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Abstract

Background: Acute kidney injury (AKI) is a common complication among patients requiring cardiopulmonary bypass
(CPB) during paediatric cardiac surgery. Plasma-free haemoglobin (PFH) produced by haemolysis during CPB contributes
to AKI. This study aimed to determine the association between PFH and postoperative AKI during paediatric cardiac
surgery requiring CPB.

Methods: This prospective, single-centre, observational study included children aged <5 yr who underwent cardiac
surgery requiring CPB. PFH was measured pre-CPB, every 30 min during CPB, after modified ultrafiltration, on ICU
admission, and once a day at 1—3 days after surgery. The study outcome included the relationship between peak PFH
concentrations and the development of postoperative AKI up to 3 days after surgery. Additionally, multivariable analysis
was performed to determine the risk factors for AKI.

Results: Of 179 patients, 74 (41%) developed postoperative AKI. Patients who developed AKI had significantly higher peak
PFH concentrations (80 mg d1~! [inter-quartile range, 50—132.5] us 60 mg dl~* [40—100]; P=0.006). Multivariable analysis
did not identify peak PFH concentrations as an independent risk factor for postoperative AKI (odds ratio [OR] 1.00; 95%
confidence interval [CI]: 0.99—1.00; P=0.268). Factors associated with postoperative AKI were age in months (OR 0.96; 95%
CI: 0.94—0.99; P=0.007) and CPB duration (OR 1.02; 95% CI: 1.01—-1.02; P<0.001).

Conclusions: There was an association between postoperative AKI and CPB time rather than PFH. Perioperative peak PFH
concentrations were significantly higher in patients with postoperative AKI after paediatric cardiac surgery requiring
CPB.
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Acute kidney injury (AKI) is a common complication among
patients requiring cardiopulmonary bypass (CPB) for paediat-
ric cardiac surgery.! The incidence of AKI varies according to
diagnostic criteria and is reportedly as high as 30—60%.%°
AKI is associated with longer hospital stays, prolonged
length of mechanical ventilation, and increased risk for
mortality.” > Prediction and prevention of AKI is of great
importance to improve outcomes of patients.

The pathophysiology of AKI after cardiac surgery requiring
CPB is complex and multifactorial. Contributing factors may
include hypoperfusion, ischaemia—reperfusion injury, and
inflammation. The presence of haemolysis induced by CPB
may be one potential mechanism, adding to these contributing
factors.®’ Haemolysis releases plasma-free haemoglobin (PFH)
from red blood cells. PFH may cause AKI by mechanisms, such
as tubular epithelial damage owing to reactive oxygen species
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generation, renal ischaemia via microcirculatory vasocon-
striction owing to endothelial nitric oxide depletion, and
tubular obstruction owing to PFH precipitation and haeme cast
formation.®

Haemolysis during extracorporeal membrane oxygenation
(ECMO) is reportedly associated with AKI development in
paediatric patients.”'® However, to our knowledge, there are
only a few reports on the association between haemolysis and
postoperative AKI in patients who underwent cardiac surgery
and required CPB. Studies on the paediatric population include
patients who range from neonate to adolescent.’’ '3 A target
population up to adolescents would include an age group that
is physiologically close to that of adults. Conversely, studies on
neonates and infants are inevitably smaller in size, and pre-
vious reports have been small in size.'>"*

This study aimed to determine the association between
PFH and postoperative AKI in a particularly young age group of
patients with physiological characteristics different from
those of adults. We hypothesised that there is an association
between postoperative AKI and haemolysis, and that the de-
gree of haemolysis is highly severe among patients who
develop postoperative AKI.

Methods
Study design

This prospective observational study was approved by the
institutional review board of Okayama University Hospital
(No. 1807-017). All children younger than 5 yr of age who un-
derwent paediatric cardiac surgery under CPB, either correc-
tive or palliative, from November 2018 to March 2021, were
prospectively enrolled. All patient representatives gave writ-
ten informed consent before enrolment. Patients with pre-
existing renal dysfunction, defined as preoperative serum
creatinine (sCr) concentrations met chronic kidney disease
stage 3 of the Japanese survey,'* were ineligible from the study
population. Patients aged less than 3 months used the criteria
for patients aged 3—5 months. Emergency surgery and cases
where parental consent was not obtained were also consid-
ered ineligible. Patients requiring postoperative ECMO,
receiving haptoglobin administration for macroscopic hae-
maturia during the study period, and those with unavailable
data were excluded from statistical analysis after enrolment.

Anaesthesia and cardiopulmonary bypass
management

Anaesthetic induction included fentanyl 10 pg kg! and
rocuronium 1 mg kg™!. It was then maintained by fentanyl
30—100 pg kg~ ! as appropriate for all patients. Sevoflurane was
used at 1-3% if needed, although it is usually used at low or
very low concentration. Additionally, midazolam 10 mg and
rocuronium 30 mg were initiated in CPB circuit for anaesthesia
management during CPB. All patients received methylpred-
nisolone 30 mg kg~ ! before CPB.

All CPB involved the use of a roller pump (MERA HAS II,
Senko Medical Instrument Mfg. Co., Ltd., Tokyo, Japan). CPB
flow was based on a cardiac index of 2.4 L min~! m~2 in pa-
tients weighing over 10 kg or flow of 150 ml kg™! min~?! in
patients under 10 kg. Perfusion pressure, which is monitored
by an arterial line placed at the upper limb, lower limb, or both
limbs, was maintained at 30—40 mm Hg for neonates, 35—45
mm Hg for infants, and 40—50 mm Hg for patients older than 1

yr. Perfusion pressure was maintained by administering
vasoconstrictor or vasodilators as needed at the discretion of
the perfusionist. Core temperatures were managed at 25—35°C
for each patient. Oxygenator type and size were decided based
on patient weight. An oxygenator (Terumo RX05, Terumo
Cardiovascular Systems, Tokyo, Japan) was used for patients
weighing <10 kg, and another oxygenator (Terumo RX15,
Terumo Cardiovascular System) for patients weighing >10 kg.
Left atrial venting was performed in all patients with aortic
cross-clamp (ACC) and cardiac arrest. Cell saver and sucker
bypass were used as appropriate.

A circuit blood prime with packed red blood cells was used
for patients weighing <7 kg or when the expected diluted
haematocrit was <25%. All patients received furosemide 20 mg
in the CPB circuit. All patients underwent modified ultrafil-
tration after CPB.

Plasma-free haemoglobin measurements

Blood samples were collected pre-CPB, every 30 min during
CPB, after modified ultrafiltration, at ICU admission, and once
a day for 1-3 days after surgery. Blood samples were collected
from the venous side of the CPB circuit or a central venous or
arterial catheter. Blood samples were centrifuged at 3000 rpm
for 3 min. Plasma was immediately aliquoted and PFH was
measured using HemoCue® Plasma/Low Hb system (Radiom-
eter Medical, Tokyo, Japan). PFH was measured using the azide
methaemoglobin method, which involves measuring absor-
bance of the sample at 570 and 880 nm. The HemoCue®
Plasma/Low Hb system had a sensitivity to detect and quantify
PFH in the range of 30—3000 mg dl~2.

Data collection and statistical analysis

Collected patient characteristics and clinical data included
age, sex, weight, surgical procedure, the Risk-Adjusted clas-
sification for Congenital Heart Surgery (RACHS-1) score,’
preoperative haemoglobin concentration, preoperative sCr
concentration, CPB duration, ACC duration, presence or
absence of CPB blood priming, peak PFH concentration, and
Kidney Disease: Improving Global Outcomes (KDIGO) score.®
The peak PFH was defined as the maximum value of PFH
detected during the observation period.

The primary outcome was the development of AKI within 3
days after surgery. AKI was defined as an increase in sCr
concentration of >1.5 times baseline or increased >0.3 mg a1t
(26.5 uM) at any point during the study period as described in
the KDIGO guidelines. sCr measurements were taken on ICU
admission and on the morning of postoperative day (POD) 1-3.
Urine output was not used in our definition owing to post-
operative variable physician-dependent diuretic use. The lat-
est value of sCr before surgery was used as a baseline
measurement.

We assumed that the probability of AKI was 40% and 20%
among patients with PFH higher and lower than the median
value, respectively. It was necessary to enrol 162 participants
to achieve 80% power at the two-sided significance level of
0.05. Considering a dropout rate of 20%, the study required the
enrolment of approximately 200 patients. Considering the
nature of the study, multivariable regression analysis was
considered suitable to statistically analyse the data. With the
sample size of 200, the regression analysis can include five
predictors while assuming the incidence of AKI for the entire
cohort to be 30% using the 10 event-per-variable rules'’
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Cardiac surgery under 5 yr of age
n=532

Ineligible (n=332)

Surgery without CPB,

pre -existing renal dysfunction,
emergency operation,

without parental consent

A

Total recruited
n=200

Excluded (n=21)

» Missing data: n=17

* Postoperative ECMO: n=2
* Received haptoglobin: n=2

A
Data available for analysis
n=179

Fig 1. Study flow chart. CPB, cardiopulmonary bypass; ECMO,
extracorporeal membrane oxygenation

without over fitting. Thus, our analysis could have an
adequate power.

Categorical values were presented as frequencies and
compared using the 72 test or Fisher exact test when appro-
priate. Continuous variables were presented as the median

and inter-quartile range (IQR); they were compared using the
Wilcoxon rank sum test.

Multivariable analysis for AKI was performed to determine
independent risk factors. Risk factors with a P-value of <0.1in
univariate analysis were included in a multivariable logistic
regression model.

Additionally, patients were divided into the following
groups, and subgroup analysis was performed concerning
peak PFH: (1) CPB duration of <120 min or >120 min; (2) RACHS-
1 scores of 1, 2, and 3 or larger; (3) neonates, infants, 1—4 yr of
age, or non-neonates; and (4) cyanosis or non-cyanosis.

All statistical tests were two-sided, and a P-value of <0.05
was considered statistically significant. All statistical analyses
were performed with JMP version 14.0 (SAS, Cary, NC, USA)
and STATA version 18.0 (Stata Corp LLC, College Station, TX,
USA). Data are reported following the Strengthening the
Reporting of Observational Studies in Epidemiology
guidelines.’®

Results

Of the 200 patients enrolled, 179 (89.5%) were eligible for
analysis, excluding two patients who required postoperative
ECMO, two patients who received haptoglobin at the discre-
tion of the anaesthetist in charge for macroscopic haematuria,
and 17 patients with unavailable data (Fig 1). Of the 179 pa-
tients, 26 (14.5%) were neonates, 84 (46.9%) were infants, and
69 (38.5%) were older than 1 yr.

Demographic and clinical characteristics of 179 patients
are shown in Tables 1 and 2. The median (IQR) age and body
weight were 9 (3—22) months and 7 (4.1-9.45) kg, respectively.
AKI assessed by KDIGO criteria was identified in 74 (41%)

Table 1 Patient’s baseline characteristics by acute kidney injury. Continuous data described as median (inter-quartile range). All other
data described as proportion (percentage). AKI, acute kidney injury; RACHS-1, Risk-Adjusted classification for Congenital Heart

Surgery.

All patients (n=179)

Age (months) 9 (3—-22)
Male sex, n (%) 101 (56)
Weight (kg) 7 (4.1-9.45)
RACHS-1, n (%)

Risk category 1 4(2)

Risk category 2 68 (38)

Risk category 3 88 (49)

Risk category 4 15 (8)

Risk category 5 0

Risk category 6 4(2)

Preoperative haemoglobin (g d1™?%)
Preoperative serum creatinine (mg dl~?)

14.6 (12.9-16.1)
0.33 (0.25—0.35)

Non-AKI (105/179, 59%)  AKI (74/179, 41%)  P-value

10 (3—28) 7 (2—14) 0.05

61 (58) 40 (54) 0.591

7.56 (4.94—10.8) 6.28 (3.65—8.42) 0.043
0.051

4(3.81) 0

43 (41.0) 25 (33.8)

50 (47.6) 38 (51.4)

7 (6.67) 8 (10.8)

0 0

1(0.95) 3 (4.05)

14.7 (12.8—16.35) 14.3 (13.2—15.9) 0.815

0.33 (0.27—0.35) 0.32 (0.24—0.36) 0.024

Table 2 Patients’ intraoperative data by acute kidney injury. Continuous data described as median (inter-quartile range). ACC, aortic
cross-clamp; AKI, acute kidney injury; CPB, cardiopulmonary bypass; PFH, plasma-free haemoglobin.

All patients (n=179) Non-AKI (105/179, 59%) AKI (74/179, 41%) P-value
CPB duration (min) 117 (81—148) 99 (74.5—136) 134.5 (101.5-187.5) <0.001
ACC duration (min) 54 (34—90) 44 (33-77) 76.5 (42.25—102.25) <0.001
Blood priming of CPB, n (%) 117 (65) 64 (60.95) 53 (71.62) 0.14
Peak PFH (mg d1™?) 70 (40—110) 60 (40—100) 80 (50—132.5) 0.006
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Fig 2. Changes in plasma-free haemoglobin (PFH). AKI, acute kidney injury; CPB, cardiopulmonary bypass; POD, postoperative day

patients, including 48 (27%) for stage 1, 14 (8%) for stage 2, and
12 (7%) for stage 3. All participants in AKI stage 3 required
peritoneal dialysis (PD). Indication for PD was decreased urine
output, at the discretion of intensivist. Criteria for AKI were
met in 23 patients at ICU admission, 47 on POD 1, three on POD
2, and one on POD 3. The incidence of AKI in patients <10 kg
(managed with CPB flow of 150 ml kg™! min~') and patients
>10 kg (managed with flow of 2.4 L min~! m~?) was 64/152
(42%) and 10/27 (37%), respectively. All patients had recovered
from AKI at the time of ICU discharge. Compared with par-
ticipants without AKI, those with AKI were younger (7 [2—14]
us 10 [3—28]; P=0.05) and had lower body weight (6.28
[3.65—8.42] vs 7.56 [4.94—10.8]; P=0.043), lower preoperative sCr
(0.32 [0.24—0.36] us 0.33 [0.25—0.35]; P=0.024), longer CPB
duration (134.5 [101.5—187.5] us 99 [74.5—136]; P<0.001), and
longer ACC duration (76.5 [42.25—102.25] vs 44 [33—77]; P<0.001)
(Tables 1 and 2).

Concentrations of peak plasma-free haemoglobin

A significant difference was found in peak PFH between AKI
and non-AKI groups (80 mg dl~! [50-132.5] vs 60 mg dl~!
[40—100]; P=0.006) (Table 2). PFH concentrations increased in
proportion to the CPB duration (r=0.99), peaked after the end
of CPB, and then declined rapidly to below detection sensi-
tivity on the POD 1 in both AKI and non-AKI groups (Fig 2).
Significant differences were found between PFH concentra-
tions of AKI and non-AKI groups at post-CPB (80 mg dl!
[50-112.5] vs 60 mg d1~! [40—100]; P=0.01) and ICU admission
(20 mg d1! [10—40] vs 20 mg dl~? [0—30]; P<0.01). However,
there was no significant difference in PFH concentrations
during CPB. Patients with blood primed CPB had relatively high
baseline PFH concentrations (10 mg d1~? [0—30] vs 0 mg d1™!

[0—10], P<0.001). However, there was no significant difference
in the rate of development of AKI between patients with or
without blood priming of CPB (P=0.14; Table 2).

Multivariable analysis

Factors with P-values of <0.1 in the univariate analysis
included age in months, weight, RACHS-1 score, preoperative
sCr, CPB duration, ACC duration, and peak PFH. Age and CPB
duration were selected as explanatory variables because a
high correlation was found between age and weight (r=0.91)
and between CPB duration and ACC duration (r=0.70). Age in
months (odds ratio [OR] 0.96; 95% confidence interval [CI]:
0.94—0.99; P=0.007) and CPB duration (OR 1.02; 95% CIL
1.01—-1.02; P<0.001) were identified as independent risk factors
for postoperative AKI; however, peak PFH (OR 1.00; 95% CI:
0.99—1.00; P=0.268) was not identified as an independent risk
factor for postoperative AKI (Table 3).

Table 3 Independent risk factors associated with acute kidney
injury. CI, confidence interval; CPB, cardiopulmonary bypass;
OR, odds ratio; PFH, plasma-free haemoglobin; RACHS-1, Risk-
Adjusted classification for Congenital Heart Surgery.

Risk factor OR (95% CI) P-value

Age (months) 0.964 (0.939—0.99) 0.007

RACHS-1 1.26 (0.76—2.10)  0.368
Preoperative serum creatinine 0.088 (0.0055—1.41) 0.086
CPB duration 1.02 (1.01-1.02) <0.001
Peak PFH 1.00 (0.999—-1.01) 0.268
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Table 4 Subgroup analysis: comparing peak PFH between non-AKI and AKI. AKI, acute kidney injury; CPB, cardiopulmonary bypass;
PFH, plasma-free haemoglobin; RACHS-1, Risk-Adjusted classification for Congenital Heart Surgery.

Non-AKI

CPB of <120 (n=95)
CPB of >120 (n=84)

50 (32.5—70), =64
100 (60—120), n=41

RACHS-1 1, 2 (n=72)
RACHS-1 of >3 (n=107)

50 (40—110), n=47
70 (50—100), n=58

Neonates (n=26)
Infants (n=84)

1—4 yr of age (n=69)
Non-neonates (n=153)

110 (60—150), n=15
60 (40—120), n=43
50 (40—70), n=47
60 (40—90), =90

Cyanosis (n=111)
Non-cyanosis (n=68)

75 (57.5—120), n=62
40 (30—60), =43

AKI P-value
60 (40—80), n=31 0.339
100 (80—160), n=43 0.145
70 (45—90), n=25 0.185
90 (55—150), n=49 0.014
110 (40—140), n=11 0.787
90 (60—130), n=41 0.045
70 (47.5—105), n=22 0.111
80 (50—130), n=63 0.001
80 (55—145), n=49 0.548
80 (50—110), n=25 0.001

Subgroup analysis

The patients were divided into following groups to analyse for
peak PFH: (1) CPB time of <120 min and >120 min; (2) RACHS-1
scores of 1, 2, and 3 or more; (3) neonates, infants, 1—4 yr, and
non-neonates; and (4) cyanosis or non-cyanosis. Patients with
RACHS-1 score of >3 (90 mg dl™! [55—150] vs 70 mg dl~?
[50—100]; P=0.02), infants (90 mg dl~! [60—130] vs 60 mg dl~?
[40—120]; P=0.045), non-neonates (80 mg dl~* [50—130] us 60 mg
dl~? [40—90]; P=0.001), and non-cyanotic patients (80 mg dl!
[50-110] vs 40 mg dl~! [30—60]; P=0.001) who developed AKI
had higher peak PFH concentrations (Table 4).

Discussion

This study demonstrates that PFH was significantly higher in
patients who developed postoperative AKI in paediatric car-
diac surgery requiring CPB. However, multivariable analysis
demonstrates that PFH concentrations were not identified as
independent risk factors for postoperative AKI. To our
knowledge, this is the largest study to investigate the associ-
ation between postoperative AKI and PFH in paediatric cardiac
surgery.

Consistent with previous studies, changes in PFH concen-
trations, particularly peak PFH concentrations, were higher in
paediatric patients who developed postoperative AKIL''"*®
This study revealed a peak PFH in the AKI group of 80 mg
dl~%, which was considered reasonable compared with previ-
ous reports.'' 3 PFH was measured every 30 min during CPB,
allowing detailed observation of PFH changes. Previous reports
have not measured PFH as frequently as this study, and the
ability to observe PFH trends is the strength of this study. PFH
increases in proportion to CPB time and peaks soon after CPB
weaning. Additionally, PFH is significantly higher in the AKI
group at the end of CPB as the AKI group tends to have a longer
CPB time. The fact that PFH concentrations showed a rapid
decline after the end of CPB was similar to previous
reports.'’ "> The rapid decline in PFH after separation from the
CPB circuit may be, in part, as a result of the cessation of CPB-
induced haemolysis. In addition, haemolysis might enhance
haptoglobin production, which in turn enhances the
haptoglobin—haemoglobin complex formation.

In contrast to our study, several studies revealed an asso-
ciation between PFH and postoperative AKI in paediatric

cardiac surgery. Kim-Campbell and colleagues'’ conducted a
prospective study on 60 patients aged from 6 months to
approximately 12 yr. They reported that APFH at the end of
CPB was associated with postoperative AKI in low-risk paedi-
atric cardiac surgery. Their multivariable analysis revealed
PFH changes and male sex as risk factors for AKI, especially in
patients older than 2 yr. Additionally, Mamikonian and col-
leagues'? revealed an association between PFH elevation and
postoperative AKI in paediatric cardiac surgery. They enrolled
40 patients aged 4 days to 4.8 yr. One difference between these
two studies and ours is the age of the patients. The median age
of the patients in each study was 2.5 yr and 15.5 months,
respectively, whereas the median age of our patients was 9
months. A retrospective study by Ricci and colleagues®®
included 22 neonates younger than our study, with a median
age of 111 days, and revealed that PFH was not associated with
renal dysfunction. Additionally, the relationship between AKI
and PFH changes is lost in the patient population younger than
2 yr in the study by Kim-Campbell and colleagues.'’ Several
studies have reported an association between PFH and AKI
during ECMO or CPB in adults.'®?° Physiological differences
between adults and infants and differences in CPB techniques
might have contributed to the different results obtained in this
study. We believe that factors other than haemolysis might
have a stronger effect in young patients or those with high
disease severity.

The subgroup analysis revealed that patients with higher
RACHS-1 scores, infants, non-neonates, and non-cyanotic
patients who developed AKI had significantly higher PFH
concentrations. Patients with higher RACHS-1 scores may
have more complex surgeries and a longer CPB duration
leading to AKI development. The cases with lower RACHS-1
score group have more simple cases and less variation in
CPB duration, which may account for the lack of difference in
peak PFH between groups with and without AKI. In neonates,
110 mg d1~? of peak PFH was higher than in other age groups,
probably because of more complex surgeries performed in the
neonatal period and the longer CPB duration. Additionally,
technical factors, such as smaller cannulas, may have affected
to greater risk of haemolysis in this population. High haemo-
globin concentrations have been associated with haemolysis
in paediatric patients on ECMO.?! Similarly, patients requiring
CPB with high haemoglobin concentrations, such as those
with cyanotic heart disease, might be more susceptible to
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haemolysis than patients without cyanosis. Therefore, peak
PFH was as high as 75 mg dl~? even in the non-AKI group.

Limitations

Our study has several limitations. Firstly, the age difference
among the patients included in the study altered CPB priming,
and also the size of the oxygenator, cell saver, and tubing size.
Aside from size-based differences, CPB management strategy
was uniform as this is a single-centre study, and this should be
considered when interpreting the study results. A multicentre
study is needed to refute or confirm our findings. Secondly, the
low measurement sensitivity of the HemoCue® Plasma/Low
Hb system used to measure PFH is another limitation of our
study. The absorbance principle used in HemoCue® Plasma/
Low Hb system may not differentiate between haeme and free
haemoglobin.?? Furthermore, the relationship between PFH
and haptoglobin has not been investigated. Thirdly, perfusion
pressure, cardiac function, use of inotropic and vasocon-
strictor agents, mean arterial pressure, transfusion data,
amount of diuretics use in ICU, and other factors that may
contribute to the production of PFH and development of AKI
were not evaluated. Also, clinical outcomes associated with
AKI such as duration of mechanical ventilation and length of
stay were not evaluated. In addition, the impact of CPB dura-
tion raises the question of whether, rather than peak PFH
concentrations, the more important component may be the
duration of time that PFH concentrations remain elevated.
This was not measured in our study. Fourthly, sCr may not be
an appropriate indicator to assess renal function in this pop-
ulation. As glomerular filtration rate does not reach adult
concentrations until 2 yr of age,”> the maturity of renal func-
tion is not taken into account in this study. Finally, the sample
size was calculated assuming a factor of two difference in the
incidence of AKI, resulting in an overestimation of the effect of
PFH. The results of this study suggest that the impact of PFH is
likely to be smaller and the possibility of insufficient sample
size should be considered.

In conclusion, there was an association between post-
operative AKI and CPB time rather than PFH. Perioperative
peak PFH concentrations were significantly higher in patients
with postoperative AKI in cardiac surgery requiring CPB in
relatively young paediatric patients.
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