms of AKI, and reductions in
intra-operative urine output below a specific threshold
may be associated with post-operative renal dysfunction.
Our results may provide clues for future studies and
insights into better peri-operative management of paedi-
atric cardiac patients. Large prospective multicentre
paediatric studies are warranted to determine the rela-
tionship between intra-operative UO and postoperative
renal dysfunction (Supplemental Tables, http://links.
lww.com/EJA/B9).
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