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Abstract

Background Cardiac surgery-associated acute kidney injury (CSA-AKI) is a notably common complication in pediatrics,
with an incidence rate ranging from 15 to 64%. This rate is significantly higher than that observed in adults. Currently, there
is a lack of substantial evidence regarding the association between intraoperative blood pressure variability (BPV) during
cardiac surgery with cardiopulmonary bypass (CPB) and the development of AKI in pediatric patients.

Methods This retrospective observational study encompassed children aged 0-7 years undergoing cardiac surgery with CPB.
Intraoperative BPV was calculated using coefficients of variation (CVs) and the area under the curve (AUC). Univariate and
multivariate analyses were employed to identify risk factors associated with CSA-AKI.

Results Among 570 patients (median age 1 year) reviewed, 36.1% developed CSA-AKI (68.9% risk stage, 22.8% injury
stage, and 8.3% failure stage). After adjusting for other variables, male gender (OR=2.044, 95% CI 1.297-3.222, P=0.002),
congenital heart surgery risk assessment grade (RACHS-1) classification >3 (OR=0.510, 95% CI 0.307-0.846, P=0.009),
longer CPB time (OR=1.022, 95% CI 1.007-1.037, P=0.004) and higher peak value of intraoperative vasoactive inotropic
score (VIS) (OR=1.072,95% CI 1.026-1.119, P=0.002) were identified as independent risk factors for CSA-AKI. +30%
AUCm was different in univariate analysis (P =0.014), however, not statistically different in multifactor analysis (P=0.610).
Conclusion Greater BPV, specifically MAP variations exceeding 30% AUC during CPB, may be a potential risk factor for
CSA-AKI in pediatric patients. Further large sample clinical studies are warranted to analyze the correlation between BPV
and CSA-AKI
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Introduction CHD operations accounted for 25.8% of the total cardio-

vascular surgery in China, of which 58.6% were in pediatric

China ranks among the nations with the highest incidence
of congenital heart disease (CHD) globally. Annually, over
200,000 new cases of congenital heart disease are reported,
with up to 85% necessitating surgical intervention [1, 2].
According to the White Paper on Heart Surgery and Extra-
corporeal Circulation in China 2022 [3], the number of
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patients. Additionally, the trend towards younger patient
age and increasing surgical complexity poses significant
challenges to perioperative management. Thus, optimizing
cardiopulmonary bypass (CPB) management strategies and
minimizing the incidence of perioperative complications in
vital organs are crucial for improving pediatric prognosis.
Cardiac surgery-associated acute kidney injury (CSA-
AKI) is the most common complication following cardiac
surgery [4, 5]. The incidence of CSA-AKI varies by age and
type of surgery, with about 5 to 45% in adults, while it ranges
from 40 to 64% in children specifically [5, 6]. CSA-AKI is
associated with increased mortality, prolonged mechani-
cal ventilation, intensive care unit stay, and hospitalization
[7-12]. Numerous factors are implicated in postoperative
CSA-AKI, such as younger age, cyanotic lesions, longer
CPB duration, and blood pressure fluctuation. However, the
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risk factors of CSA-AKI in the pediatric population remain
not well-established [13]. The renal perfusion priority strat-
egy during resuscitation proposes that kidneys are particu-
larly vulnerable to hypoxia and hypoperfusion, and normal
renal function is largely dependent on stable blood pressure
[14]. Existing studies have shown that blood pressure vari-
ability (BPV) may be a risk factor for AKI. In a single-center
retrospective observational study, 7504 adult patients under-
going coronary artery bypass graft surgery were included
to analyze the correlation of systolic blood pressure (SBP)
variation and mortality within 30 days. The results showed
that the larger coefficients of variations (CVs) of SBP may
be an important predictor of 30-day mortality after cardiac
surgery [15]. Another study involving 3687 adults undergo-
ing cardiac surgeries indicated that increased SBP variability
was linked to 30-day mortality and kidney failure devel-
opment, with surgery phase-specific correlations observed
[16]. At present, BPV has not been extensively investigated
in children, and some studies have only included non-cardiac
surgeries, with varied results. A retrospective observational
study found that larger BPV was associated with AKI in
infants < 12 months, but there was no relationship in chil-
dren > 12 months [17]. Therefore, further research is needed
to determine the correlation between BPV and CSA-AKI
in pediatric cardiac surgery and the differences in different
pediatric age groups. In order to explore the safe fluctuation
range of blood pressure during CPB in pediatric cardiac sur-
gery patients this study mainly included those under 7 years.

The objectives of this observational study were twofold:
(1) to analyze the risk factors of CSA-AKI in children under
7 years and explore the relationship between intraoperative
BPV and CSA-AKI in pediatric cardiac surgery patients;
(2) to preliminarily explore the safe fluctuation range of BP
during CPB in children under 7 years of age. The findings
of this study will provide a corresponding theoretical basis
for optimal BP management and CSA-AKI prevention in
pediatric cardiac surgery.

Methods and materials
Patient population

A retrospective observational review of pediatric patients
aged 7 years or younger undergoing cardiac surgery with
CPB at West China Hospital of Sichuan University between
2019 and 2022 was conducted. The study was approved by
the Clinical Research Ethics Committee of West China Hos-
pital of Sichuan University (IRB number: No. 2021(1129);
approval date: September 18, 2021). The requirement for
informed consent was waived due to the retrospective nature
of the analysis.
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Children were excluded if they had severe preoperative
renal insufficiency (evidenced by preoperative dialysis or
a preoperative creatinine value greater than 3.0 mg/dL),
had used nephrotoxic drugs prior to surgery, had received
extracorporeal life support before surgery, had a history of
radiotherapy or chemotherapy, were undergoing heart trans-
plantation, required emergent surgery, or had incomplete
clinical data.

Anesthesia and CPB main protocol

General anesthesia was induced with midazolam 0.05 mg/
kg, cisatracurium 0.1 to 0.2 mg/kg, sufentanil 0.5 to 1 ug/kg,
and propofol 2 to 2.5 mg/kg. The trachea was intubated, and
mechanical ventilation started to achieve an end tidal carbon
dioxide tension of 35 to 45 mmHg. Anesthesia was main-
tained with continuous infusion of propofol or inhalation of
sevoflurane until the end of surgery. Midazolam, sufentanil,
and cisatracurium were given as needed.

A standard CPB with a disposable hollow-fiber mem-
brane oxygenator (Affinity Pixie, Medtronic, Minneapolis,
MN) and a roller pump (Stockert-5, Sorin Group, Munchen,
Germany) were selected. The pump circuit was primed with
150 to 200 mL acetated Ringers solution, 1 to 2 units of
packed red blood cells, 10 g albumin, 1.25 mL/kg 20%
mannitol, and 10 to 20 mL 5% sodium bicarbonate. Cold
blood cardioplegia (ratio of crystalloid to blood is 1:4) at
a dose of 30 mL/kg was used for all patients. Cardioplegia
was repeated with a half dose every 20 to 25 min during
surgery. All patients were treated with mild hypothermic
CPB (32-34 °C). During CPB, the targeted pump flow rate
was maintained between 2.6 and 3.2 L/min/m?, with a mean
arterial pressure (MAP) of 30 to 50 mmHg and a hematocrit
of 25 to 30%. Blood gases were measured every 15 min.
After the cardiac surgical procedure and aortic unclamping,
the heart was defibrillated if sinus rhythm did not resume
spontaneously. After weaning from CPB, modified ultra-
filtration was routinely performed, and the hematocrit was
maintained at 30 to 35%. Protamine was then used to reverse
the effect of heparin. Postoperatively, all patients were trans-
ported intubated to the pediatric intensive care unit (PICU)
to recover.

BPV measurement

BPV [18] is a continuous variable that describes blood pres-
sure variation, which can be described by standard devia-
tion (S$D), CVs, average real variation (ARV), and AUC.
SD reflects the distribution of all BP means, regardless of
the mean; while CVs are SD divided by the mean BP. ARV
describes mean of the absolute differences between consecu-
tive BP measurements. As a measure of discrete variability,
ARV depends on the time sequence of measurements and
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takes into account the differences between individual con-
secutive measurements. AUC reflects the integral of the mag-
nitude and duration of the deviation from a certain threshold.

Before surgery, baseline blood pressures were measured
daily when children were awake and quiet in the ward. The
intraoperative blood pressure included SBP, diastolic blood
pressure (DBP), and MAP pre- and post-CPB, as well as
MAP during CPB were recorded every 5 min. The BPV
was described in the following two ways: (1) CVs [16] were
calculated as SD divided by the mean of the values of blood
pressure in the stage of pre- and post-CPB of systolic, dias-
tolic, and MAP, as well as MAP during CPB, which reflected
the degree of BPV; (2) deviation of the MAP during CPB
from the baseline MAP was expressed as the AUC [18],
which was calculated by multiplication of amplitude and
duration of blood pressure deviation from baseline blood
pressure. The baseline MAP was defined as the mean value
MAP measured in the ward and during awake quiet or mild
sedation prior to induction of anesthesia. The AUC devia-
tion of + 10%, +20%, and +30% from the baseline MAP
during CPB were defined as + 10% AUCm, +20% AUCm,
and +30% AUCm, respectively.

CSA-AKI definition

The CSA-AKI was defined as any decrease in estimated cre-
atinine clearance (eCrCl) [19]>25% from baseline (obtained
within 1 week before surgery) to peak value within the first
7 days after surgery using the pediatric risk, injury, fail-
ure, loss, and end-stage kidney diseases (pRIFLE) criterion
[13]. The stages of CSA-AKI were classified as follows:
risk stage (decrease in eCrCl>25% from baseline), injury
stage (decrease in eCrCl>50% from baseline), failure stage
(decrease in eCrCl>75% from baseline or eCrCl<3 5 mL/
min/1.73 m?), loss stage (duration of failure >4 weeks), and
end-stage (continuous failure >3 months). It is important to
note that the diagnosis of AKI did not consider urine output, as
it is often affected by modified ultrafiltration and diuretic use.

Data collection

Demographic and clinical data were collected from patients’
electronic medical records, including preoperative comor-
bidities, anesthetic records, surgery-related data, and clinical
outcomes. Preoperative data included preoperative congeni-
tal complications, preoperative vasoactive drug use, con-
genital heart surgery risk assessment grade (RACHS-1),
previous surgical history, left ventricular ejection fraction,
and baseline blood pressure. Laboratory examination includ-
ing serum creatinine (Scr), eCrCl, preoperative serum cys-
tatin C, preoperative hemoglobin concentration (Hb) was
also recorded. Surgery-related data such as type of opera-
tion, duration of operation, CPB time, aortic cross-clamping

time, intraoperative peak value of vasoactive inotropic score
(VIS), intraoperative fluid input and output, and blood trans-
fusion were documented. Clinical outcomes including CSA-
AKI, PICU stay, postoperative mechanical ventilation time,
length of hospital stay, incidence of low cardiac output syn-
drome (LCOS), liver insufficiency and pulmonary infection,
and 30-day all-cause mortality, were recorded.

Statistical analysis

Statistical analysis was performed using SPSS26.0. The
measurement data were tested by Shapiro—Wilk for normal-
ity. For data adhering to a normal distribution, the results
were presented as mean +SD, and group comparisons were
made using the 7-test. Conversely, for non-normally dis-
tributed data, values were expressed as the median and
interquartile range (IQR), with the Mann—Whitney U test
employed for between-group comparisons. Categorical data
were expressed in frequencies and percentages (%) and ana-
lyzed using the chi-square test or Fisher’s exact probability
method for group comparisons. Univariate analysis was per-
formed for all indicators of the children before and during
operation. Chi-square test or Fisher’s exact test was used for
the difference analysis between categorical variables, and
t-test or Wilcoxon signed rank sum test was used for the dif-
ference analysis between continuous variables. Multivariate
logistic regression analysis was used to analyze CSA-AKI
related risk factors. All factors with P <0.1 in the results
of univariate analysis of preoperative and intraoperative
data were included in the binary logistic regression analysis
model as independent variables, and the occurrence of CSA-
AKI was taken as the dependent variable. Spearman correla-
tion was used to diagnose collinearity among independent
variables. All tests were bilateral, and P <0.05 was consid-
ered statistically significant. Subgroup comparison of BPV
during cardiac surgery was conducted between AKI group
and non-AKI group across different age groups (<1 year old,
1-3 years old, and 3—7 years old).

Results
Participant’s characteristics

Among 757 cardiac surgical cases performed between 2019
and 2022, a total of 570 children met the inclusion criteria.
Patients without CPB (n=12), undergoing emergent sur-
gery (n=165), and with missing clinical data (n=10) were
excluded. The cohort comprised 289 males (50.7%) and 281
females (49.3%). The median weight was 10 kg IQOR 7-14),
and the median height was 80.0 cm (/QR 66.7-95.0). A total
of 26 patients (4.6%) presented with congenital complica-
tions preoperatively.

@ Springer



2074

Pediatric Nephrology (2025) 40:2071-2081

The overall incidence of CSA-AKI in this pediatric popu-
lation was 36.1% (206 patients), among which, 68.9% at
risk stage, 22.8% at injury stage, 8.3% at failure stage; none
was in the loss or end-stage categories) (Fig. 1). The age
distribution of CSA-AKI cases was 51.0% in the 0-1-year
group, 32.5% in the 1-3-year group, and 16.5% in the 3-7-
year group.

Comparison between AKI group and non-AKI group

In the AKI group, males accounted for a larger propor-
tion (P=0.011), as did more congenital complications
(P=0.019), and younger age (P <0.001). Regarding intra-
operative data, children who developed CSA-AKI had longer
CPB time, cross-clamping time, and surgical time, required
more intraoperative blood infusion, and had higher VIS peak
value and a higher ratio of RACHS-1 grade > 3. The preop-
erative profile and intraoperative data of the AKI group and
non-AKI group are detailed in Table 1.

Intraoperative blood pressure between AKI group and
non-AKI group showed no statistical difference in SBP,
DBP, and MAP pre-, during, and post-CPB (Table 2). Simi-
larly, there were no significant differences in CVs of blood
pressure before, during, and after CPB between the two
groups. However, +30% AUCm during CPB was higher in
the AKI group (P=0.038) (Table 2).

Postoperatively, children in the AKI group were
significantly more likely to develop LCOS (5.3% vs.
0.5%, P=0.001), liver insufficiency (95.1% vs. 75.8%,
P <0.001), and pulmonary infection (50.0% vs. 14.6%,
P <0.001). They also had longer durations of mechanical
ventilation (76 (12—-150) vs. 5 (2-15) hours, P <0.001),
PICU stays (7 (4-12) vs. 2 (2-5) days, P<0.001) and
hospitalization (16 (11-21) vs. 8 (7-11) days, P <0.001).
However, the 30-day all-cause mortality rates were com-
parable between the two groups (Table 3).

Fig. 1 Patients with and without

Univariate and multivariate analyses

Preoperative and intraoperative data were included in the
univariate analysis. On univariate analysis, age (P <0.001),
male sex (P=0.011), preoperative congenital complica-
tions (P=0.023), RACHS-1 grade >3 (P<0.001), time of
operation (P <0.001), aortic cross-clamp time (P <0.001),
CPB time (P <0.001), peak value of VIS during opera-
tion (P <0.001), intraoperative blood infusion (P <0.001),
and+30% AUCm (P=0.014) showed statistically significant
differences (Table 4). The risk variables with an explanatory
P <0.10 at the univariate step were tested with a multivari-
able approach.

The various factors identified in the univariate analy-
sis were tested for intercorrelation. There were significant
correlations between operation time, aortic cross-clamping
time, and CPB time, and between intraoperative plasma
infusion, platelet infusion, and red blood cell infusion.
Considering that the correlation of CPB time and intra-
operative RBC infusion to CS-AKI is much stronger, we
therefore included the CPB time and intraoperative RBC
infusion in the multivariable models. After correction for
the other explanatory variables, male gender (OR =2.044,
95% CI 1.297-3.222, P=0.002), RACHS-1 classifica-
tion>3 (OR=0.510, 95% CI 0.307-0.846, P =0.009),
longer CPB time (OR=1.022, 95% CI 1.007-1.037,
P=0.004) and high intraoperative VIS peak value
(OR=1.072, 95% CI: 1.026-1.119, P=0.002) were
independent risk factors for CSA-AKI in children. How-
ever,+30% AUCm (P =0.610) was not an independent
risk factor for CSA-AKI (Table 4).

Comparison of BPV in different pediatric age groups

The differences of + 10% AUCm, +20% AUCm, and +30%
AUCm in CPB were compared between AKI group and

acute kidney injury (AKI) N=757
according to AKI presentation.
Clinical course of patients was
according to the renal pediatric
risk, injury, failure, loss of renal Failure to fulfill
function, and end-stage renal . . o
disease class inclusion criteria
n=187
No AKI Risk Injury Failure
364 142 47 17
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Table 1 ]?emographics, Variables Non-AKI group (n=364) AKI group (n=206) P value
preoperative profile, and
intraoperative details of both Age (year) 2.1 (0.9-3.8) 1.0 (0.6-2.2) <0.001
cohorts Male (%) 170 (46.7%) 119 (57.8%) 0.011
Congenital complications (%) 11 (3.0%) 15 (7.3%) 0.019
LVEF<50% 2 (0.5%) 8 (3.9%) 1.432
Hb (g/L) 126 (120.5-133.5) 128 (121.0-132.0) 0.904
Serum cystatin C (mg/L) 0.88 (0.82-1.00) 0.91 (0.86-0.98) 0.379
Scr (pmol/L) 33 (28-39) 25 (21-31) 0.445
eCrCl (mL/min/1.73 m?) 90.5+124 95.7+22.4 0.543
Operation time (min) 175 (145-210) 245 (188-310) <0.001
Aortic occlusion time (min) 54 (39-73) 84 (54-115) <0.001
CPB time (min) 76 (61-98) 124 (85-164) <0.001
VIS peak value 3(2-5) 7 (3-10) <0.001
Infusion quantity (mL) 180 (100-300) 150 (100-270) 0.170
Urine volume (mL) 50 (40-80) 50 (20-120) 0.416
RACHS-1 (%)
Grade 3-5 73(20.1%) 76(36.9%) <0.001
Intraoperative blood infusion (%) 350 (96.2%) 198 (96.1%) 0.982
Red blood cell 29 (8%) 37 (18%) <0.001
Plasma 27 (7.4%) 34 (16.5%) 0.001
Platelet 19 (5.2%) 35 (17.0%) <0.001

Values are median (interquartile range) or n (%). P <0.05 was considered significant

LVEF left ventricular ejection fraction, eCrCl estimated creatinine clearance, Hb preoperative, Scr serum
creatinine, RACHS-1 the risk adjustment in congenital heart surgery-1 method, CPB cardiopulmonary

bypass, VIS variance index score

The significance of the bold emphasis is to visually show the variables with statistical differences

non-AKI group at different ages (<1 year old, 1-3 years old,
and 3-7 years old), and the results showed that there were
no statistical differences in + 10% AUCm and +20% AUCm
at different ages (P> 0.05). There is no statistically signifi-
cant difference in +30% AUCm between the AKI group and
the non-AKI group (P > 0.05) in ages of 1-3, but the +30%
AUCm in CPB of the AKI group is significantly greater than
that of the non-AKI group (P=0.031) in ages of 3—7, show-
ing a statistically significant difference, as shown in Table 5.

Discussion

AKI is one of the most common complications after cardiac
surgery in pediatric CPB and is closely associated with post-
operative outcome [5, 20, 21]. Our study results show that
the incidence of CSA-AKI in pediatric patients under 7 years
of age was 36.1% (51.0% were aged 0-1 year, 32.5% aged
1-3 years, and 16.5% aged 3-7 years). This study demon-
strated that longer CPB time, RACHS-1 grade >3, and high
intraoperative peak of VIS were risk factors associated with
CSA-AKI. However, there was no significant association
between CVs for SBP, DBP, and MAP and CSA-AKI during
any period of surgery. In addition, the AUC of + 10%, +20%,

or +30% deviation from the baseline MAP during the bypass
phase was not significantly associated with CSA-AKI.

The incidence of CSA-AKI varies across different age
groups due to the immaturity of organ function in pediatric
patients at various developmental stages, combined with com-
plex cardiac malformations resulting from congenital heart
disease, rendering them more susceptible to a range of patho-
physiological effects [22]. There are great differences in risk
factors of CSA-AKI at different developmental stages. Existing
studies have shown that the risk factors leading to the occur-
rence of pediatric CSA-AKI can be divided into two categories,
namely renal factors and extrarenal factors. The renal factors
include decreased perfusion blood flow, decreased glomerular
filtration rate, and use of nephrotoxic drugs. Extrarenal factors
can be divided into patient factors, hemodynamic factors, and
inflammatory factors [23]. Patient factors [8] include young
age, low body weight, and RACHS-1 grade >3. Hemody-
namic factors [7] include long-term CPB bypass, low cardiac
output syndrome, postoperative use of high dose, and long-term
vasoactive drugs, postoperative ECMO assistance, long-term
mechanical ventilation, and early postoperative fluid overload.

In this study, the results show that male gender, RACHS-1
grade >3, long CPB time, and high peak intraoperative VIS
score were independent risk factors for the development of
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Table 2 Comparison of
intraoperative blood pressure
and BPV between AKI group
and non-AKI group

Table 3 Postoperative outcomes
in AKI group and non-AKI

group

pediatric CSA-AKI. This is consistent with the findings of
previous studies. The study conducted by Blinder et al. [8]
on 430 small infants aged 3 months demonstrated that a

@ Springer

BP (mmHg) Non-AKI group (n=364) AKI group (n=206) P value
Pre-CPB
SBP 90.8+6.2 91.5+7.4 0.486
DBP 523+6.2 52.1+7.3 0.829
MAP 62.0+6.1 62.3+6.4 0.485
During CPB
MAP 459+54 46.0+6.7 0.701
Post-CPB
SBP 84.7+8.5 85.2+9.6 0.698
DBP 48.3+9.4 48.4+9.2 0.806
MAP 61.1+5.8 60.9+5.8 0.692
BPV
Pre-CPB CVs, median (/IQR)
SBP-CVs 0.071(0.049-0.107) 0.067(0.049-0.096) 0.418
DBP-CVs 0.011(0.069-0.157) 0.102(0.072-0.156) 0.890
MAP-CVs 0.083(0.055-0.111) 0.083(0.053-0.125) 0.627
CVs during CPB, median (/QR)
MAP-CVs 0.179(0.144-0.204) 0.168(0.140-0.199) 0.118
Post-CPB CVs, median (IQR)
SBP-CVs 0.066(0.044-0.103) 0.074(0.048-0.106) 0.217
DBP-CVs 0.097(0.070-0.133) 0.101(0.070-0.145) 0.623
MAP-CVs 0.069(0.042-0.098) 0.066(0.042-0.089) 0.497
AUCm during CPB, median (/QR)
+10% AUCm 386.16(272.24-510.09) 357.13(242.68-513.17) 0.162
+20% AUCm 185.61(84.16-291.24) 174.63(67.145-291.95) 0.696
+30% AUCm 30.95(0-138.25) 61.97(0-187.68) 0.038

Values are median (interquartile range) or n (%). P <0.05 was considered significant

CPB cardiopulmonary bypass, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arte-
rial pressure, CVs pressure coefficients of variation, AUCm area under curve where mean arterial pressure
deviates from baseline mean arterial pressure during cardiopulmonary bypass

The significance of the bold emphasis is to visually show the variables with statistical differences

Variables Non-AKI group AKI group (n=206) P value
(n=364)
Hospital stays (day) 8 (7-11) 16 (11-21) <0.001
Postoperative mechanical ventilation 5 (2-15) 76 (12-150) <0.001
time (h)
PICU time (day) 2 (2-5) 7 (4-12) <0.001
Pulmonary infection (%) 53 (14.6%) 103 (50.0%) <0.001
Liver insufficiency (%) 276 (75.8%) 196 (95.1%) <0.001
LCOS (%) 2 (0.5%) 11 (5.3%) 0.001
30-day all-cause mortality (%) 2(0.5%) 8(3.9%) 0.634

Values are median (interquartile range) or n (%). P <0.05 was considered significant

AKI acute kidney injury, PICU pediatric intensive care unit, LCOS low cardiac output syndrome

The significance of the bold emphasis is to visually show the variables with statistical differences

higher RACHS-1 grade, younger age, more complex cardiac
malformations, elevated baseline creatinine levels, utiliza-
tion of CPB, and longer duration of CPB were associated
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Table 4 Univariable and multivariable analysis for predictors of
CSA-AKI

Variables OR 95% CI P value
Univariate analysis
Age (year) 0.754 0.677-0.839 <0.001
Male (%) 1.561 1.106-2.203 0.011
Congenital complications (%) 2.520 1.135-5.596 0.023
RACHS-1 >3 grade 0.429 0.293-0.629 <0.001
Operation time (min) 1.011 1.008-1.013 <0.001
Aortic occlusion time (min) 1.025 1.019-1.031 <0.001
CPB time (min) 1.021 1.017-1.026 <0.001
VIS peak value 1.170  1.121-1.221 <0.001
Infusion quantity (mL) 1.000  0.999-1.001 0.648
Urine volume (mL) 1.002  1.000-1.003 0.441
Intraoperative blood infusion (%)
Red blood cell 2.529 1.503-4.254 <0.001
Plasma 0.405 0.237-0.694 <0.001
Platelet 0.269 0.149-0.480 <0.001
Pre-CPB CVs
SDP 0.079  0.002-3.700 0.196
DBP 1912 0.145-25.124  0.622
MAP 1.857 0.064-53.641 0.718
In CPB CVs
MAP 0.133  0.004-4.656 0.266
In CPB AUCm
+10% AUCm 1.000  0.999-1.000 0.366
+20% AUCm 1.000  0.999-1.001 0.660
+30% AUCm 1.001  1.000-1.002 0.014
Post-CPB CVs
SBP 2.841 0.118-68.653  0.520
DBP 5.389 0.274-105.947 0.268
MAP 0.104  0.002-6.535 0.284
Multivariate analysis
Age (year) 0.900 0.787-1.029 0.122
Male (%) 2.044 1.297-3.222 0.002
Congenital complications (%) 2.665 0.977-7.265 0.055
RACHS-1 >3 grade 0.510 0.307-0.846 0.009
CPB time (min) 1.022 1.007-1.037 0.004
VIS peak value 1.072  1.026-1.119 0.002
Red blood cell (%) 1.417 0.672-2.988 0.359
+30% AUCm 1.000  0.998-1.001 0.610

Values are median (interquartile range) or n (%). P <0.05 was consid-
ered significant

CPB cardiopulmonary bypass, SBP systolic blood pressure, DBP
diastolic blood pressure, MAP mean arterial pressure, CVs pressure
coefficients of variation, AUCm area under curve where mean arte-
rial pressure deviates from baseline mean arterial pressure during
cardiopulmonary bypass, VIS variance index score, RACHS-1 the risk
adjustment in congenital heart surgery-1 method

The significance of the bold emphasis is to visually show the vari-
ables with statistical differences

with an increased risk of CSA-AKI. The study conducted
by Li et al. [6] on 311 pediatric patients undergoing cardiac

surgery revealed that CSA-AKI was independently asso-
ciated with RACHS-1 grade, age, duration of mechanical
ventilation, surgery time, and ICU factors. A meta-analy-
sis [24] showed that age was significantly associated with
CSA-AKI in CHD surgery, and the incidence of CSA-AKI
in patients < 1 month old was higher than that in other age
groups. For studies with long CPB time, Park et al. [25]
reported that the incidence of CSA-AKI in infants was sig-
nificantly increased at CPB time > 120 min; while Hirano
et al. [26] believed that 90 min of CPB was an independent
risk factor for CSA-AKI in infants.

The pathogenesis of CSA-AKI is mainly related to perio-
perative renal hypoperfusion and imbalance of oxygen sup-
ply and demand [5, 27-29]. The perioperative hemodynamic
disturbance and changes in vascular tension during CPB may
even decrease renal blood flow by up to 30% [30, 31]. Intra-
operative blood pressure instability may be an important fac-
tor leading to postoperative AKI [27, 28]. Thus, maintaining
blood pressure within an appropriate threshold range and
preventing renal hypoperfusion and oxygen insufficiency are
important for preventing CSA-AKI. Because blood pressure
is a continuous variable, it is difficult to evaluate quantita-
tively, so the BPV [18] is often used to measure its stabil-
ity and variability. Studies of blood pressure management
during cardiac surgery in adults have shown that increased
intraoperative BPV is associated with adverse postoperative
outcomes, increased incidence of kidney failure, and mortal-
ity at 30 days after surgery [16]. However, the physiologi-
cal and pathological characteristics of pediatric patients are
different from those of adults, and the influence of BPV on
pediatric CSA-AKI needs further study.

In this study, CVs and AUC were used to describe BPV
in pediatric cardiac surgery and analyze the correlation
between intraoperative BPV and CSA-AKI. The results
show that there were no correlations between CVs of SBP,
DBP, MAP, and the occurrence of CSA-AKI. In bivariate
analysis, +30% AUCm of BPV during CPB was associated
with increased risk of AKI, but with no significance in mul-
tivariable analysis. A retrospective cohort [32] of children
aged 1 to 17 years found that increased systolic and MAP-
CVs were significantly associated with AKI, while meas-
ures of diastolic BPV were not associated with AKI in the
multivariable model. A post-hoc analysis [33] of data from
3 prospective, open-label, and randomized clinical trials
(ECLIPSE trials) in sixty-one medical centers in the USA,
which included cardiac surgery patients > 18 years, aimed to
study the impact of perioperative BPV on health resource
utilization after cardiac surgery. The results showed that
increased perioperative SBP-AUC is associated with delayed
extubation and increased postoperative length of stay. A
prospective observational study [34] included patients aged
18 years or older and investigated the relationship between
short-term BPV and incidence of AKI in critically ill
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Table 5 Comparison of BPV in
pediatric with different ages
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Year<1 (n=217)
BPVs
Pre-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
In CPB CVs, media (IQR)
MAP-CVs
Post-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
+10% AUCm, media (IQR)
+20% AUCm, media (IQR)
+30% AUCm, media (IQR)
1<year<3 (n=181)
BPVs
Pre-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
In CPB CVs, media (IQR)
MAP-CVs
Post-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
+10% AUCm, media (IQR)
+20% AUCm, media (IQR)
+30% AUCm, media (IQR)
3<year<7 (n=172)
BPVs
Pre-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
In CPB CVs, media (IQR)
MAP-CVs
Post-CPB CVs, media (IQR)
SBP-CVs
DBP-CVs
MAP-CVs
+10% AUCm, media (IQR)
+20% AUCm, media (IQR)
+30% AUCm, media (IQR)

Non-AKI group (n=112)

0.068 (0.041-0.119)
0.101 (0.054-0.151)
0.081 (0.057-0.111)

0.181 (0.144-0.220)
0.065 (0.046-0.102)

0.095 (0.069-0.134)
0.071 (0.050-0.108)

338.00 (237.24-487.11)
166.26 (79.00-338.17)

105.34 (0-282.75)

Non-AKI group (n=114)

0.073 (0.049-0.092)
0.115 (0.077-0.170)
0.083 (0.053-0.115)

0.181 (0.145-0.203)
0.066 (0.041-0.107)

0.093 (0.071-0.128)
0.069 (0.045-0.098)

371.29 (232.46-469.71)
173.84 (57.28-244.55)

10.58 (0-83.72)

non-AKI group (n=138)

0.072 (0.054-0.103)
0.107 (0.069-0.152)
0.083 (0.054-0.110)

0.111 (0.094-0.173)
0.065 (0.043-0.091)

0.104 (0.066-0.134)
0.062 (0.033-0.087)

439.11 (323.68-603.07)
194.71 (114.79-293.37)

18.21 (0-103.62)

AKI group (n=105)

0.067 (0.052-0.095)
0.096 (0.077-0.156)
0.082 (0.051-0.119)

0.165 (0.142-0.199)
0.080 (0.056-0.115)

0.101 (0.070-0.138)
0.065 (0.042-0.090)

313.68 (195.32-468.00)
183.00 (63.00-301.74)

93.00 (0-266.00)
AKI group (n=67)
0.065 (0.046-0.094)
0.104 (0.064-0.162)
0.092 (0.063-0.131)
0.168 (0.136-0.194)
0.057 (0.042-0.099)

0.104 (0.076-0.148)
0.063 (0.042-0.089)

351.16 (265.29-471.79)
150.00 (56.21-251.05)

11.00 (0-97.00)
AKI group (n=34)
0.079 (0.050-0.095)
0.109 (0.080-0.162)
0.078 (0.056-0.126)
0.108 (0.086-0.163)
0.078 (0.049-0.103)

0.091 (0.067-0.139)
0.069 (0.048-0.087)

428.68 (361.89-661.47)
239.05 (144.74-388.74)

104.26 (0-199.11)

P value

0.745
0.325
0.809

0.151

0.088
0.991
0.119
0.509
0.734
0.702

P value

0.317
0.414
0.182

0.170

0.337
0.201
0.351
0.860
0.644
0.939

P value

0.776
0.590
0.923

0.833

0.411
0.814
0.430
0.489
0.367
0.031

Values are median (interquartile range) or n (%). P <0.05 was considered significant

CPB cardiopulmonary bypass, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arte-
rial pressure, CVs pressure coefficients of variation, AUCm area under curve where mean arterial pressure
deviates from baseline mean arterial pressure during cardiopulmonary bypass

The significance of the bold emphasis is to visually show the variables with statistical differences
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patients. The conclusion was that SBP-ARV correlated with
the incidence of AKI and a weak association was also found
between ARV and hospital mortality in critically ill patients.
A systematic review [18] of 11 articles analyzed the impact
of intraoperative BPV on the risk of postoperative adverse
outcomes in adult non-cardiac surgery, and a relationship
between higher intraoperative CV, ARV and postoperative
complications was observed in 5 studies [35-39]. A prob-
able protective effect of higher BPV was found on the risk
of postoperative complications in three studies [40-42].
One study [43] observed a U-shaped relationship between
MAP-ARYV and postoperative complications; however, there
was no association between the variable and the outcome in
the other two studies [36, 44]. A study [45] retrospectively
examining 600 patients found that preoperative DBP-CV
and intraoperative SBP-CV were independent risk factors
for ninety-day postoperative negative outcomes. A retrospec-
tive, observational, cohort study [46], of those undergoing
cardiac surgery requiring CPB, showed that CV-SBP/MAP
were not predictive of mortality and kidney failure. A retro-
spective study [47] assessed the patients referred for elective
coronary artery bypass graft with the use of ECC, the main
conclusions of which were that DBP is more labile than
SBP, and BPV is the greatest during CPB. A retrospective,
single-center study [16], indicated increasing SBP-CV was
associated with 30-day mortality and development of kid-
ney failure in cardiac surgery. A cross-sectional study [48]
showed that SBP-CV was independently associated with
AKI in aortic dissection surgery.

The stratification of BPV and CSA-AKI in pediatric
cardiac surgery has not been conducted based on different
age groups. A retrospective cohort study [32] examining
the associations between BPV and AKI in patients aged 1
to 17 years found that SBP and MAP variability were sig-
nificantly associated with AKI, however, the subgroup age
analysis of this study only included statistical analysis of
children > 13 years old or < 13 years old, without detailed
analysis by age group. A retrospective chart review [17] was
conducted on children aged 21 or younger who underwent
cardiac surgery with CPB, which found that higher BPV was
associated with higher risk of postoperative AKI in infants.
However, the age stratification was only divided into less
than or more than 12 months. In our study, more detailed
age stratification analysis was carried out for children less
than 7 years old, including 1 month to 1 year old, 1 year old
to 3 years old, and 3 to 7 years old. Therefore, the results of
this study may have more clinical significance.

The prognosis of patients is significantly influenced by
CSA-AKI. The results of a meta-analysis [49] indicated
that the in-hospital mortality for AKI patients was 7-22
times higher compared to non-AKI patients. Additionally,
AKI patients experienced longer durations of mechanical
ventilation, PICU stays, and hospitalization than non-AKI

patients. Sethi et al. [9] found that CSA-AKI increased
the use of vasoactive drugs and prolonged mechanical
ventilation, PICU, and hospital stay. Li et al. [6] showed
that the duration of postoperative mechanical ventilation,
PICU duration and mortality during hospitalization were
independent risk factors for the development of CSA-AKI.
Graziani et al. [50] showed that there were higher intra-
operative vasoactive drug use, higher VIS scores, longer
mechanical ventilation and hospital stay, more bleeding,
and more neurological complications in AKI patients
compared with non-AKI patients. The results of this
study showed that postoperative mechanical ventilation,
PICU stay and hospital stay were longer in the AKI group,
and incidence of important postoperative complications
(including LCOS, hepatic insufficiency, and pulmonary
infection) were higher than in the non-AKI group, which
was consistent with previous studies. Different from some
previous studies, in which 30-day all-cause mortality was
regarded as an important influencing factor of cardiac
surgery-related mortality, there was no group difference
in 30-day all-cause mortality between AKI and non-AKI
groups in this study. This difference may be related to the
relatively small sample size and short study period in this
study, requiring further analysis of more large and multi-
center clinical studies.

This study has some limitations. First, the AUC used
in the BPV analysis of this study only described the blood
pressure integral outside the deviation threshold range; how-
ever, statistical analysis of below and above baseline was
not performed separately. Second, this study is a retrospec-
tive study with the presence of unmeasured potential con-
founders. Third, this study used only creatinine to define the
occurrence of AKI, which may result in a missed diagnosis
of CSA-AKI. Simultaneously combining novel biomarkers
of kidney injury, such as serum cystatin C, neutrophil gelati-
nase-associated lipocalin, and liver-type-fatty acid-binding
protein, may be helpful to identify more patients at an earlier
stage. Fourth, this study did not further compare the differ-
ences of BPV in different types of congenital heart disease
surgery. Fifth, only the amount of fluid in and out during
operation was retrospectively analyzed, and the whole perio-
perative input and output were not obtained.

In conclusion, greater BPV, specifically MAP variations
exceeding +30% AUC during CPB, may be a potential risk
factor for CSA-AKI in pediatric cardiac surgery. Further
clinical studies are warranted to analyze the correlation
between BPV and CSA-AKI across different age groups
in pediatric cardiac surgery.
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