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ABSTRACT
Background: Acute kidney injury (AKI) is a common complication after
cardiovascular surgery in children, noted in approximately 40% of
children undergoing cardiopulmonary bypass (CPB). We sought to
determine the risk factors including inflammatory and vascular endo-
thelial markers associated with AKI in children undergoing cardiac
surgery.
Methods: A secondary analysis of a prospective observational cohort
study of paediatric patients with a cardiac defect requiring CPB and a
https://doi.org/10.1016/j.cjcpc.2022.11.007
2772-8129/� 2022 The Author(s). Published by Elsevier Inc. on behalf of the Canadi
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
R�ESUM�E
Contexte : L’insuffisance r�enale aiguë (IRA) est une complication
fr�equente qui survient chez les enfants après une intervention
chirurgicale cardiovasculaire. Environ 40 % des enfants chez qui une
circulation extracorporelle (CEC) est mise en place durant l’intervention
pr�esentent ult�erieurement une IRA. Nous avons tent�e de d�efinir les
facteurs de risque, y compris les marqueurs inflammatoires et
endoth�eliaux vasculaires, qui sont associ�es à l’IRA chez les enfants qui
subissent une intervention chirurgicale cardiaque.
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weight of >2.5 kg was performed. AKI was defined as a 1.5 times
increase from the preoperative value in serum creatinine or an abso-
lute increase by �0.3 mg/dL (�26.5 mmol/L). Plasma inflammatory
markers (interleukin [IL]-1a, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70,
and tumour necrosis factor a) and vascular endothelial markers
(vascular endothelial growth factor, von Willebrand factor, regulated on
activation, normal T-cell expressed and secreted, granulocyte macro-
phage colony-stimulating factor, monocyte chemoattractant protein-1,
platelet-derived growth factor, and microparticles) were assessed at 5
perioperative time points. Associations with AKI were found using
generalized linear regression models adjusted for repeated measures.
Results: A total of 207 patients were assessed, of whom 56% (n ¼
116) were male. Thirty-three percent (n ¼ 68) developed AKI. In uni-
variable analyses, adverse outcomes significantly related to the pres-
ence of AKI included increased intensive care unit stay (3.0 vs 5.6
hours, P < 0.001). In multivariable analysis, independent factors that
were significantly associated with AKI included longer duration of CPB
(111 vs 154 minutes, P < 0.001) and lower preoperative creatinine.
Inflammatory and vascular endothelial biomarkers were not associ-
ated with AKI.
Conclusions: AKI remains a prevalent problem after cardiac surgery,
and renal ischemia related to longer bypass time potentially plays a
key role in the etiology. Inflammatory and vascular endothelial bio-
markers were not significantly related to AKI.

M�ethodologie : Nous avons r�ealis�e une analyse secondaire d’une
�etude de cohorte observationnelle prospective men�ee auprès d’en-
fants qui �etaient atteints d’une anomalie cardiaque n�ecessitant une
CEC et qui pesaient plus de 2,5 kg. L’IRA �etait d�efinie comme une
hausse du taux de cr�eatinine s�erique par un facteur de 1,5 par rapport
à la valeur pr�eop�eratoire ou comme une augmentation absolue de �
0,3 mg/dL (� 26,5 mmol/l). Les marqueurs inflammatoires plasma-
tiques (interleukine [IL]-1a, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70,
facteur de n�ecrose tumorale alpha) et les marqueurs endoth�eliaux
vasculaires (facteur de croissance de l’endoth�elium vasculaire, facteur
de von Willebrand, chimiokine exprim�ee et s�ecr�et�ee après l’activation
des lymphocytes T normaux, facteur de stimulation des granulocytes
et macrophages, prot�eine chimiotactique des monocytes-1, facteur de
croissance d�eriv�e des plaquettes, microparticules) ont �et�e �evalu�es à 5
moments p�eriop�eratoires diff�erents. Les associations avec l’IRA ont
�et�e �etablies au moyen de modèles de r�egression lin�eaire g�en�eraux, qui
ont �et�e ajust�es pour tenir compte des mesures r�ep�et�ees.
R�esultats : L’�evaluation a port�e sur 207 patients, dont 56 % (n ¼ 116)
�etaient des garçons, et une IRA a �et�e observ�ee chez 33 % (n ¼ 68)
d’entre eux. Les r�esultats d’analyses univari�ees ont montr�e que les
issues ind�esirables associ�ees de façon significative à la pr�esence
d’une IRA comprenaient un s�ejour prolong�e à l’unit�e de soins intensifs
(3,0 c. 5,6 heures, p < 0,001). Dans les analyses multivari�ees, les
facteurs ind�ependants associ�es de façon significative à une IRA
comprenaient une CEC prolong�ee (111 c. 154 minutes, p < 0,001) et
un faible taux de cr�eatinine pr�eop�eratoire. Les biomarqueurs inflam-
matoires et endoth�eliaux vasculaires n’ont pas �et�e associ�es à l’IRA.
Conclusions : L’IRA demeure un problème r�epandu après une inter-
vention chirurgicale cardiaque. L’isch�emie r�enale associ�ee à une CEC
prolong�ee joue potentiellement un rôle cl�e dans son �etiologie. Par
ailleurs, les biomarqueurs inflammatoires et endoth�eliaux vasculaires
n’ont pas �et�e associ�es de façon significative à l’IRA.
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Paediatric acute kidney injury (AKI) is a common complica-
tion after cardiovascular surgery,1 although 98% of cases
resolve within 48 hours.2 The reported incidence of AKI after
cardiopulmonary bypass (CPB) has been variable due to
heterogeneity between studies regarding the patient popula-
tion and the definition of AKI used.2 A recent paediatric study
showed that 42% of those who had CPB developed AKI,2

which has been shown to be associated with increased hos-
pital mortality, duration of ventilation, and hospital stay.3,4

Further, hypertension and chronic kidney disease have been
shown to be common in children 5 years after undergoing
cardiac surgery,1 and this may be related to AKI leading to
chronic kidney injury,5-7 which has been shown in adult
populations in multiple settings, including cardiac surgery.8,9

Reported factors associated with developing AKI after
cardiac surgery in children have included patient age less than
2 years and longer duration of CPB.2 A meta-analysis iden-
tified associated factors for AKI in this scenario to include
younger age, lower preoperative creatinine, longer surgery
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time, longer CPB time, longer aortic cross-clamping time,
cyanotic heart disease, univentricular heart, vasopressor use,
cardiac reoperation, and postoperative sepsis.10 A better un-
derstanding of which paediatric patients are at highest risk of
AKI may inform further research and the development of
targeted preventive strategies.11

The etiology of AKI after cardiac surgery is multifactorial,
including systemic inflammatory response to CPB, renal
ischemia, oxidative stress, microemboli, and reperfusion
injury.12 In CPB, aorta cross-clamping and nonpulsatile blood
flow contribute to the inflammatory responses and oxidative
stress injury, which may induce AKI.13 The pathogenesis of
AKI involves a complex interplay and crosstalk between
damaged/injured renal epithelial cells, the vascular endothe-
lium, and inflammatory cells.14 Many novel biomarkers
involved in myocardial injury, renal tubular injury, and
inflammation have been studied, raising the possibility of
improved risk stratification for AKI.15-17 Serum cytokines as
biomarkers for AKI have been studied in paediatric cardiac
surgery patients.12,14,16 Vascular endothelial biomarkers,
including microparticles, have been studied in adults.13 To
our knowledge, microparticles have not been studied in the
paediatric population. Other vascular markers, including
regulated on activation, normal T-cell expressed and secreted
(RANTES), have been shown to be produced by renal tubular
cells and play a key role in ischemia-reperfusion injury.18
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Therefore, we sought to determine clinical and biomarker
factors associated with AKI in paediatric patients undergoing
cardiac surgery with CPB, including plasma inflammatory and
vascular endothelial biomarkers.
Materials and Methods

Study design and population

We performed a prospective observational cohort study of
paediatric patients (0-18 years old) with a cardiac defect (ac-
quired or congenital) who underwent repair with CPB be-
tween July 2011 and November 2014 at the Hospital for Sick
Children, Toronto, Ontario, Canada. The primary aim of the
original Clinical Assessment of Thrombosis in Children after
Heart surgery (CATCH) study was to determine the preva-
lence of postoperative thrombosis, and associated physiolog-
ical, pharmacological, and clinical factors increasing
thrombosis risk. The current study was a secondary analysis
aimed at determining factors associated with AKI. Patients
were enrolled in the CATCH study at the time of their pre-
surgical consultation usually 1-14 days before their index
operation. Inclusion criteria were cardiovascular surgery with
CPB and patient weight greater than 2.5 kg. Patients who
required multiple operations to correct their defects were
excluded from repeat enrolment, meaning if a patient had
multiple surgeries, only the first surgery a patient had was
included. The CATCH study was approved by the Hospital
for Sick Children’s Research Ethics Board, and parental and/
or patient written consent/assent was obtained for all partic-
ipants. A separate approval with waiver of consent was ob-
tained for the AKI secondary analysis.

Acute kidney injury

Creatinine values were not obtained as part of the
CATCH study data collection, and for the current study,
these were abstracted from the clinical record. Participants
were eligible for inclusion in the secondary analysis if they
had preoperative creatinine assessed within 90 days before
their index operation and postoperative creatinine assessed
within 7 days after the index operation. The preoperative
creatinine value used was that closest in time to surgery, and
the postoperative value used was the highest value after but
within 7 days of surgery. The presence of AKI was defined as
a 1.5-fold increase in serum creatinine (SCr) or an absolute
increase by �0.3 mg/dL (�26.5 mmol/L) between these 2
time points.19

Preoperative data

For the CATCH study, demographic information (age,
sex, ethnicity, and weight), previous hospitalizations, cathe-
terization and surgical interventions, cardiac and noncardiac
complications, and preoperative clinical status (systemic oxy-
gen saturation, echocardiographic findings such as ejection
fraction and valve function) were abstracted from the medical
record. In addition, data regarding congenital malformations,
chromosomal abnormalities, and the presence of noncardiac
disease (renal dysfunction/failure, infection, liver failure, pul-
monary oedema, and neurological abnormalities) were ob-
tained. All medications were recorded.
Preoperative clinical laboratory assessments

Results of preoperative laboratory investigations, including
complete blood cell counts (red blood cell count, haemoglo-
bin, haematocrit, platelet count, white blood cell counts, and
differential) and related indices (mean corpuscular volume,
mean corpuscular haemoglobin, mean corpuscular haemo-
globin concentration, and mean platelet volume) were
captured. Preoperative polycythaemia, as indicated by hae-
matocrit, was used as a surrogate indicator of cyanosis burden
(as opposed to a single oxygen saturation measurement). In-
ternational normalized ratio and levels of activated partial
thromboplastin and hepatic transaminases were captured. All
included laboratory testing was performed on site using vali-
dated techniques and standard operating procedures.

Surgical data

Underlying cardiac anatomy and the type of surgical pro-
cedure were categorized according to the International
Nomenclature for Congenital Heart Surgery. The Aristotle
score was used as a measure of surgical complexity.20,21 Study
coordinators present in the operating room monitored the
entire surgery and collected data from the anaesthesia,
perfusion, and nursing records, including the duration of
aortic cross clamping, duration and number of CPB cycles,
and use and duration of deep hypothermic circulatory arrest.
Selected medications (steroids, vasopressin, antifibrinolytic
agents, and antithrombin) used intraoperatively and during
the first 24 postoperative hours were recorded.

Outcomes

For all patients, a detailed review of all surgical complica-
tions and in-hospital outcomes was performed. Outcomes
captured included anaemia, bleeding, infections (catheter in-
fections, urinary tract infection, wound infection, sepsis, and
endocarditis), cardiac complications (cardiopulmonary arrest,
low cardiac output syndrome, cardiogenic shock, pericardial
effusion and cardiac tamponade, and pericarditis), pulmonary
hypertension, multiorgan failure, necrotizing enterocolitis,
neurological injury, and seizures. In addition, use of extra-
corporeal membrane oxygenation (ECMO), catheter in-
terventions, surgical reoperations, length of intensive care unit
(ICU) stay (hours), and length of hospital stay (hours) were
recorded.

Inflammation and vascular endothelial biomarkers

A comprehensive panel of inflammatory markers (inter-
leukin [IL]-1a, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-
12p70, tumour necrosis factor a [TNF-a], and high-
sensitivity C-reactive protein) and vascular endothelial
markers (vascular endothelial growth factor, von Willebrand
factor, RANTES, granulocyte macrophage colony-stimulating
factor, monocyte chemoattractant protein-1, platelet-derived
growth factor, and microparticles) were assessed at 5 periop-
erative time points (induction, 5 minutes into CPB, end of
CPB, 1 day postoperatively, and 3 days postoperatively).

Statistical analysis

Data are presented as means with standard deviation,
median with quartiles (25th and 75th percentile), and
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frequencies as appropriate to the level of measurement and
distribution of the values. The characteristics and outcomes of
patients with vs without AKI were compared using c2,
Fisher’s exact test, Mantel-Haentzel c2, Student’s t-test, and
Kruskal-Wallis analysis of variance as appropriate. Associa-
tions of AKI with serial measures of inflammatory markers,
vascular markers, and microparticles were sought using mixed
linear regression analyses using a compound symmetry
covariance structure. Before multivariable analyses, multiple
imputation was used to impute missing values. Multivariable
associations of preoperative and intraoperative variables with
AKI were sought using multivariable logistic regression anal-
ysis. To determine associations of preoperative and intra-
operative factors with AKI, together with selected
postoperative factors (such as ECMO, catheter reinterven-
tions, and reoperations) with the absolute change from the
preoperative to the highest postoperative creatinine level (as a
continuous measure of kidney injury), multivariable linear
regression analysis was performed. All statistical analyses were
performed using SAS statistical software v9.4 (SAS Institute,
Cary, NC).
Results
The main CATCH study enrolled 398 participants. After

the AKI study inclusion criteria were applied, 207 patients
were included in this secondary analysis (Fig. 1). The study
had 56% male (n ¼ 116) and 44% female patients (n ¼ 91).
The median age was 2 years (interquartile range [IQR]: 0.1-
2.1 years). The mean CPB time was 125 � 65 minutes. The
mean aortic cross-clamp time was 86 � 47 minutes. In terms
of past medical history, 66% (n ¼ 137) had no previous
cardiac surgery. The mean number of previous cardiac cath-
eterizations was 0.87 � 1.16 (Table 1). The types of cardiac
surgeries related to the cardiac diagnoses can be found in
Table 2. The 2 most common surgeries were double outlet
Figure 1. Study population. AKI, acute kidney injury; CATCH, Clinical Asses
right ventricle/transposition of the great arteries repair (n ¼
37, 18%) and tetralogy of Fallot repair (n ¼ 26, 13%).

A total of 32 patients (15%) had a chromosomal abnor-
mality, 30 (14%) had a major congenital noncardiac abnor-
mality (Table 1), 62 (30%) had preoperative cyanosis (oxygen
saturation <85%), 20 (10%) had a preoperative infection, 13
(6%) had preoperative arrhythmia, and only 5 (2%) had
preoperative renal dysfunction. In terms of preoperative
medications, 67 (32%) were on diuretics, 39 (19%) were on
antibiotics, and 39 (19%) were on prostaglandin (Table 3).
The preoperative complete inflammatory markers and vascular
cytokines can be found in Table 4.

The characteristics of the study population by AKI status
are noted in Table 1. Baseline SCr was obtained within 1
week before the surgery for 67% (n ¼ 129) of patients and
within 30 days before the surgery for 84% (n ¼ 176) of pa-
tients (see Fig. 1). The mean preoperative creatinine level was
35 � 15 mmol/L, and the mean peak creatinine level at a
median of 1 day after surgery was 50 � 32 mmol/L. The
median absolute increase was 9 mmol/L (IQR: 3-18 mmol/L),
and the median percent increase was 128% (IQR: 109%-
159%). AKI, as defined above, occurred in 33% (n ¼ 68) of
patients within 7 days of surgery. Of the patients with AKI,
37 had a �150% increase in creatinine but not a �26.5
mmol/L absolute increase, 30 patients had both, and 1 patient
with a preoperative creatinine of 117 mmol/L had an absolute
increase of 39 mmol/L but only a 133% increase.

The median age in the AKI group was 0.51 years (IQR:
0.28-1.71 years) vs 0.44 years (IQR: 0.07-2.79 years) in the
non-AKI group. A younger age was not significantly related to
AKI (P ¼ 0.28). The mean CPB time was longer in the AKI
group at 154 � 73 minutes vs 111 � 56 minutes in the non-
AKI group. A comorbid genetic abnormality was not signifi-
cantly associated with AKI (21% in AKI vs 13% in non-AKI,
P ¼ 0.16), nor was having Down syndrome (10% vs 7%, P ¼
0.44). Having DiGeorge syndrome was a significant risk
sment of Thrombosis in Children after Heart surgery.



Table 1. Characteristics of the study population

Variable All (n ¼ 207)
Without AKI
(n ¼ 139)

With AKI
(n ¼ 67)

P
value

Male sex, n (%) 116 (56) 78 (56) 38 (56) 0.98
Age (y), median (IQR) 2 (0.1-2.1) 0.4 (0.1-2.8) 0.5 (0.3-1.7) 0.28
Any chromosomal

abnormality,
n (%)

32 (15) 18 (13) 14 (21) 0.16

Major congenital
noncardiac
abnormality,
n (%)

30 (14) 19 (14) 11 (16) 0.64

Previous cardiac
surgery, n (%)

0 137 (66) 96 (69) 68 (60) 0.13*
1 45 (22) 29 (21) 16 (24)
2 15 (7) 9 (6) 6 (9)
3 10 (5) 5 (4) 5 (7)

Previous cardiac
catheterizations,
n (%)

0 11 (54) 78 (56) 33 (49) 0.008*
1 46 (22) 35 (25) 11 (16)
2 26 (13) 15 (11) 11 (16)
3 14 (7) 9 (6) 5 (7)
4 10 (5) 2 (1) 8 (12)

AKI, acute kidney injury; IQR, interquartile range.
*Mantel-Haenszel statistic.
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factor for AKI (7% vs 1%, P ¼ 0.04). The number of pre-
vious cardiac surgeries was not significantly associated with
AKI (P ¼ 0.13). The number of previous cardiac catheteri-
zations was a significant risk factor for AKI (P ¼ 0.008). This
information can be found in Table 2.

On univariate analysis, preoperative cyanosis (41% vs
24%, P < 0.03), lung collapse (12% vs 4%, P < 0.04),
preoperative elevated alanine transaminase (ALT) (10% vs
1%, P < 0.002), preoperative diuretic use (43% vs 27%, P <
0.03), preoperative prostaglandin use (9% vs 24%, P < 0.02),
Table 2. Incidence of acute kidney injury (AKI) by the type of cardiac surger

Variables

Total cases (n ¼ 207)

N %

Aortic defect repair 18 9
Atrial septal defect repair 4 2
Atrioventricular septal defect repair 9 4
Coronary artery bypass 3 1
DORV/TGA repair 37 18
Heart transplant 1 0
LVOT repair/AV repair/replacement 11 5
Mitral valve repair/replacement 8 4
Pulmonary circulation repair 7 3
Pulmonary venous repair 10 5
RVOT repair/PV replacement 5 2
Norwood (stage 1) 9 4
Cavopulmonary shunt (stage 2) 16 8
Hybrid (stage 2) 5 2
Fontan (stage 3) 14 7
Tetralogy of Fallot repair 26 13
Tricuspid valve repair/replacement 3 1
Ventricular septal defect repair 21 10

AV, atrioventricular; DORV, double outlet right ventricle; LVOT, left ventricula
TGA, transposition of the great arteries.
and preoperative steroid use (9% vs 21%, P < 0.03) were
significantly related to AKI. This can be found in Table 3.

Adverse outcomes significantly related to the presence of
AKI included increased total time of an open chest (median:
5.2 vs 4.0 hours, P < 0.001), increased ventilation time (56.8
vs 27.4 hours, P < 0.01), increased ICU stay (3.0 vs 5.6
hours, P < 0.001), and increased overall hospital stay (266 vs
190 hours, P ¼ 0.04) (Fig. 2).

No aspect of the complete blood cell count was signifi-
cantly associated with AKI. The biochemistry results showed
that an increased preoperative ALT (median: 31 U/mL in
non-AKI vs 29 U/mL in AKI, P ¼ 0.02) was significantly
associated with AKI in univariate analysis (Table 3).

None of the inflammatory cytokines, vascular markers, or
microparticle-type levels assessed preoperatively (at the time of
induction) were significantly associated with AKI (Table 4). In
mixed linear regression analysis also incorporating levels
assessed at the additional time points of 5 minutes into CPB,
end of CPB, and postoperative days 1 and 3, no marker was
significantly associated with AKI over all the time points,
including an interaction term of AKI with time (data not
shown). Figure 3 for time-related values for IL-2 by AKI
status is provided as a representative of the observed time
course for the markers assessed.

In multivariable logistic regression analysis for AKI, only a
lower preoperative creatinine level (parameter estimate:�0.048,
standard error: 0.015; P< 0.001) and a longer total duration of
CPB (parameter estimate: 0.0109, standard error: 0.027; P <
0.001) were independently associated with an increased prob-
ability of AKI (model c-statistic 0.78). In a multivariable linear
regression analysis for the absolute change in creatinine, a
higher preoperative aspartate transaminase level, longer total
duration of cardiopulmonary artery bypass, cardiac catheter
reinterventions, and ECMO were all independently associated
with a greater increase in creatinine (Table 5).

Further analyses were performed using Kidney Disease:
Improving Global Outcomes (KDIGO) 2012 staging criteria,
y

No AKI (n ¼ 139) AKI (n ¼ 68)

N % N %

11 61 7 39
4 100 0 0
4 44 5 56
2 67 1 33
25 68 12 32
0 0 1 100
11 5 3 27
6 75 2 25
3 43 4 57
9 9 1 10
5 100 0 0
7 78 2 22
13 18 3 19
2 40 3 60
9 64 5 36
12 46 14 54
2 67 1 33
17 81 4 19

r outflow tract, PV, pulmonary valve; RVOT, right ventricular outflow tract;



Table 3. Pre-, intra-, and postoperative risk factors for acute kidney injury (AKI)

Variable n No AKI n AKI P value

Preoperative medical status, n (%)
Cyanosis (oxygen saturation <85%) 139 34 (24) 68 28 (41) 0.02
Arrhythmia 139 11 (8) 68 2 (3) 0.23
Ventilated 139 9 (6) 68 7 (10) 0.44
Lung collapse 139 5 (4) 68 8 (12) 0.04
Pulmonary oedema 139 17 (12) 68 3 (4) 0.09
Infection 139 13 (9) 68 7 (10) 0.83
Renal dysfunction/failure 139 5 (4) 68 0 (0) 0.14

Preoperative medications, n (%)
Diuretics 139 38 (27) 68 29 (43) 0.03
ACEi 139 15 (11) 68 5 (7) 0.62
Antibiotics 139 28 (20) 68 11 (16) 0.50
Aspirin 139 9 (6) 68 10 (15) 0.06
Beta-blockers 139 9 (6) 68 5 (7) 0.78
Digoxin 139 5 (4) 68 0 (0) 0.18
Iron 139 8 (6) 68 6 (9) 0.41
Prostaglandin 139 33 (24) 68 6 (9) 0.01

Blood composition
Haemoglobin (g/L), mean � SD 139 141 � 26 68 143 � 28 0.73
Platelet count (�109/L), mean � SD 135 325 � 131 65 347 � 134 0.27
White blood cell count (�109/L), mean � SD 139 11.1 � 5.7 68 10.5 � 5.1 0.49
Neutrophils (�109/L), median (IQR) 63 5.5 (3.8, 7.7) 30 3.1 (2.2, 6.2) 0.003
Lymphocyte (�109/L), mean � SD 63 4.5 � 2.8 30 5.5 � 3.2 0.15
Blood pH, mean � SD 135 7.38 � 0.1 67 7.38 � 0.1 0.91

Biochemistry, n (%)
Elevated alanine transaminase (>2� normal values) 137 1 (1) 67 7 (10) 0.002
Elevated aspartate transaminase (>3� normal values) 138 15 (11) 68 11 (16) 0.3

Operative factors
Total number of CPB cycles, n (%) 139 68 0.19*

One 100 (72) 41 (60)
Two 24 (17) 17 (25)
Three 8 (6) 6 (9)
Four 7 (5) 4 (6)

Total CPB time (min), mean � SD 139 111 � 56 68 154 � 73 <0.001
Total number of cross-clamp cycles, n (%) 139 68 0.55

None 11 (8) 6 (9)
One 118 (85) 54 (79)
Two 10 (7) 8 (12)

Total cross-clamp time (min), mean � SD 128 76 � 36 62 106 � 58 <0.001
Deep hypothermic circulatory arrest, n (%) 139 21 (15) 68 13 (19) 0.47
Circulatory arrest time (min), mean � SD 21 24 � 13 13 18 � 9 0.12
Cerebral perfusion, n (%) 139 12 (9) 68 5 (7) 1
Modified ultrafiltration, n (%) 139 129 (93) 68 65 (96) 0.56
Any intraoperative steroids, n (%) 139 41 (30) 68 13 (19) 0.12
Steroids day before surgery, n (%) 139 29 (21) 68 6 (9) 0.03
Steroids in CPB prime, n (%) 139 38 (27) 68 9 (13) 0.03
Extubated in OR, n (%) 139 35 (25) 68 9 (13) <0.05
Total time with chest open (h), median (IQR) 139 4 (2.9, 5.7) 68 4.1 (4.1, 9.1) <0.001
Chest left open in ICU, n (%) 139 25 (18) 68 14 (12) 0.66
Total time intubated (h), median (IQR) 139 27.4 (7.0, 96.4) 68 56.8 (21, 129.2) 0.004
Catheter reintervention, n (%) 136 3 (2) 68 5 (7) 0.12
Postoperative ECMO, n (%) 138 3 (2) 67 6 (9) 0.07
Surgical reoperation, n (%) 139 9 (6) 68 7 (10) 0.34
Length of ICU stay (h), median (IQR) 138 3.0 (1.1, 7.0) 67 5.6 (2.9, 12.8) <0.001
Length of hospital stay (d), median (IQR) 137 7.9 (4.9, 15.1) 67 11.1 (7.2, 29.8) <0.001
Postoperative RBC transfusions, n (%) 139 (22) 68 3 (5) 0.04
Elevated preoperative lactate (mmol/L), median (IQR) 136 2.8 (2.4, 4.3) 68 3.3 (2.3, 5.1) 0.67

Postoperative outcomes, n (%)
Low cardiac output syndrome 139 5 (4) 68 6 (9) 0.18
Cardiorespiratory insufficiency 139 11 (8) 68 11 (16) 0.07
Cardiogenic shock 139 0 (0) 68 1 (1) 0.33
Pulmonary hypertension 139 4 (3) 68 2 (3) 1
Cardiac arrest 139 3 (2) 68 5 (7) 0.12
Arrhythmia 139 31 (22) 68 19 (28) 0.4
Pneumothorax 139 4 (3) 68 0 (0) 0.31
Chylothorax 139 13 (9) 68 16 (24) 0.006
Lung collapse 139 11 (8) 68 11 (16) 0.07
Cardiac tamponade 139 1 (1) 68 0 (0) 1
Pleural effusion 139 7 (5) 68 6 (9) 0.29

Continued
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Table 3. Continued.

Variable n No AKI n AKI P value

Pericarditis 139 9 (6) 68 6 (9) 0.54
Pericardial effusion 139 1 (1) 68 0 (0) 1
Pulmonary oedema 139 8 (6) 68 4 (6) 1
Anaemia 139 2 (1) 68 1 (1) 1
Bleeding 139 9 (4) 68 4 (6) 0.74
Pulmonary haemorrhage 139 3 (2) 68 3 (4) 0.4
Renal failure 139 1 (1) 68 1 (1) 0.56
Dialysis 139 0 (0) 68 3 (4) 0.04
Phrenic nerve/neurological injury 139 3 (2) 68 6 (9) 0.07
Necrotizing enterocolitis 139 0 (0) 68 1 (1) 0.33
Endocarditis 139 1 (1) 68 0 (0) 1
Infection 139 20 (14) 68 19 (28) 0.02
Sepsis 139 3 (2) 68 4 (6) 0.23
Upper respiratory tract infection 139 7 (5) 68 5 (7) 0.51
Urinary tract infection 139 2 (1) 68 1 (1) 1
Wound infection 139 7 (5) 68 2 (3) 0.73
Catheter infection 139 1 (1) 68 0 (0) 1

ACEi, angiotensin converting enzyme inhibitor; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; IQR,
interquartile range; OR, operating room; pH, potential of hydrogen; SD, standard deviation.

Numbers apply unless otherwise indicated by numbers in rows of the table.
*Mantel-Haenszel statistic.
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excluding urine output data that were not collected (results not
shown).19 Of the 68 patients with AKI, 38 were classified at
stage 1, 23 as stage 2, and 7 as stage 3. Stage 2 and 3 patients
were combined and compared separately with stage 0 only
patients and stage 0 and 1 patients combined. Given that this
decreased the size of the AKI group, thus decreasing the sta-
tistical power, P values related to comparisons increased, with
no new findings. In addition, the magnitude of difference also
decreased for the majority of factors compared.
Discussion

Incidence of AKI

This is one of the largest prospective studies assessing AKI
in paediatric patients undergoing cardiac surgery as well as
examining serum inflammatory and serum vascular markers.
Figure 2. Comparison of AKI and non-AKI cohorts for significant ischemia va
acute kidney injury; CPB, cardiopulmonary bypass; ICU, intensive care unit.
We found an incidence of AKI of 33%. This is similar to the
Translational Research in Biomarker Endpoints and Appli-
cations in Kidney Disease (TRIBE-AKI) consortium, who
found an incidence in a similar population of 42%2 and a
meta-analysis that found a pooled estimated incidence of
34%.10

Demographics

In our cohort, a younger age was not associated with AKI.
This breaks from multiple other studies that show younger age
as a risk factor for AKI.2,22 Our exclusion criteria did omit
patients <2.5 kg, but studies like TRIBE-AKI with an older
cohort and studies looking at just neonates both did show
younger age as a risk factor for AKI.22 A possible explanation
for our finding is that younger children have higher blood
creatinine levels; thus the absolute level would be higher. This
would make it more difficult to be diagnosed with AKI as per
riables and relevant clinical outcomes in terms of median times. AKI,



Table 5. Multivariable logistic regression analysis for AKI and
multivariable linear regression analysis for the absolute change in
creatinine

Variable
Parameter
estimate

Standard
error

P
value

Multivariable logistic regression analysis for AKI*
Lower preoperative creatinine (per mg/
dL)

�0.048 0.015 <0.001

Longer total duration of CPB (per 10
min)

0.109 0.027 <0.001

Multivariable linear regression analysis for absolute change in creatininey

Higher preoperative AST level (per 10
U/mL)

0.32 0.03 <0.001

Longer total duration of CPB (per 10
min)

0.87 0.23 <0.001

Catheter reintervention 23.3 7.8 0.004
ECMO 27.2 7.4 <0.001

AKI, acute kidney injury; AST, aspartate transaminase; CPB, cardiopul-
monary bypass; ECMO, extracorporeal membrane oxygenation.

Not including repeated measures of inflammatory and vascular markers
and microparticles.

*Model c-statistic ¼ 0.78.
yAdjusted model R2¼ 0.52; note that preoperative creatinine was not

significant in this model.

Table 4. Preoperative inflammatory and vascular endothelial markers
stratified by acute kidney injury (AKI)

Variables
No AKI, median

(IQR)
AKI, median

(IQR)
P

value

CRP (mg/L) 0.5 (0.3-1.4) 0.4 (0.3-0.9) 0.86
TNF-a (ng/mL) 10.4 (7.8-15.2) 10.0 (8.0-15.1) 0.94
IL-1a (pg/mL) 0.3 (0.0-0.8) 0.2 (0.0-1.0) 0.95
IL-1b (pg/mL) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.94
IL-2 (pg/mL) 3.4 (1.9-5.0) 3.1 (1.6-5.3) 0.5
IL-4 (pg/mL) 1.4 (0.8-2.0) 1.4 (1.0-2.2) 0.35
IL-6 (pg/mL) 4.2 (3.2-6.1) 4.3 (2.9-6.5) 0.97
IL-8 (pg/mL) 12.4 (9.5-15.4) 12.5 (9.2-16.3) 0.71
IL-10 (pg/mL) 1.0 (0.5-1.5) 1.0 (0.6-1.5) 0.85
IL-12p70 (pg/mL) 3.0 (1.9-4.9) 3.1 (1.8-5.7) 0.86
Microparticles (�106/mL) 15.7 (9.4-23.7) 16.5 (8.6-21.2) 0.66
Endothelial microparticles 0.01 (0.01-0.02) 0.01 (0.0-0.03) 0.96
Leukocyte microparticles 0.6 (0.3-1.0) 0.6 (0.4-0.8) 0.63
Platelet microparticles 7.4 (4.1-14.7) 8.1 (4.7-13.4) 0.88
GM-CFS (pg/mL) 26.5 (20.1-38.0) 23.0 (23.1-38.4) 0.27
MCP-1 (pg/mL) 23.0 (17.5-29.0) 24.9 (18.7-33.5) 0.08
PDGF (pg/mL) 100.4 (50.2-175.1) 113.5 (54.3-194.8) 0.45
RANTES (ng/mL) 2703 (2159-3120) 2873 (2285-3339) 0.09
VEGF (pg/mL) 7.01 (4.1-11.7) 7.4 (4.7-15.5) 0.18

CRP, C-reactive protein; GM-CSF, granulocyte macrophage colony-
stimulating factor; IL, interleukin; IQR, interquartile range; MCP-1,
monocyte chemoattractant protein-1; PDGF, platelet-derived growth fac-
tor; RANTES, regulated on activation, normal T-cell expressed and
secreted; TNF-a, tumour necrosis factor a; VEGF, vascular endothelial
growth factor.
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our definition. Syndromes (including Down syndrome) and
any noncardiac congenital abnormality were not associated
with developing AKI. However, DiGeorge syndrome was a
risk factor for AKI but had a small sample size.

Case complexity

A new finding from our study is that the number of pre-
vious cardiac catheterizations was an independent risk factor
for AKI. This was not reported in other studies and is possibly
related to an increase in contrast used although this was not
looked at in this study. This is likely related to the increased
complexity of their cardiac anatomy and is likely a surrogate of
complexity in these children. In multiple studies, a higher
Risk Adjustment for Congenital Heart Surgery score has been
a risk factor for AKI.2,10 In our study, the number of previous
cardiac surgeries was not associated with AKI.

Preoperative renal function

Paradoxically, lower preoperative creatinine was signifi-
cantly associated with AKI. This also was significant on
multivariable logistic regression analysis. This has consistently
been found in other studies.2,10 An explanation for this may
be that this finding might result from the definition of AKI
itself, as current criteria mainly focus on relative increases in
SCr.23 In patients with lower preoperative SCr levels, a smaller
increase in absolute terms is needed to reach a 1.5-fold in-
crease. Therefore, these children are more likely to be caught
as having AKI by our criteria. We feel this may be an example
of regression towards the mean. On the other hand, children
with higher preoperative SCr levels are at risk of developing
AKI that remains undetected.
Preoperative medications

Preoperative diuretic use was common throughout our
cohort, with 32% of patients on that medication. From
univariate analysis, there was a significant difference between
patients who developed AKI and those who did not (43% vs
27%, P < 0.03). Postoperative diuretic use is controversial,
but preoperative furosemide use has been found to be an
independent risk factor for postoperative AKI in cardiac sur-
gery before.24 The specific pathophysiology of this is still not
clear. From our study, preoperative antibiotics, which may
include nephrotoxic drugs, was not associated with AKI. Of
note, the specific antibiotics that are concerning (eg, genta-
micin) were not specifically elicited from this study. Previous
studies have noted that nephrotoxic medications, including
antibiotics, were associated with AKI.2

Preoperative clinical status

Preoperative cyanosis (41% in AKI vs 24% in non-AKI,
P ¼ 0.02) was significantly related to AKI in our cohort.
Glomerulopathy has been seen and reported as a common
feature in cyanotic congenital heart disease.25 The dominant
feature appears to be glomerular damage, which directly
related to the duration of cyanosis.25 This would put these
patients at risk of developing AKI when a significant stressor,
like CPB, is applied. This contrasts the fact that patients with
preoperative prostaglandin use, commonly used in cyanotic
heart conditions, were less likely to have AKI (9% vs 24%, P
< 0.01). As was seen, an elevated preoperative ALT was
associated with AKI, which may be a proxy for multiorgan
dysfunction increasing risk for AKI.

Operative factors

It should not be surprising that the mean CPB time and
the mean aortic cross-clamp time were higher in the AKI
group. Studies have shown that increasing CPB times is
associated with increasing trends of developing AKI.2



Figure 3. Interleukin-2 (IL-2) levels at all time points. AKI, acute kidney injury; CPB, cardiopulmonary bypass.
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Furthermore, patients with >180 minutes of CPB were at
7.5� higher change of developing AKI.2 This is possibly
related to the haemolysis, production of free radicals, and the
low-flow, low-pressure nonpulsatile perfusion in CPB.12 This
finding was also confirmed on multivariable logistic regression
analysis (P < 0.001). This highlights that ischemia likely plays
a critical role in the etiology of AKI.

Postoperative management

In terms of outcomes associated with AKI, we found that
those who developed AKI were more likely to remain on me-
chanical ventilation for a longer period of time and be in the
ICU for longer. The etiology of this association is likely
multifactorial, with contributing factors specific to AKI
including increased fluid retention, interstitial oedema, and
prolongation of sedation secondary to decreased drug elimi-
nation because of AKI.2 These may be confounded by variables
such as right ventricular dysfunction, right ventricular hyper-
trophy, and residual cardiac lesions.2 In addition, AKI may also
be a colinear factor with other morbidities that further enhance
these associations. Patient and procedural factors reflective of
case complexity may be further confounding factors.

Inflammatory markers

An interesting finding of this study was that no inflam-
matory cytokine biomarkers (IL-1a, IL-1b, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12 p70, and TNF-a) at any of the time points
described in the study were found to be significantly associ-
ated with AKI. The TRIBE-AKI Consortium found that
preoperative IL-8 and postoperative TNF-a where signifi-
cantly related to AKI and greater hospital lengths in children
undergoing cardiac surgery and who were >2 years old.16

Another study found that serum IL-6 and IL-8 were early
biomarkers of AKI in this same population and were associ-
ated with prolonged mechanical ventilation.14 Of note, none
of these were found in our study. Because steroid use before
the index operation was associated with AKI in this study, it is
possible that steroid use may be a confounding factor affecting
inflammatory biomarkers.

Vascular markers

One aspect of this study with a high impact was
looking at vascular endothelial markers in children who
underwent cardiac surgery. Previously, smaller studies
have shown that circulating endothelial microparticles are
an independent risk factor for developing AKI in patients
undergoing cardiac surgery.13 Furthermore, other endo-
thelial vascular markers, such as RANTES, have been
shown to mediate ischemia reperfusion injury in the
kidney. There is some evidence linking RANTES and the
nuclear factor kappa B pathway to AKI.18 Our study did
not find an association with any inflammatory, vascular
endothelial, or microparticle biomarker and AKI. This
applied to not only absolute preoperative values but also
trends of the biomarkers.

Limitations

This study has a few limitations. First, it was designed as a
secondary analysis for a thrombosis study. Therefore, not all
variables associated with renal function were assessed. Sec-
ondly, the diagnosis of AKI was made retrospectively, and
urine output data were not captured; therefore, just one aspect
of the KDIGO 2012 definition was used. Moreover, this was
a single-centre study; thus we are limited in what can be
extrapolated to larger populations. Furthermore, our exclusion
criteria removed patients <2.5 kg; therefore, we cannot
comment on younger and smaller patients, who are likely to
have different renal function than our population. As this
study was not originally intended to assess AKI, we were
unable to gather preoperative information about urinary
structural abnormalities. Lastly, this cohort only consisted of
patients where we had both and preoperative and post-
operative creatinine and thus is subject to sampling bias with
potential for disease severity.
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Conclusions
In conclusion, our study reveals that AKI remains a com-

mon problem after heart surgery, affecting one-third of pae-
diatric patients. AKI was associated with increased complexity,
for example, in patients with an increased number of cardiac
catheterizations, increased bypass time, and increased cross-
clamp time. Moreover, AKI was associated with adverse
clinical outcomes including increased ICU duration and
increased hospital stay, as shown in other studies. Importantly,
our study did not show any association between inflamma-
tory, vascular endothelial or microparticle biomarkers, and
AKI. Independent risk factors for AKI included longer CPB
time, which suggests that ischemia, rather than inflammation,
plays an important role in the etiology of AKI after paediatric
cardiac surgery.
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