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Abstract

Background AKI is an important complication post cardiac surgery in children. An early diagnosis can help in mitigating
complications and allow for prognostication. Urinary albumin:creatinine ratio (ACR) as a biomarker can provide a cheaper
and more accessible AKI risk assessment and prediction. There is a paucity of paediatric literature regarding its utility.
Methods This was a prospective observational study, enrolling all children aged 1 month to 18 years, who underwent cardiac
surgery, with use of cardiopulmonary bypass. Cohort was divided into groups <2 years and > 2 years for analyses to account
for differences in physiological albumin excretion with age.

Results Of 143 children enrolled in the study, 36 developed AKI. In both age groups, the post-operative ACR was higher than
pre-operative ACR among patients with and without AKI. In the group aged > 2 years, the highest first post-operative ACR
tertile (>75.8 mg/g) predicted post-operative AKI after adjusting for clinical variables (adjusted RR, 11.71; 1.85-16.59).
In the group aged <2 years, the highest first post-operative ACR tertile (> 141.3 mg/g) predicted post-operative AKI in
unadjusted analysis but not after adjusting for clinical variables (RR, 2.78; 0.70-6.65). For AKI risk prediction, AUC (95%
CI) was highest after combining clinical model and pre-operative ACR for groups aged < 2 years [0.805 (0.713-0.896)] and
> 2 years [0.872 (0.772-0.973)].

Conclusions This study provides evidence for use of albuminuria as a feasible biomarker in AKI prediction in children post
cardiac surgery, especially when added to a clinical model.
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Introduction

Acute kidney injury (AKI) in children following cardiac sur-
gery is common and associated with poor outcomes; it leads
to increase in hospital stay, need for ventilator support, esca-
lation of costs and even mortality [1-4]. The rise of serum
>4 Rupesh Raina creatinine is widely used for defining AKI; however, it often
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or urinary biomarkers is limited due to issues of cost, stand-
ardisation and lack of generalizability and being not yet in
mainstream use. Urinary biomarker albumin:creatinine ratio
(ACR) on the other hand, which is frequently used in assess-
ment of chronic kidney disease, could provide a cheaper,
more familiar and accessible option for AKI assessment [8].

As normal glomerular function limits albumin filtration
and renal tubules are responsible for albumin reclamation,
albuminuria can thus develop in AKI following ischemic
or inflammatory insults to these structures [9, 10]. Various
animal and human clinical studies have identified albuminu-
ria developing in AKI states [9—11]. Studies in adults have
identified pre-existing proteinuria as a risk factor for AKI in
cardiac surgery [12, 13]. There have been limited studies in
the paediatric population assessing albuminuria in AKI [14].
This study was designed to assess pre- and post-operative
albuminuria in children undergoing cardiac surgery with
cardiopulmonary bypass and its ability to predict AKI as
described by KDIGO criteria [15].

Methods
Aim

To assess albuminuria as a predictive marker for AKI in chil-
dren (1 month—18 years) undergoing cardiac surgery using
cardiopulmonary bypass (open cardiac surgery) in both pre-
and post-operative periods.

Study design

This was a prospective, observational study. Children under-
going cardiac surgery with use of cardiopulmonary bypass
at our Paediatric Cardiothoracic unit from October 2017 to
December 2018 were enrolled in this study.

Inclusion criteria

Children between 1 month and 18 years undergoing elective
cardiac surgery were included.

Exclusion criteria

Children with pre-existing kidney dysfunction (baseline
eGFR < 60 mL/min/1.73 m?, structural kidney abnormali-
ties) or post kidney transplant were excluded, as well as
those with incomplete data.

Informed consent was taken from all parents prior to the
inclusion in the study and assent where applicable. This
study was approved by the Research Ethics Board of the
institution.
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Collection of data

All children included in the study were admitted for open
cardiac surgery at our cardiothoracic unit. Demographic
variables including age, gender, weight and length were
recorded prior to operative procedure. Data pertaining to
diagnosis of heart disease, acyanotic/cyanotic heart dis-
ease and prior surgeries was collected. Glomerular filtra-
tion rate was estimated using the revised bedside Schwartz
formula [16]. Urine ACR was measured in the pre-oper-
ative period. Urine was collected via Foley’s catheter
and using a clean catch sample in those without urinary
catheter.

Intraoperative variables such as duration of procedure,
length of cardiopulmonary bypass and aortic cross clamp
times were recorded. RACHS-1 category was assigned
to each child; it is a consensus-based tool which defines
short-term mortality risk in children undergoing surgery
for congenital heart disease based on the type of proce-
dure performed [17]. Post-operatively serum creatinine
was measured daily until ICU stay and 1 day prior to hos-
pital discharge. AKI was defined as per KDIGO definitions
[15]. AKI stage 1 was defined as increase of serum cre-
atinine > 0.3 mg/dL within 48 h or > 1.5- to two-fold from
baseline or urine output <0.5 mL/kg/h for 6-12 h. AKI
stage 2 was defined as a rise of serum creatinine 2.0-2.9
times from baseline or urine output <0.5 mL/kg/h for 12 h.
AKI stage 3 was defined as a rise of serum creatinine 3.0
times from baseline or a rise to>4.0 mg/dL or initiation
of kidney replacement therapy or, in patients < 18 years,
decrease in eGFR to <35 mL/min per 1.73 m? or urine
output <0.3 mL/kg/h for 24 h or anuria for 12 h [15].

Daily and cumulative fluid balances were recorded, as
per the method used by Goldstein et al. [18]. Urine ACR
was measured 6 h post-operatively on day 0, followed by
daily for the next 2 days. Data pertaining to duration of
mechanical ventilator support, use of NSAIDs/nephrotoxic
drugs, duration of hospital stay, development of sepsis,
transaminitis (more than two times the upper limit of
normal), in-hospital mortality and development of low
output cardiac syndrome (symptoms and signs of poor
systemic perfusion such as tachycardia, cold extremities
or development of acidosis such as increase in base defi-
cit>4 or increase in lactate by >?2 mg/dL in consecutive
blood gas analysis; criteria used by Hoffman et al. [19])
were recorded. Haematological complications referred to
development of anaemia and/or thrombocytopenia during
admission. Diuretics and kidney replacement therapy were
provided where required. Urine ACR was measured by an
immunoturbidimetry method using the Architect ci-4100
analyser. Urine creatinine was measured by enzymatic
method (creatinine amidohydrolase). All the analyses
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were conducted separately for children aged <2 years
and > 2 years, as younger children tend to have physiologi-
cal higher urinary albumin excretion which stabilises with
tubular function maturation [14]. For the same reason, due
to the variability in protein and creatinine excretion among
neonates, especially early after birth, it was considered
to exclude this age group from the analysis, as the physi-
ological variations may become a confounding factor in
evaluation.

Statistical analyses

The variables were recorded in Microsoft Excel and sta-
tistical software (SPSS version 22) was used for the statis-
tical analyses. All the variables were tested for normality
using the Kolmogorov—Smirnov test. The outcomes include
AKl incidence (yes vs. no, and stage >?2 vs. stage 1), length
of stay (ICU and hospital) and mortality. The categorical
variables were summarized as frequencies and percentages,
while continuous variables as median and interquartile range
(IQR; 25th to 75th percentiles) for the sake of consistency.
The association between categorical variables was assessed
using the chi-square statistic or Fischer exact test, while
continuous variables with the Mann—Whitney U test or
Kruskal-Wallis test. Generalized linear model was used to
calculate the unadjusted and adjusted relative risks (RRs) of
pre-operative and post-operative day O (first post-operative)
ACR for the prediction of AKI. The pre-operative ACR
was categorized as ACR < 10 mg/g, ACR 10-30 mg/g and
ACR > 30 mg/g, while the first post-operative ACR was cat-
egorized based on its tertile values.

The multivariate clinical model comprised multiple
predictors, such as age (continuous in month for the group
aged <2 years; categorical for the group aged >?2 years: 2
—< 6 vs.>6 years); gender (categorical: male vs. female);
previous cardiac surgeries (categorical: yes vs. no); type
of heart surgery (categorical: cyanotic vs. acyanotic);
RACHS-1 score (categorical: >3 vs. < 3); cardiopulmonary
bypass time (categorical: < 120 vs. > 120 min); pre-operative
creatinine (continuous in mg/dL) and pre-operative esti-
mated glomerular filtration rate (¢GFR; continuous in mL/
min/1.73 m?).

The different diagnostic characteristics (sensitivity,
specificity, positive predictive value and negative predic-
tive value) of pre-operative and first post-operative ACR
threshold values for AKI prediction were conducted. The
area under the receiver operating characteristic curve (AUC;
with 95% confidence interval (95%CI)) was calculated to
determine the ability of clinical model alone, pre-operative
ACR alone, first post-operative ACR alone and combina-
tions of these to discriminate between patients with and
without AKI. A two tailed p value <0.05 was considered to
be statistically significant.

Results
Patient characteristics

The study flow is shown in Supplementary Fig. 1. In
the group aged <2 years, the median (IQR) age was
significantly lower among those with higher ACR level
(ACR <10 mg/g: 12 (-) months vs. ACR 10-30 mg/g: 9
(7.3-12) months vs. ACR > 30 mg/g: 6 (4—12) months;
p <0.05) and the proportion of AKI incidence was sig-
nificantly higher among those with higher ACR level
(ACR <10 mg/g: 0% vs. ACR 10-30 mg/g: 5% vs.
ACR>30 mg/g: 35%; p <0.05). All other variables did not
differ significantly across the three pre-operative ACR lev-
els. Similarly, among the group aged > 2 years, none of the
variables differed significantly across the three pre-opera-
tive ACR levels (Table 1). Out of 143 children, 93 (65%)
were aged <2 years and 50 (35%) were aged >2 years.
Thirty-six children developed AKI; 26 were <2 years and
10 were > 2 years of age. Four children required perito-
neal dialysis. AKI occurred first on mean POD 1.96 (SD
1.34) in children < 2 years and on mean POD 1.5 in chil-
dren > 2 years (SD 0.97).

Association of pre-operative and post-operative
ACR with AKI

In both age groups, the post-operative ACR was much
higher than pre-operative ACR among patients with and
without AKI. A fall in urine ACR was also seen in all age
groups by POD2. In the group aged <2 years, the median
(IQR) ACR was significantly higher among those with
AKI as compared to those without AKI: at pre-operative
(64.5 (41-86.8) vs. 40 (25-55) mg/g; p <0.05), at post-
operative day 0 (153 (98-347.8) vs. 99 (54-142) mg/g;
p <0.05), at post-operative day 1 (283.5 (127-455) vs.
97 (68-164) mg/g; p<0.001) and at post-operative day 2
(197.5 (89-355) vs. 74 (53-122) mg/g; p<0.001). How-
ever, in the group aged > 2 years, the median (IQR) was
significantly higher among those with AKI as compared
to those without AKI only at post-operative day 0 (131.5
(78-362.5) vs. 48 (22-75) mg/g; p <0.05) (Table 2).

In the group aged <2 years, the pre-operative
ACR > 30 mg/g predicted post-operative AKI in unad-
justed analysis (RR 7.29; 95% CI, 1.05-50.68) but not
after adjusting for clinical variables (RR 4.91; 0.7-15.33)
(Table 3). In the group aged >2 years, the pre-operative
ACR > 30 mg/g was not significantly associated with post-
operative AKI. Also, in the group aged <2 years, pre-
operative ACR > 30 mg/g was not significantly associated
with the development of stage >2 AKI. Meanwhile, in the
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Table 1 Patient characteristics by age group and by pre-operative ACR category

Variable <2 years >2 years
ACR <10 mg/g ACR 10-30 mg/g ACR>30 mg/g ACR <10 mg/g ACR 10-30 mg/g ACR>30 mg/g
(n=1) (n=20) (n=172) (n=6) (n=37) (n=17)
Continuous variables
[median (IQR)]
Age (months) 12 () 9 (7.3-12) 6 (4-12)* 66 (45-132) 60 (36-96) 132 (48-168)
Pre-operative cre- 0.3 (-) 0.3 (0.3-0.4) 0.3 (0.3-0.3) 0.4 (0.4-0.5) 0.4 (0.3-0.4) 0.4 (0.3-0.5)
atinine (mg/dL)
Pre-operative GFR 103 (-) 88.5 (76.3-108.8) 85 (74-103) 99 (95.3-115.5) 116 (98-134) 109 (99-126)
(mL/min/1.73
m?)
Duration of opera- 4 (-) 4.5 (4-5) 5(4-5.8) 4.5(2.5-5.3) 5(4-5) 6 (5-6)
tion (h)
CPB time (min) 66 (-) 64 (48.5-71.5) 61 (50.3-79) 52 (30.5-65.5) 57 (45-74) 58 (48-99)
Cumulative fluid —15% (-) —16% (-21t0—-8%) —19%(-27t0o—12%) —5% (—11to—2%) —-9% (- 14 to—6%) —10% (- 18
overload (%) to—5%)
Categorical variables
[n (%)]
Gender (male) 0 (0%) 16 (80%) 47 (65.3%) 2 (33.3%) 24 (64.9%) 5(71.4%)
Type of heart dis- 0 (0%) 7 (35%) 40 (55.6%) 3 (50%) 18 (48.6%) 4 (57.1%)
ease (cyanotic)
Previous cardiac 0 (0%) 1(5%) 1 (1.4%) 1(16.7%) 10 (27%) 1(14.3%)
surgeries (yes)
RACHS-1 score 2(-) 2 (2-2.8) 2 (2-3) 2 (1-2) 2 (2-3) 2 (2-3)
ACC time 1 (100%) 16 (80%) 53 (74.6%) 5 (100%) 26 (81.2%) 5(71.4%)
(< 60 min)
Sepsis (yes) 0 (0%) 6 (30%) 34 (47.2%) 0 (0%) 11 (29.7%) 0 (0%)
Haematological 1 (100%) 4 (20%) 17 (23.6%) 1(16.7%) 1(2.7%) 2 (28.6%)
complications
(yes)
Transaminitis (yes) 0 (0%) 9 (45%) 46 (63.9%) 1(16.7%) 13 (35.1%) 4 (57.1%)
Low cardiac output 0 (0%) 8 (40%) 42 (58.3%) 0 (0%) 17 (45.9%) 4 (57.1%)
syndrome (yes)
AKI (yes) 0 (0%) 1(5%) 25 (34.7%)* 0 (0%) 8 (21.6%) 2 (28.6%)
AKI staging (>2) 0 (0%) 1 (100%) 14 (56%) 0 (0%) 2 (25%) 0 (0%)
AKI recovery (yes) 0 (0%) 0 (0%) 24 (96%) 0 (0%) 7 (87.5%) 2 (100%)
Need for KRT 0 (0%) 1 (100%) 2 (8%) 0 (0%) 1(12.5%) 0(0%)
(yes)
Re-explora- 0 (0%) 1 (5%) 2 (2.8%) 0 (0%) 2 (5.4%) 0 (0%)
tion / 2nd opera-
tion (yes)
Prolonged ventila- 1 (100%) 19 (95%) 56 (77.8%) 6 (100%) 33 (89.2%) 5(71.4%)
tion (yes)
Re-intubation (yes) 0 (0%) 1(5%) 10 (13.9%) 0 (0%) 1. (2.7%) 0(0%)
Nephrotoxic antibi- 1 (100%) 17 (85%) 55 (76.4%) 6 (100%) 29 (78.4%) 5(71.4%)
otics used (yes)
Death (yes) 0 (0%) 1(5%) 1 (1.4%) 0 (0%) 1(2.7%) 0(0%)

GFR, glomerular filtration rate; mg, milligram; dL, decilitre; mL, millilitre; min, minute; m, metre; RACHS, risk adjustment in congenital heart
surgery; CPB, cardiopulmonary bypass; AKI, acute kidney injury; KRT, kidney replacement therapy; ACC, aortic cross clamp; g, gram; ACR,
albumin-to-creatinine ratio; /QR, interquartile range

49 <0.05

group aged > 2 years, it was not possible to calculate the
risk for pre-operative ACR to predict stage >2 AKI due to

low event numbers (Table 3).

In the group aged > 2 years, the highest first post-oper-
ative ACR tertile (>75.8 mg/g) predicted post-operative
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AKI after adjusting for clinical variables (unadjusted RR,
8; 1.48-15.13; adjusted RR 11.71; 1.85-16.59) (Table 4).

In the group aged <2 years, the highest first post-opera-

tive ACR tertile (> 141.3 mg/g) predicted post-operative
AKI in unadjusted analysis (RR 4.52; 1.71-7.67) but not
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Table 2 Comparison of pre-
operative and post-operative

ACR among children with and

without AKI, by age group

ACR <2 years [median (IQR)] mg/g >2 years [median (IQR)] mg/g
Yes (n=26) No (n=67) Yes (n=10) No (n=50)
Pre-operative 64.5 (41-86.8) 40 (25-55)* 17.5 (14.3-31.5) 15 (11.25-20)

POD day 0 153 (98-347.8)
POD day 1 283.5 (127-455)
POD day 2 197.5 (89-355)

99 (54-142)*
97 (68-164)"
74 (53-122)°

131.5 (78-362.5)
189.5 (29.3-396)
170 (25-241)

48 (22-75)*
47.5(23.3-82.3)
30(18.3-73.3)

POD, post-operative day; ACR, albumin-to-creatinine ratio

2 <0.05; ’p <0.001

Table 3 Unadjusted and adjusted RRs for pre-operative ACR to predict post-operative AKI or stage >2 AKI, by age group

Pre-operative ACR  AKI (yes vs. no) Unadjusted RR Adjusted RR (95%  AKI>stage 2 Unadjusted RR Adjusted RR (95%
(95% CI) CI) (95% CI) CI)
<2 years®
No. of events 26 15
ACR<30mg/g 1(4.8%) 1 1 1 (4.8%) 1 1
(n=21)
ACR>30mg/lg 25 (34.7%) 7.29 (1.05-50.68) 4.91 (0.7-15.33) 14 (19.4%) 4.08 (0.57-29.27) 2.03 (0.22-11)
(n=172)
>2 years®
No. of events 10 2
ACR<30mg/g 8(18.6%) 1 1 2 (4.7%) 1 1
(n=43)
ACR>30mg/lg 2(28.6%) 1.54 (0.41-5.79) 1.71 (0.31-4.2) 0 (0%) NA NA
(n=T7)

RR, relative risk; ACR, albumin-to-creatinine ratio; AK/, acute kidney injury; GFR, glomerular filtration rate; RACHS, risk adjustment in con-

genital heart surgery; NA, not applicable

®Adjusted for age (continuous), gender (categorical), creatinine (continuous), GFR (continuous), type of heart surgery (categorical), previous
cardiac surgeries (categorical) and RACHS-1 score >3 versus < 3 (categorical)

“Adjusted for age (categorical; <6 and>6 years), gender (categorical), creatinine (continuous), GFR (continuous), type of heart surgery (cat-
egorical), previous cardiac surgeries (categorical) and RACHS-1 score >3 versus < 3 (categorical)

after adjusting for clinical variables (RR 2.78; 0.70-6.65)
(Table 4). However, in the group aged < 2 years, the first
post-operative ACR tertiles were not significantly associated
with the development of stage >2 AKI. Meanwhile, in the
group aged > 2 years, it was not possible to calculate the risk
for post-operative ACR to predict stage >2 AKI due to low
event numbers (Table 4).

Association of pre- and post-operative ACR
with duration of stay and mortality

In the group aged <2 years, the median duration of ICU
stay and duration of hospital stay increased significantly
with advancing pre-operative (p <0.05), post-operative day
0 (»<0.05), post-operative day 1 (»p <0.001) and post-oper-
ative day 2 (p <0.05) ACR levels (Table 5). Similarly, in
the group aged >2 years, the median duration of ICU stay
and duration of hospital stay increased significantly with
advancing post-operative day 0 (p <0.05), post-operative
day 1 (p <0.05) and post-operative day 2 (p <0.001) ACR

levels, but were not significantly associated with pre-oper-
ative ACR levels (Table 5). There were two deaths in the
group aged <2 years, the median (IQR) ACR level at post-
operative day 2 was significantly higher among those who
died as compared to that among those who did not die (419
(298-540) vs. 82 (58-180) mg/g; p <0.05). Also, median
(IQR) ACR levels at different time points were higher among
those who died vs. did not die; however, there was a lack
of statistical significance, probably due to limited sample
size in the mortality group. There was one death in the age
group > 2 years: the highest ACR was observed on PODI1,
which was higher than those who did not die (350 vs. median
IQR 61 (25-90.5) mg/g).

Table 6 displays the diagnostic characteristics of pre-
operative and first post-operative ACR thresholds for AKI
diagnosis. For the pre-operative ACR and first post-opera-
tive ACR, the ACR threshold value with maximal sensitiv-
ity and specificity in the group aged >2 years was almost
one-third and three-fifths of the similar value in the group
aged <2 years, respectively. In general, negative predictive
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Table 4 Unadjusted and adjusted RRs for first post-operative ACR to predict post-operative AKI or stage >2 AKI, by age group

1st post-operative AKI (yes vs. no) Unadjusted RR Adjusted RR (95%  AKI>stage 2 Unadjusted RR Adjusted RR (95%
ACR (95% CI) Ch (95% CI) Ch

<2 yearsb

No. of events 26 15

Ist tertile 3 (10.0%) 1 1 2 (6.7%) 1 1
(<75 mg/g;
n=30)

2nd tertile (75— 9 (28.1%) 2.81 (0.86-6.18) 2.60 (0.70-6.23) 5(15.6%) 2.34 (0.48-7.64) 1.78 (0.30-7.12)
141.3 mg/g;
n=32)

3rd tertile 14 (45.2%) 4.52 (1.71-7.67) 2.78 (0.70-6.65) 8 (25.8%) 3.87 (0.94-9.65) 1.47 (0.23-6.52)
(>141.3 mg/g;
n=31)

>2 years®

No. of events 10 2

Ist tertile 1(5.9%) 1 1 0 (0%) 1 1
(<35.9 mg/g;
n=17)

2nd tertile (35.9— 1 (6.25%) 1.06 (0.07-9.13) 1.10 (0.04-11.71) 0(0%) NA NA
75.8 mg/g;
n=16)

3rd tertile 8 (47.1%) 8 (1.48-15.13) 11.71 (1.85-16.59) 2 (11.8%) NA NA
(>75.8 mg/g;
n=17)

RR, relative risk; ACR, albumin-to-creatinine ratio; AKI, acute kidney injury; GFR, glomerular filtration rate; RACHS, risk adjustment in con-
genital heart surgery; NA, not applicable

bAdjusted for age (continuous), gender (categorical), creatinine (continuous), GFR (continuous), type of heart surgery (categorical), previous
cardiac surgeries (categorical) and RACHS-1 score >3 versus < 3 (categorical)

“Adjusted for age (categorical; <6 and >6 years), gender (categorical), creatinine (continuous), GFR (continuous), type of heart surgery (cat-
egorical), previous cardiac surgeries (categorical) and RACHS-1 score >3 versus <3 (categorical)

Table 5 Comparison of duration of ICU stay and hospital stay by pre-operative and post-operative ACR levels, by age groups

ACR Duration of ICU stay (days) Duration of hospital stay (days)
Median (IQR) mg/g Median (IQR) mg/g
<2 years
Pre-operative <10 mg/g (n=1) 3(-) 6(-)
10-30 mg/g (n=20) 4.(3-4.75) 8 (7-10.5)
>30 mg/g (n="72) 5 (4-7.75)* 10 (8-14.75)*
POD day 0 3rd tertile (> 141.3 mg/g; n=31) 6 (4-10)* 12 (8-19)*
POD day 1 3rd tertile (> 176.9 mg/g; n=31) 6 (4-12)° 12 (8-19)°
POD day 2 3rd tertile (> 135.7 mg/g; n=31) 6 (4-12)* 12 (8-17)*
>?2 years
Pre-operative <10 mg/g (n=6) 3(2.75-3.75) 6.5 (5-17.75)
10-30 mg/g (n=37) 3(3-4.5) 8 (6.5-9)
>30 mg/g (n=17) 4 (2-5) 9 (6-12)
POD day 0 3rd tertile (>75.8 mg/g; n=17) 5 (3-5.5)* 9 (7.5-11)*
POD day 1 3rd tertile (>80 mg/g; n=16) 4.5 (3-5.75)* 8.5 (7-14)*
POD day 2 3rd tertile (> 64.8 mg/g; n=17) 4 (3-6)° 9 (7.5-11.5)

ICU, intensive care unit; ACR, albumin-to-creatinine ratio; mg, milligram; g, gram; POD, post-operative day; /QR, interquartile
2p <0.05; °p <0.001
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Table 6 Diagnostic characteristics of pre-operative and post-operative day 0 ACR threshold values to predict post-operative AKI

Sensitivity Specificity PPV NPV
Pre-operative <2 years
ACR>30 mg/g 0.96 0.30 0.35 0.95
Maximal sensitivity and specificity value: >42.5 mg/g 0.77 0.61 0.43 0.87
>2 years
ACR>30 mg/g 0.20 0.88 0.29 0.81
Maximal sensitivity and specificity value: > 14.5 mg/g 0.80 0.48 0.28 0.90
Post-operative at day 0 <2 years
>75 mg/g (2nd tertile or higher) 0.88 0.40 0.37 0.90
>141.3 mg/g (3rd tertile of higher) 0.54 0.75 0.45 0.81
Maximal sensitivity and specificity value: > 119 mg/g 0.69 0.64 0.43 0.84
>2 years
>35.9 mg/g (2nd tertile or higher) 0.90 0.40 0.27 0.94
>75.8 mg/g (3rd tertile of higher) 0.80 0.78 0.47 0.94
Maximal sensitivity and specificity value: >72.5 mg/g 0.90 0.73 0.45 0.97

ACR, albumin-to-creatinine ratio; mg, milligram; g, gram; PPV, positive predictive value; NPV, negative predictive value

values were high while positive predictive values were low
for different ACR threshold values (Table 6).

Added benefit of pre- and first post-operative ACR
to clinical predictors to predict AKI

For the group aged <2 years, AUC (95% CI) of pre-opera-
tive clinical model (0.761 (0.657-0.866)) for AKI predic-
tion was relatively higher than pre-operative ACR alone
(0.729 (0.618-0.840)), first post-operative ACR alone
(0.704 (0.586-0.822)) and pre-operative ACR + first post-
operative ACR (0.751 (0.645-0.856)). Similarly, for the
group aged >2 years, AUC (95% CI) of pre-operative
clinical model (0.842 (0.716-0.969)) was relatively higher
than pre-operative ACR alone (0.639 (0.456-0.821)),

first post-operative ACR alone (0.803 (0.618-0.987))
and pre-operative ACR + first post-operative ACR (0.688
(0.506-0.869)). A relatively higher increase in area under
the ROC curve was observed by adding pre-operative
ACR (<2 years: 0.805 (0.713-0.896); > 2 years: 0.872
(0.772-0.973)) than post-operative ACR (<2 years: 0.777
(0.676-0.879); > 2 years: 0.844 (0.718-0.969)) to the clini-
cal model. Also, it was observed that the area under the ROC
curve for clinical model + pre-operative ACR (<2 years:
0.805 (0.713-0.896); > 2 years: 0.872 (0.772-0.973)) was
slightly higher than that for clinical model + pre-oper-
ative ACR +first post-operative ACR (<2 years: 0.799
(0.705-0.893); > 2 years: 0.862 (0.751-0.974)), indicating
no incremental value of adding post-operative ACR in pre-
dicting AKI (Table 7).

Table 7 Improvement in AUC as a result of adding pre-operative and first post-operative ACR to clinical predictive models

Model <2 years >?2 years

AUC (95% CI) p value AUC (95% CI) p value
Clinical model” alone 0.761 (0.657-0.866) <0.001 0.842 (0.716-0.969) 0.001
Pre-operative ACR alone 0.729 (0.618-0.840) 0.001 0.639 (0.456-0.821) 0.178
First post-operative ACR alone 0.704 (0.586-0.822) 0.002 0.803 (0.618-0.987) 0.003
Pre-operative ACR +first post-operative ACR 0.751 (0.645-0.856) <0.001 0.688 (0.506-0.869) 0.049
Clinical model” + pre-operative ACR 0.805 (0.713-0.896) <0.001 0.872 (0.772-0.973) <0.001

0.777 (0.676-0.879) 0.001
0.799 (0.705-0.893) <0.001

0.844 (0.718-0.969) 0.001
0.862 (0.751-0.974) <0.001

Clinical model” + first post-operative ACR

Clinical model” + Pre-operative ACR +first post-
operative ACR

AUC, area under the curve; CI, confidence Interval; ACR, albumin-to-creatinine ratio; GFR, glomerular filtration rate; RACHS, risk adjustment
in congenital heart surgery

AThe clinical predictive model includes age (continuous in the group aged<2 years; categorized as 2—<6 versus>6 years in the group
aged > 2 years), gender, RACHS-1 score >3 versus < 3, creatinine (continuous), GFR (continuous), type of heart surgery (categorical), previous
cardiac surgeries (categorical) and cardiopulmonary bypass time (< 120 versus > 120 min)

@ Springer



888

Pediatric Nephrology (2022) 37:881-890

Discussion

This study identifies that prediction of developing AKI
in children post cardiac surgery using cardiopulmonary
bypass increases with use of the pre-operative. The clinical
model had the highest AUC in comparison to pre-operative
and/or first post-operative ACR alone in predicting AKI.
A combination of clinical model and - pre-operative ACR
produced the best performance in AKI prediction, provid-
ing for a collective assessment of AKI risk in children
undergoing open cardiac surgery. An early evidence of
AKI can help in change of practices which may exacerbate
kidney dysfunction, such as use of nephrotoxic drugs like
aminoglycosides or NSAIDs, judicious use of contrast,
optimisation of volume status and allow for prognostica-
tion and timely interventions.

Scores based on clinical variables have been previously
used and validated for assessing AKI risk in settings of
cardiac surgery [20, 21]. As discussed by Tinica and col-
leagues in a systematic review of AKI determinants after
cardiac surgery in adults, most clinical scores are often
able to identify severe forms of AKI but may miss mild
cases and incorporation of biomarkers such as proteinuria
among others would help in improving AKI risk ascer-
tainment [22]. Zappitelli et al. in a similar study assessing
albuminuria in a paediatric population following open car-
diac surgery also identified a better AKI prediction model
when utilising clinical variables, first post-operative ACR
and cystatin C [14]. Koyner et al. were also able to demon-
strate a greater determination of AKI severity progression
post cardiac surgery in adults with use of biomarkers such
as plasma NGAL, urine ACR and urine IL-18 over risk
scores. Plasma NGAL performed best followed by urine
ACR (odds ratio of 3.4) [23].

The median albuminuria in age group <2 years with
AKI was also significantly higher at all time points (pre-
and post-operatively) in comparison to those without AKI,
as opposed to children > 2 years with AKI only showing
a significant difference in the first early post-operative
ACR. However, the pre-operative ACR was unable to pre-
dict AKI in adjusted analyses for either age group. Incor-
poration of clinical model to preoperative ACR had the
highest AUC for prediction of AKI. Similar findings have
been seen in adults wherein pre-operative proteinuria has
shown significant association with subsequent AKI fol-
lowing both cardiac and non-cardiac surgeries [24-26],
with risk increasing in tandem with greater levels of
proteinuria. As comorbidities such as diabetes mellitus,
hypertension and their complications tend to accrue with
age, higher pre-operative proteinuria in adults with sub-
clinical kidney impairment is plausible. In children, it
is known that congenital heart diseases may accompany
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kidney abnormalities. Moreover, it is known that presence
of congenital heart disease leads to altered physiology
states, hemodynamic and hypoxic insults which can be the
cause of pre-existing renal impairment in this vulnerable
population [24].

Post-operatively, ACR rose in both age groups irrespec-
tive of development of AKI, possibly as a result of inflam-
matory or hemodynamic stress. In children>2 years, the
highest tertile (>75.8 mg/g) of the first post-operative ACR
was also able to predict AKI even after adjusting for clinical
parameters (adjusted RR 11.71; CI 1.85-16.59); in children
under 2 years (> 141.3 mg/g), it was able to do so in unad-
justed analyses but not after adjusting for clinical factors.

In contrast, in the study conducted by Zappitelli and
colleagues, the highest tertile of first post-operative ACR
was able to predict stage 1 and 2 AKI even after control-
ling for clinical variables in all age groups [14]. Devarajan
et al. also performed urinary proteomic analysis in chil-
dren post cardiac surgery to look for putative biomarkers.
They found three urinary protein peaks, corresponding to
al-microglobulin, al-acid glycoprotein and albumin, to
be significantly increased in children who developed AKI
(increase 2 h post-surgery from baseline and checked at vari-
ous time points up to 72 h); these findings were confirmed
in a validation set [27].

Increased ACR levels also were significantly associ-
ated with longer ICU and hospital stays in all age groups,
which signifies that kidney injury even when subtle can
increase morbidity and affect outcomes adversely. Due to
low event numbers (3), the data on mortality was not defini-
tive. Devarajan and colleagues also found increased duration
of hospital stay and AKI with increasing quartiles of three
urinary biomarkers (including albumin) post open cardiac
surgery in children [27].

In comparison with the Zappitelli et al. study, our study
highlights the importance of adding pre-operative rather
than post-operative ACR to the clinical model in predicting
AKI, which is also reported in adults [13]. Our study also
demonstrates that there is no incremental value of adding
post-operative ACR for AKI prediction, while Zappitelli
et al. found no improvement by incorporating pre-operative
ACR in first post-operative ACR performance in any of the
models. Additionally, the AUCs reported in our study are
relatively higher but within the 95% CI interval reported by
Zappitelli et al. For the clinical predictive model, some addi-
tional variables were considered in our study, such as previ-
ous cardiac surgeries, type of heart surgery and pre-operative
creatinine as compared to that by Zappitelli et al. However,
other serum or urinary biomarkers were not considered for
the analysis as was done by Zappitelli et al. [13, 15].

The strengths of the present study are its prospective
nature and standardised laboratory assessments of albumi-
nuria. Our study had a few limitations including low number
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of events especially in older children. Being a single centre
study, it affects the generalisability of its results, especially
in non-cardiac settings. We did not use other serum or uri-
nary biomarkers in our analysis which could have provided
greater information.

Conclusion

This study has enhanced the use of albuminuria in AKI pre-
diction. Preoperative ACR when added to a clinical model
helps predict AKI in all age groups. It allows for AKI risk
evaluation, allowing for initiation of preventive measures,
better monitoring and prognostication and thus better
management of children undergoing open cardiac surgery.
It provides evidence for use of albuminuria as a feasible
biomarker in AKI and studies assessing the same in dif-
ferent risk populations could provide further corroborating
evidence.

Abbreviations AKI: Acute kidney injury; RAIL: Renal angina index;
ACR: Urinary albumin:creatinine ratio; KDIGO: Kidney Disease
Improving Global Outcomes; CPB: Cardiopulmonary bypass; RACHS-
1: Risk adjustment for congenital heart surgery; AUC: Area under the
curve; POD: Post-operative day; NGAL: Neutrophil gelatinase—associ-
ated lipocalin
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