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Abstract

Introduction

Cardiac surgery (CS) in pediatric patients induces an overt oxidative stress (OS) response.

Children are particularly vulnerable to OS related injury. The immaturity of their organs and

antioxidant systems as well as the induction of OS in cardio-pulmonary bypass (CPB) sur-

gery may have an important impact on outcomes. The purpose of this study was to describe

the OS response, measured by urinary free 8-iso-PGF2α, in infants undergoing CS and to

evaluate the relationship between OS response and post-operative clinical outcomes.

Methods

Infants with congenital heart disease undergoing CS with or without CPB were eligible for

enrollment. Children were classified as neonates (<30 days) or infants (30 days—6 months)

based on the age at surgery. Perioperative continuous non-invasive neuromonitoring included

amplitude-integrated electroencephalogram and cerebral regional oxygen saturation mea-

sured with near-infrared spectroscopy. Urine 8-iso-PGF2α levels were measured before,

immediately post-, and 24-hours post-surgery, and the 8-iso-PGF2 clearance was calculated.

Results

Sixty-two patients (60% neonates) were included. Urine 8-iso-PGF2α levels 24 hours after

surgery (8.04 [6.4–10.3] ng/mg Cr) were higher than pre-operative levels (5.7 [4.65–7.58]

ng/mg Cr) (p<0.001). Those patients with a severe degree of cyanosis caused by Transposi-

tion of the Great Arteries (TGA) had the highest post-operative 8-iso-PGF2α levels. Patients

with intra-operative seizures had higher post-operative 8-iso-PGF2α levels. 8-iso-PGF2α
clearance at 24 hours post-surgery was different between newborns and infant patients,

and it was inversely correlated with days of mechanical ventilation (p = 0.05), ICU LOS (p =

0.05) and VIS score at 24 hours (p = 0.036).
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Conclusions

Children undergoing CS, particularly neonatal patients, experience a significant post-opera-

tive OS response that might play an important role in postoperative morbidity. TGA patients

undergoing arterial switch operations demonstrate the highest post-operative OS response.

Rapid clearance of isoprostanes, which occurs more frequently in older patients with more

mature antioxidant systems, might be associated with better clinical outcomes.

Introduction

Under normal conditions, the body exists in a balance between oxidant and anti-oxidant sub-

stances. This equilibrium can be disturbed in many situations that cause increased free radical

production, a phenomenon known as the oxidative stress (OS) response.

The pathophysiology behind the OS response observed during pediatric cardiac surgery, par-

ticularly in cases involving cardiopulmonary bypass (CPB), is complex and multi-factorial. Bypass

circuits contribute to systemic inflammation through red blood cell contact with the circuit sur-

faces, the generation of mechanical shear stress, and significant hemodilution [1]. Each of these

processes trigger increased OS through the generation of cytokines, complement system activa-

tion, and depletion of antioxidant defenses. Moreover, perioperative conditions of infants with

congenital heart disease (CHD) such as hemodynamic instability, low cardiac output and cyanosis

could induce endothelial cell damage and cause ischemia-reperfusion injury, conditions that have

also been associated with increased OS [2]. In adults, each of these factors has been shown to con-

tribute to several adverse outcomes in the postoperative period [3], but there is limited evidence

in children. Children may be more vulnerable to OS injury, not only attributable to cardiopulmo-

nary bypass [4], but also because of the immaturity of many of their organs and antioxidant sys-

tems, especially in newborns [5]. Though OS has been shown to increase following cardiac

surgery in pediatric patients, its relationship to clinical outcomes remains uncertain [6, 7].

8-isoprostaglandin-F2α (8-iso-PGF2α) is the product of nonenzymatic, free radical-cata-

lyzed peroxidation of arachidonic acids. Given its accuracy as an indicator of lipid peroxida-

tion and its clinical stability, it is considered one of the most reliable biomarkers of OS [8].

The purpose of this study was i) to describe the variation of OS levels, measured by urinary

free 8-iso-PGF2α, in infants undergoing cardiac surgery and ii) to evaluate the relationship

between OS levels during cardiac surgery and post-operative clinical outcomes.

Material and methods

Patient management and clinical data

The study was reviewed and approved by the Hospital Sant Joan de Déu (Esplugues de Llobre-

gat, Spain) Ethics Committee (PIC 120–17) and was conducted in accordance with the Decla-

ration of Helsinki. Written informed consent was obtained for all subjects. This was a

prospective, longitudinal study conducted at a tertiary referral university hospital.

All children with CHD up to 6 months of age undergoing cardiac surgery with or without

CPB were eligible for enrollment. Exclusion criteria included proven or clinically suspected

genetic syndrome, history of birth asphyxia or pre-existing brain damage.

Patients were classified depending on age at surgery, divided into neonatal (< 30 days) and

infant (30 days—6 months) groups. Patients were further sub-classified as having undergone

cardiac surgery with or without CPB. Cyanotic congenital heart diseases (CCHD) were also

divided into i) CCHD with decreased blood flow (“typical” cyanosis, i.e. Fallot physiology) and
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ii) CCHD with increased blood flow (“extreme” cyanosis from Transposition of Great Arteries

(TGA) physiology) [9]. Balloon atrioseptostomy (BAS) was indicated when the interauricular

communication had a restrictive flow.

Clinical data including prostaglandin use, preoperative management with sub atmospheric

gas therapy, BAS requirement, days of mechanical ventilation, intensive care unit (ICU) length

of stay (LOS), and overall LOS were recorded. Vasoactive-inotropic scores (VIS) within 24

hours post-surgery were calculated according to the Gaies et al. criteria [10].

Operative management. Anesthetic management followed institutional cardiac anesthe-

sia protocols with high-dose fentanyl, inhaled isoflurane and muscle relaxants. No benzodiaze-

pines or barbiturates were administered during surgery. For infants undergoing CPB, an

estimated flow of 2.8–3.0 L/m2 BSA (175–200 mL/kg) after bicaval cannulation was main-

tained in order to keep mean radial and/or femoral arterial pressures in the range of 35–45

mmHg. Target ambient temperature during CPB was 22–34˚C. Deep hypothermia (16-18˚C)

was used in cases with circulatory arrest. Selected anterograde cerebral perfusion was not rou-

tinely performed in our center in patients undergoing circulatory arrest. Continuous standard

hemofiltration was performed during rewarming and weaning from bypass to achieve a target

hematocrit between 28 and 31. No modified ultrafiltration at the end of the procedure was per-

formed at our center. All patients received milrinone as standard early post-operative therapy

combined with dopamine and epinephrine if needed. Postoperative analgesia and sedation

were achieved with continuous infusions of morphine and dexmedetomidine.

Newborn behavioral observations. Patients under 2 months of age were evaluated using

the Newborn Behavioral Observations (NBO) tool to test neurobehavior prior to hospital dis-

charge. The NBO was applied by a certified psychologist when medically feasible, at least five

days after surgery and when the patients were not receiving sedative medications. Clinical

interpretation was performed globally as well as in several sub-domains (Habituation, Atten-

tion, Arousal, Regulation, Handling, Quality of Movement, and Stress) [11].

Perioperative neuromonitoring

A continuous amplitude-integrated electroencephalogram (aEEG) (NicoletOneTM, Natus,

Middleton, WI) was used to monitor brain electrical activity during surgery and the post-oper-

ative period. Two neonatologists trained in aEEG interpretation blindly reviewed tracings.

Background patterns were analyzed in accordance to Hellström-Westas [12] classifications.

They were classified as continuous normal voltage (CNV), discontinuous normal voltage

(DNV), burst suppression (BS) and continuous low voltage. CNV and DNV were both consid-

ered normal, as even healthy infants may show discontinuous activity during sleep. Electro-

graphic seizures were also identified.

For patients experiencing intra-operative seizures, the total seizure burden was calculated

in minutes.

Cerebral regional oxygen saturation (cSO2) was measured with near-infrared spectroscopy

(NIRS) using an INVOS 5100C Cerebral/Somatic Oximeter (Medtronic, Minneapolis, MN).

Two appropriately sized transcutaneous monitors were placed on the patient’s forehead before

surgery and remained for up to 72 hours post-surgery. Data were exported in 30-second inter-

val averages. Minutes spent <40% cSO2,<50% cSO2, outside of the 50–70% cSO2 range, and

>85% cSO2 were calculated.

Urine oxidative stress biomarkers

Urine samples were collected immediately before surgery, upon arrival to the ICU, and at 24

hours post-surgery. Samples were stored at -80˚C until analysis. Free urine concentrations of
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8-iso-PGF2α, the product of nonenzymatic, free radical-catalyzed peroxidation of arachidonic

acids, were quantified using an enzyme-linked immunoassay (Cell BioLabs, Inc., San Diego,

CA). Levels were adjusted for urinary creatinine excretion and expressed in ng/mg of creati-

nine (ng/mg Cr).

8-iso-PGF2α clearance was defined as the percent change in urine 8-iso-PGF2α after 24

hours from surgery. It was calculated by using the following formula:

[(Post-surgery 8-iso-PGF2α– 24 hours post-surgery 8-iso-PGF2α) �100]/ Post-surgery

8-iso-PGF2α

Statistical analysis

Study data were stored using the institution’s Redcap electronic data capture tools. Statistical

analyses were performed using SPSS version 25 (IBM, Armonk, New York) and STATA v13

package.

Variables were evaluated for normality and homogeneity of variance. Continuous variables

are expressed as mean and standard deviation for normally distributed values and median and

interquartile range for non-normally distributed values. Continuous variables were compared

between two independent samples using the Student’s t-test or the Mann Whitney U test

based on distribution. Continuous variables were compared between multiple independent

samples using the Kruskal-Wallace test. Correlations were performed using the Spearman cor-

relation coefficient. Univariate and multivariate analyses were used for identifying relations

between variables. Confounding factors were analyzed using linear regression. Statistical sig-

nificance was considered when p<0.05.

Results

Patients characteristics

Sixty-two patients undergoing cardiac surgery between November 2017 and February 2019

were included. Median age at the time of surgery was 21 days [IQR 8–96]. Thirty-seven (60%)

patients were neonates. Patient’s characteristics are displayed in Table 1.

All Infant patients underwent CPB surgery (n = 25). Neonatal patients were divided into

sub-groups based on the type of surgery: CPB (n = 12) and non-CPB (n = 25). Twenty-five

(40%) patients had no cyanosis, 26 (42%) had typical cyanosis, and 11 (18%) had extreme cya-

nosis caused by TGA. To further support these cyanosis classifications, pre-surgical and post-

surgical percentages of hemoglobin saturation and partial pressures of oxygen were analyzed.

Patients with no cyanosis had a mean percent hemoglobin saturation of 98.6% (+/-1.4), those

with mild cyanosis had a mean of 91.5% (+/-7.38) and patients with TGA 79.6% (+/-7.9)

(p = 0.001). Pre-surgical paO2 levels were also analyzed. Patients with no cyanosis had a mean

of 145 mmHg (+/-65), patients with mild cyanosis had a mean of 82 mmHg (+/- 49) and

patients with TGA 48.3 mmHg (+/-9.2) (p = 0.001), as demonstrated in Fig 1A. Post-surgical

percentages of hemoglobin saturation and partial pressures of oxygen were not statistically dif-

ferent amongst groups (p = 0.1041 and 0.2399, respectfully), as seen in Fig 1B.

Only 4 patients required surgery with deep hypothermic circulatory arrest. Individual diag-

noses are displayed in Table 2.

Perioperative neuromonitoring results

Twenty-four (35.5%) patients demonstrated abnormal intra-operative electroencephalo-

graphic background patterns, and 13 (20%) experienced electrographic seizures during

surgery.
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Abnormal intra-operative background patterns were more frequent among newborn

patients (41.46% vs 8.54%) (p = 0.001). No differences were detected in incidence of electroen-

cephalographic seizures between newborn and infant patients (p = 0.148). Patients that under-

went CPB surgery had more electroencephalographic seizures (p = 0.001), but no differences

in background patterns were detected between CPB patients and no CPB patients (p = 0.797).

Table 1. Demographics and clinical characteristics of the study population.

Patient Characteristics Infant Patients (n = 25) Neonatal Patients (n = 37) p-value

Male sex 13 (52%) 23 (62.1%) 0.42

Prematurity (<37 weeks) 5 (6.45%) 4 (8.06%) 0.314

Gestational age (weeks) 38.9 [38.5–39.3] 38.1 [37.36–38.9] 0.972

Birth weight (kg) 3056 [2912–3200] 2754 [2523–2984] 0.0209

Presurgical Prostaglandin infusion 10 (27.78%) 53 (80.3%) 0.0001

Sub-atmospheric therapy 2 (5.5%) 14 (22.22%) 0.030

BAS 0 (0%) 5 (7.9%) 0.0001

Age at surgery [days] 106 [63–161] 9 [7–14] 0.001

Cardiopulmonary Bypass 25 (100%) 12 (32%) 0.001

Coarctectomy - 13 (35%) <0.001

Other - 12 (32%) <0.001

STAT category� 0.34

1 11 (44%) 12 (32%)

2 7 (28%) 14 (38%)

3 5 (20%) 3 (8%)

4 2 (8%) 7 (19%)

5 - 1 (3%)

Biventricular repair 22 (88%) 29 (78%) 0.33

Left ventricular outflow tract obstruction 4 (16%) 17 (46%) 0.015

Mechanical ventilation (days) 0 [0–2] 2 [1–3] 0.76

ICU length of stay (days) 5 [3–8] 14 [9–28] 0.073

Hospital length of stay (days) 8 [6–13] 21 [14–40] 0.06

�STS-EACTS Congenital Heart Surgery Mortality Categories.

https://doi.org/10.1371/journal.pone.0250124.t001

Fig 1. A: Pre-surgical levels of hemoglobin saturation and paO2. B: Post-surgical levels of hemoglobin saturation and paO2.

https://doi.org/10.1371/journal.pone.0250124.g001
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The median cSO2 after surgery was 62% [59–65] and 63% [61–66] during the first 24 post-

operative hours in CPB and post-CPB groups, respectively. Intraoperatively, patients who had

surgery under CPB experienced higher cSO2 values (68% [63–73]) when compared to those

with surgery without CPB (60% [57–62]) (p = 0.001). Patients undergoing circulatory arrest

had the lowest cSO2 values. Differences in cSO2 values between CPB and no CPB patients are

expressed in Table 3.

Isoprostane measurements

The overall median level of 8-iso-PGF2α increased from 5.7 [4.65–7.58] ng/mg Cr before sur-

gery to 10.5[8.7–12.4] ng/mg Cr immediately after surgery and decreased to 8.04 [6.4–10.3]

ng/mg Cr 24 hours after surgery (p<0.001). Post-hoc analysis confirmed that levels 24 hours

after surgery were higher than those pre-operatively (p = 0.026). Infant patients had slightly

higher median 8-iso-PGF2α immediately post-operatively (Fig 2A).

In regards to the type of surgery, there were no differences in pre-surgical levels of 8-iso-

PGF2α between patients with CPB or without CPB (p = 0.4853), though CPB patients had

higher 8-iso-PGF2α levels than no CPB patients immediately post-operation (p = 0.0214).

Twenty-four hours after surgery, these differences were no longer observed (p = 0.9710) (Fig

2A). A regression analysis was performed to correct for age as a possible confounder, which

showed no differences in the levels of 8-iso-PGF2α (p = 0.371).

Renal function was also analyzed as a possible confounder. There was no correlation

between presurgical levels of creatinine and presurgical levels of 8-iso-PGF2 (p = 0.3925).

Table 2. Patient diagnoses.

Type of defect Type of surgery Newborn/infant N

Coarctation of the Aorta 2 13/0 13

Transposition of the Great Arteries 1 11/0 11

Ventricular Septal Defect 1 0/10 10

Tetralogy of Fallot 1 2/8 10

Pulmonary Atresia 2/1 3/2 5

Double Outlet Right Ventricle 2/1 2/2 4

Truncus Arteriosus 1 2/1 3

Hypoplastic Left Heart Syndrome 1 2/0 2

Total Anomalous Pulmonary Venous Return 1 2/0 2

Aortic Stenosis 1 0/1 1

Mitral Stenosis 1 0/1 1

Type of surgery: CPB 1; no CPB 2.

https://doi.org/10.1371/journal.pone.0250124.t002

Table 3. Differences in cSO2 values between CPB and no CPB patients.

CPB No CPB P value

Intraoperative minutes spent <40% cSO2 21.5 [13–29] 5.9 [3–9] 0.0029

Intraoperative minutes spent <50% cSO2 54.6 [40–68] 19.7 [10–29] 0.0004

Intraoperative minutes spent outside of the 50–70% cSO2 range 113.9 [96–131] 74.77 [62–87] 0.0014

Intraoperative minutes spent >85% cSO2 16.2 [8–23] 24.4 [14–35] 0.1875

24 h post-operative minutes spent <40% cSO2 53 [13–94] 106 [12–199] 0.2402

24 h post-operative minutes spent <50% cSO2 183 [105–261] 270 [123–416] 0.2509

24 h post-operative minutes spent outside of the 50–70% cSO2 range 659 [548–769] 799 [643–956] 0.1332

24 h post-operative minutes spent >85% cSO2 78 [24–133] 86 [11–161] 0.8656

https://doi.org/10.1371/journal.pone.0250124.t003
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Similarly, no correlation was between post-surgical levels of creatinine and immediate post-

surgical levels of 8-iso-PGF2α (p = 0.8341), nor with levels of 8-iso-PGF2α at 24 hours post-

surgery (p = 0.2251).

Amongst all CPB patients, no differences were found between newborns and infant patients

in pre-surgical or immediately post-surgical levels (p = 0.1403 and 0.2204, respectively). There

was, however, a significant difference in levels by age at 24 hours post-surgery (p = 0.0421)

(Fig 3B).

Pre-surgical levels of isoprostanes were not influenced by patient characteristics (gender,

gestational age, birth weight), clinical conditions (arterial umbilical pH, days of life at surgery,

degree of cyanosis, aortic obstruction) or pre-surgical treatments (sub atmospheric treatment,

prostaglandin infusion) (p>0.05).

Pre-surgical levels of OS among the three cyanosis groups (non-cyanotic, typical cyanotic

and TGA) were not statistically different (p = 0.359), including in post-hoc analysis. In the

post-operative period, however, there were significant differences between groups (p = 0.017);

Fig 2. A: Peri-operative levels of 8-iso-PGF2α across all three time points by subgroup (Expressed in ng/mg Cr and Mean

+/s SD). B: Isoprostanes Clearance [(Post-surgery 8-iso-PGF2α– 24 hours post-surgery 8-iso-PGF2α) �100]/ Post-surgery

8-iso-PGF2α. (� p<0.05).

https://doi.org/10.1371/journal.pone.0250124.g002

Fig 3. A: Isoprostane levels according to type of surgery. B: Isoprostanes levels only in CPB patients by age (Expressed

in ng/mg Cr and Mean +/s SD). (� p<0.05).

https://doi.org/10.1371/journal.pone.0250124.g003
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in post-hoc analysis of post-surgery OS levels, TGA patients’ OS levels were higher compared

to non-cyanotic patients (p = 0.019) and trended higher than typically-cyanotic patients

(p = 0.095). No differences were found in OS levels at 24 hours (p = 0.9218) (Fig 4).

A regression analysis to exclude CPB effects in TGA patients as a confounder was per-

formed, and the differences between groups persisted (p = 0.0214).

In neonatal patients, 8-iso-PGF2α immediately following surgery was inversely correlated

with lower intra-operative temperature (rho = -0.572, p = 0.003). There was no correlation

between OS and time of CPB, aortic cross-clamp time, lower hematocrit or quantity of ultrafil-

trate in any subgroup.

Patients with intra-operative seizures had higher post-operative 8-iso-PGF2α levels than

those without seizures (p = 0.027). There were no correlations between 8-iso-PGF2α levels and

intra-operative background electroencephalographic patterns.

There were no correlations between intra-operative cSO2 values and post-operative 8-iso-

PGF2α, though neonatal patients who experienced longer times of cSO2 below 50% within 24

hours post-operatively had significantly higher post-surgery 8-iso-PGF2α levels (p = 0.05).

8-iso-PGF2α clearance at 24 hours post-surgery was different between newborns and infant

patients (p = 0.0489) (Fig 2B), though the difference did not reach statistical significance after

correcting for type of surgery (p = 0.0768). All infant patients in our population required CPB

surgery. When clearance of OS was analyzed only in neonatal patients, no differences were

found in 8-iso-PGF2α levels between those with CPB and those without (p = 0.3392).8-iso-

PGF2α clearance was inversely correlated with days of mechanical ventilation (p = 0.05), ICU

LOS (p = 0.05) and VIS score at 24 hours (p = 0.036). In terms of NBO evaluations, no differ-

ences were found between global scores and the rate of 8-iso-PGF2α descent (p = 0.3243),

however, sub-domain analysis revealed that the rate of 8-iso-PGF2α descent was inversely

Fig 4. Peri-operative levels of 8-iso-PGF2α by cyanotic state. TGA patients had higher post-operative 8-iso-PGF2α than non-cyanotic

and typically-cyanotic patients. (Expressed in ng/mg Cr and Mean +/s SD). (� p<0.05).

https://doi.org/10.1371/journal.pone.0250124.g004
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correlated with habituation score (rho = -0.6688; p = 0.0244). All these results were corrected

for age.

Discussion

This study demonstrates an increase in post-operative oxidative stress response measured by

post-operative urine levels of 8-iso-PGF2α in children undergoing heart surgery, and espe-

cially in those undergoing cardiopulmonary bypass. Moreover, our study reveals that patients

with pre-operative cyanosis and specifically those with Transposition of the Great Arteries

have the highest post-operative 8-iso-PGF2α levels after surgery.

We have also demonstrated that elevated isoprostane clearance, measured by the rate of

8-iso-PGF2α descent within the first 24 hours post-surgery, is an important clinical prognostic

factor. A slower isoprostane clearance was inversely correlated with several post-operative clin-

ical outcomes such as prolonged days of mechanical ventilation and ICU length of stay, higher

VIS score at 24 hours, and poorer habituation capacity in NBO neurological evaluation. Infant

patients had more rapid 8-iso-PGF2α clearance when compared to newborn patients, in accor-

dance with the physiological immaturity of antioxidant systems during the neonatal period.

OS is characterized by an imbalance between increased free radicals and antioxidant

defenses. Recently, OS has been recognized as being associated with many disease processes.

Several in vitro markers of OS are available, but most have limited in vivo value because of low

sensitivity and/or specificity. Isoprostanes have been proposed as one of the most reliable bio-

markers to evaluate OS status in vivo, serving as an important tool to understand the role of

OS in many conditions [13].

Pediatric heart surgery is associated with increased inflammation and the production of

reactive oxygen species [1]. In our study cohort, mean levels of 8-iso-PGF2α pre- and post-sur-

gery were elevated compared to reference values, although normal values have not been well

established in pediatric patients [14]. The pathophysiology of OS during cardiac surgery

involving CPB is multi-factorial. Systemic inflammation, mechanical shear stress, intra-opera-

tive changes in blood pressure and perfusion and significant hemodilution have been reported

as possible triggers [1, 2, 15]. These effects can be even more profound in smaller patients

given the higher proportion of the patient’s blood volume exposed to the circuit. A previous

study by Gil-Gomez et al. found a direct correlation between the time of extracorporeal circu-

lation and malondialdehyde levels, another biomarker of lipid peroxidation [16]. In our cohort

of patients, the most important variable influencing the OS response was the utilization of

CPB. While OS has been shown to be more severe in CPB surgeries compared to non-CPB sur-

geries in adults, this is the first study to our knowledge to demonstrate that this pattern holds

true in pediatric patients, as well [3, 17].

Interestingly, we did not find a correlation between the time of extracorporeal circulation

and levels of 8-iso-PGF2α.

TGA patients undergoing arterial switch procedures experienced higher levels of post-oper-

ative 8-iso-PGF2α than patients with typical cyanosis and no cyanosis. Following periods of

hypoxia, oxidative toxicity occurs during the reoxygenation phase and is thought to be medi-

ated by the lipid peroxidation pathway [9]. Caputo et al.’s findings also supported this model,

showing that controlled reoxygenation following CPB in pediatric patients led to lower levels

of post-operative 8-iso-PGF2α compared to hyperoxic reoxygenation [18]. Therefore, the

drastic changes in hemoglobin saturation and partial pressure of oxygen from pre-surgery to

post-surgery that we identified in patients with TGA is consistent with their higher levels of

post-operative OS. Despite the fact that the TGA patients in our cohort were younger at the

time of surgery than other patients, their baseline 8-iso-PGF2α values were similar to those of
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the typical cyanosis or no cyanosis groups. Furthermore, immediately post-operative OS levels

of patients with TGA were statistically different when compared to non-cyanotic patients, and

trended higher than those of typical-cyanotic patients. All these data suggest that during sur-

gery, changes in oxygenation, perfusion, hemodilution, and other variables related to oxidative

status had a greater effect in patients with a pre-surgical cyanotic condition, particularly those

with TGA. Our results contrast those of Altin et al. who did not find any differences in OS

between cyanotic and acyanotic patients following CPB surgery [19]. This discrepancy could

be partially explained by patient population, as only 3 of the 30 patients in their cyanotic group

had TGA anatomy.Patients who experienced intra-operative electrical seizures had signifi-

cantly higher post-operative 8-iso-PGF2α levels than patients with no intra-operative seizure

activity. These findings are in accordance with previous studies in rat models showing consid-

erable lipid peroxidation as early as 10 minutes after seizure onset [20].

We discovered that neonatal patients who spent more time with cSpO2 below 50% within

the first 24 hours following surgery experienced higher elevations of OS biomarkers compared

to those with normal cerebral oxygenation. This could be an indication that reoxygenation

occurring after extended periods of cerebral hypoxia contributed to delayed recovery from oxi-

dative injury. Interestingly, we did not find any relationship between intra-operative time with

cSO2>85% and post-operative OS, unlike previous findings in adult cardiac surgery patients

[21], though time spent in hyperoxic states was generally brief.

Previous studies have drawn mixed conclusions concerning the association of peri-opera-

tive OS and clinical outcomes [22, 23], however, our data revealed several significant correla-

tions. The rate of normalization of 8-iso-PGF2α within the first 24 hours following surgery

was inversely correlated with days of mechanical ventilation, ICU length of stay, inotropic sup-

port score and habituation score in NBO neurological evaluation. These findings may be

related to a variety of factors. Albers et al. demonstrated a correlation between peri-operative

8-iso-PGF2α levels and markers of impaired ventilation in pediatric univentricular patients,

which may have played a role in increased LOS [24]. Additionally, OS- induced endothelial

cell dysfunction may have contributed to the requirement for increased inotropic support fol-

lowing surgery. Finally, there is an abundance of literature relating congenital heart disease

surgery and neurodevelopmental disabilities. A prospective study published by Massaro et al

reported suboptimal neurobehavioral performance in CHD patients after surgery [25], though

no previously published papers have related OS and neurobehavior disabilities in this

population.

Our study had several limitations. First of all, we only examined one biomarker of OS rep-

resenting lipid peroxidation. Though 8-iso-PGF2α is generally accepted as one of the most

reliable in vivo biomarkers of OS, several other OS pathways, as well as antioxidant states,

could also play a role in the outcome of this population. In addition, our clinical evaluation

was limited to the early post-operative period. Long term follow-up with neurocognitive evalu-

ations and functional status will provide a more accurate assessment.

Conclusions

In conclusion, children undergoing cardiac surgery, particularly neonatal CPB patients, expe-

rience significant post-operative OS as quantified by urine 8-iso-PGF2α levels, which might

play an important role in postoperative morbidity. Among all, neonates with TGA undergoing

arterial switch operations demonstrate the highest post-operative OS response. The impact of

maturation on the oxidative stress response is important, especially in the youngest patients.

In our population, neonatal patients (those less than one month old) show significantly slower

recovery from oxidative stress. This may reflect the immaturity of the antioxidant system
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during the first days of life, as has been reported in other pathologies. Moreover, our results

suggest that rapid clearance of isoprostanes, which we found in older patients with more

mature antioxidant systems, might be associated with better clinical outcomes.

Future studies encompassing larger series of patients should assess the prognostic value of

the OS response in predicting long-term clinical and neurodevelopmental outcomes.
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Rev Esp Anestesiol Reanim. 2016; 63:3–12. https://doi.org/10.1016/j.redar.2015.01.015 PMID:

25770787

17. Cavalca V, Sisillo E, Veglia F, Tremoli E, Cighetti G, Salvi L, et al. Isoprostanes and oxidative stress in

off-pump and on-pump coronary bypass surgery. Ann Thorac Surg. 2006; 81: 562–567. https://doi.org/

10.1016/j.athoracsur.2005.08.019 PMID: 16427852

18. Caputo M, Mokhtari A, Rogers CA, Panayiotou N, Chen Q, Ghorbel MT, et al. The effects of normoxic

versus hyperoxic cardiopulmonary bypass on oxidative stress and inflammatory response in cyanotic

pediatric patients undergoing open cardiac surgery: a randomized controlled trial. J Thorac Cardiovasc

Surg. 2009; 138: 206–214. https://doi.org/10.1016/j.jtcvs.2008.12.028 PMID: 19577081

19. Altin FH, Yildirim HA, Tanidir IC, Yildiz O, Kahraman MZ, Ozturk E, et al. Alterations in antioxidant and

oxidant status of children after on-pump surgery for cyanotic and acyanotic congenital heart diseases.

Cardiol Young. 2017; 27: 325–332. https://doi.org/10.1017/S1047951116000573 PMID: 27194079

20. Baran H, Heldt R, Hertting G. Increased prostaglandin formation in rat brain following systemic applica-

tion of kainic acid. Brain Res. 1987; 404: 107–112. https://doi.org/10.1016/0006-8993(87)91360-6

PMID: 3567557

21. Lopez MG, Pandharipande P, Morse J, Shotwell MS, Milne GL, Pretorius M, et al. Intraoperative cere-

bral oxygenation, oxidative injury, and delirium following cardiac surgery. Free Radic Biol Med. 2017;

103: 192–198. https://doi.org/10.1016/j.freeradbiomed.2016.12.039 PMID: 28039082

22. Manso PH, Carmona F, Dal-Pizzol F, Petronilho F, Cardoso F, Castro M, et al. Oxidative stress markers

are not associated with outcomes after pediatric heart surgery. Paediatr Anaesth. 2013; 23: 188–194.

https://doi.org/10.1111/pan.12040 PMID: 23039173

23. Schmidt AE, Gore E, Henrichs KF, Conley G, Dorsey C, Bjugstad KB, et al. Oxidation reduction poten-

tial (ORP) is predictive of complications following pediatric cardiac surgery. Pediatr Cardiol. 2018; 39:

299–306. https://doi.org/10.1007/s00246-017-1755-x PMID: 29090352

24. Albers E, Donahue BS, Milne G, Saville BR, Wang W, Bichell D, et al. Perioperative plasma F 2-Isopros-

tane levels correlate with markers of impaired ventilation in infants with single-ventricle physiology

undergoing stage 2 surgical palliation on the cardiopulmonary bypass. Pediatr Cardiol. 2012; 33: 562–

568. https://doi.org/10.1007/s00246-012-0166-2 PMID: 22327227

PLOS ONE Oxidative stress in congenital heart disease surgery

PLOS ONE | https://doi.org/10.1371/journal.pone.0250124 July 6, 2021 12 / 13

https://doi.org/10.1016/j.jtcvs.2008.12.028
http://www.ncbi.nlm.nih.gov/pubmed/19577081
https://doi.org/10.1111/pan.12040
http://www.ncbi.nlm.nih.gov/pubmed/23039173
https://doi.org/10.1080/13547500500079670
http://www.ncbi.nlm.nih.gov/pubmed/16097390
https://doi.org/10.1007/s12098-017-2454-6
http://www.ncbi.nlm.nih.gov/pubmed/28963608
https://doi.org/10.1097/PCC.0b013e3181b806fc
http://www.ncbi.nlm.nih.gov/pubmed/19794327
https://doi.org/10.1016/j.siny.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17067863
https://doi.org/10.1080/13547500500079670
http://www.ncbi.nlm.nih.gov/pubmed/16097390
https://doi.org/10.1016/j.redox.2017.03.024
https://doi.org/10.1016/j.redox.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28391180
https://doi.org/10.1007/s00246-016-1345-3
https://doi.org/10.1007/s00246-016-1345-3
http://www.ncbi.nlm.nih.gov/pubmed/26843460
https://doi.org/10.1016/j.redar.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25770787
https://doi.org/10.1016/j.athoracsur.2005.08.019
https://doi.org/10.1016/j.athoracsur.2005.08.019
http://www.ncbi.nlm.nih.gov/pubmed/16427852
https://doi.org/10.1016/j.jtcvs.2008.12.028
http://www.ncbi.nlm.nih.gov/pubmed/19577081
https://doi.org/10.1017/S1047951116000573
http://www.ncbi.nlm.nih.gov/pubmed/27194079
https://doi.org/10.1016/0006-8993%2887%2991360-6
http://www.ncbi.nlm.nih.gov/pubmed/3567557
https://doi.org/10.1016/j.freeradbiomed.2016.12.039
http://www.ncbi.nlm.nih.gov/pubmed/28039082
https://doi.org/10.1111/pan.12040
http://www.ncbi.nlm.nih.gov/pubmed/23039173
https://doi.org/10.1007/s00246-017-1755-x
http://www.ncbi.nlm.nih.gov/pubmed/29090352
https://doi.org/10.1007/s00246-012-0166-2
http://www.ncbi.nlm.nih.gov/pubmed/22327227
https://doi.org/10.1371/journal.pone.0250124


25. Massaro AN, Glass P, Brown J, Chang T, Krishnan A, Jonas RA et al. Neurobehavioral Abnormalities in

Newborns with Congenital Heart Disease Requiring Open-Heart Surgery. J Pediatr 2011; 158: 678–

681. https://doi.org/10.1016/j.jpeds.2010.11.060 PMID: 21232769

PLOS ONE Oxidative stress in congenital heart disease surgery

PLOS ONE | https://doi.org/10.1371/journal.pone.0250124 July 6, 2021 13 / 13

https://doi.org/10.1016/j.jpeds.2010.11.060
http://www.ncbi.nlm.nih.gov/pubmed/21232769
https://doi.org/10.1371/journal.pone.0250124

