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Abstract: Background: In patients with cyanotic congenital heart disease (CHD), cerebral oxygenation may be maintained by elevations in hematocrit (Hct). Hemodilution accompanying cardiopulmonary bypass (CPB), however, can disrupt cerebral oxygen balance, leading to fluctuations in cerebral oxygen saturation (ScO2). The present study investigated the effects of Hct changes on the fluctuation of ScO2 during CPB in cyanotic CHD using performance measurement (PM). Methods: Children with CHD (51 acyanotic and 46 cyanotic) who had undergone cardiac surgery using CPB were enrolled. Median performance error (MDPE), median absolute performance error (MDAPE), and wobble parameters of ScO2 were calculated before (reference value), during, and after CPB. Correlations of PM parameters with Hct and reductions in Hct (ΔHct) were also evaluated. Results: Before CPB, patients with cyanotic CHD had lower MDPE and larger wobble than those with acyanotic CHD, although mean ScO2 did not differ significantly between the two groups. During CPB, ScO2 of acyanotic CHD increased as ΔHct increased, but PM variables were not associated with ΔHct. In cyanotic CHD, MDPE (r = −0.324, p = 0.032) and MDAPE (r = 0.339, p = 0.024) correlated significantly with ΔHct during CPB. After CPB, MDPE (r = 0.574, p = 0.025) and MDAPE (r = −0.543, p = 0.036) were significantly correlated with Hct in children with cyanotic CHD who underwent palliative surgery. Conclusion: Therefore, ScO2 fluctuation during CPB in children with cyanotic CHD may be affected by the decrease in Hct, suggesting that excessive hemodilution can negatively influence the maintenance of cerebral oxygenation in these patients.
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1  Introduction

The postoperative survival rate of children with congenital heart disease (CHD) is increasing due to improved surgical techniques and cardiopulmonary bypass (CPB) management, making their neurodevelopmental outcomes more significant [1]. Among several factors, adequate cerebral blood perfusion and oxygen delivery are considered particularly important in the neurodevelopment of children with CHD [2,3]. Chronic hypoxemia in patients with cyanotic CHD can persist for long periods of time before surgical correction. Increased hemoglobin concentration can compensate for chronic hypoxemia by increasing arterial oxygen content and maintaining tissue oxygen delivery. Accordingly, hemoglobin concentrations are higher in children with cyanotic than in acyanotic CHD, maintaining adequate cerebral oxygen saturation (ScO2) within the normal range [4].

Cerebral oxygenation in patients undergoing surgery involving CPB for CHD, however, is threatened by loss of pulsation, target hypothermia, rewarming, low blood pressure, and inadequate flow [5–7]. In addition, acute hemodilution accompanying CPB may have a negative impact on patients with cyanotic CHD who have maintained adequate ScO2 by having a high hematocrit (Hct) as a compensating mechanism. In children with CHD, ScO2 measured by near-infrared spectroscopy reflects a balance between oxygen delivery and consumption [6]. Therefore, fluctuations in ScO2, particularly reductions, could be considered challenges in maintaining cerebral oxygen balance at a constant level.

The present study hypothesized that an acute reduction in Hct would affect the fluctuation of ScO2 during CPB in children with cyanotic CHD. Variations in ScO2 throughout CPB were monitored using the method of performance measurement, which allows for the evaluation of discrepancies between reference and measured values.

2  Materials and Methods

2.1 Patients

The electronic medical records and database of pediatric patients under four years of age who had undergone cardiac surgery using CPB for CHD between September 2017 and March 2018 at Asan Medical Center, Seoul, Korea, were retrospectively evaluated. The congenital heart defects diagnosed in these patients included atrial septal defect (ASD), ventricular septal defect (VSD), tetralogy of Fallot (TOF), and functional single ventricle (FSV). Patients with ASD and VSD were classified as having acyanotic CHD, whereas patients with TOF and FSV were classified as having cyanotic CHD. Patients were excluded if they had preexisting brain malformations or craniofacial anomalies, chromosomal anomalies, cardiac lesions associated with multiorgan syndrome, total deep hypothermic circulatory arrest, unsuccessful initial weaning from CPB, or incomplete data. None of the patients with TOF who underwent the surgery had pink TOF. The preoperative room air SpO2 of patients with cyanotic CHD ranged from 77% to 88%. The study protocol was approved by the local research ethics committee (protocol number 2019-0936), with data analyzed in accordance with the ethical standards of the 1964 Declaration of Helsinki and its amendments.

2.2 General Anesthesia and CPB Management

All patients underwent general anesthesia and CPB management according to the standard protocol at the Asan Medical Center [8]. Briefly, patients were premedicated with intravenous midazolam 0.5–0.75 mg/kg, and underwent routine monitoring of noninvasive blood pressure, electrocardiography, pulse oximetry, and capnography. Cerebral oximetry based on near-infrared spectroscopy (NIRS, INVOS 5100, Somanetics, Troy, MI) was also monitored using pediatric cerebral oximetry sensors placed on each side of the patient’s forehead. Anesthesia was induced with midazolam 0.2–0.3 mg/kg, fentanyl 3–5 µg/kg, and rocuronium 0.5 mg/kg, and maintained by continuous infusion of midazolam 0.2 mg/kg/h, remifentanil 0.4 µg/kg/min, and rocuronium 0.1 mg/kg/h. Based on changes in systemic or pulmonary blood flow, the inspired oxygen concentration was set at 21%–50%, and end-tidal CO2 at 30–45 mmHg. An arterial line was inserted into the radial or femoral artery for repeated sampling and monitoring of arterial pressure. A central venous catheter (4–5.5 Fr; Arrow International Inc., Reading, PA) was inserted into the internal jugular vein under ultrasound guidance.

The CPB circuit was primed with albumin, crystalloid solution, and/or leukocyte-filtered red blood cells to achieve an expected Hct of 25%–28% during CPB. After anticoagulation with heparin, CPB was initiated by aortic cannulation and bicaval venous drainage. The target perfusion index of CPB was 2.4 L/min/m2 under moderate hypothermia (target rectal temperature: 28–31°C). The mean arterial blood pressure was maintained at 40–60 mmHg. Arterial oxygen partial pressure (PaO2) was maintained at ≥100 mmHg, arterial carbon dioxide partial pressure (PaCO2) at 35–45 mmHg, and pH at 7.35–7.40 by alpha-stat management. Modified ultrafiltration was applied immediately after the CPB was terminated. After CPB, the hematocrit was maintained at a level higher than 30%–35%, with leukocyte-filtered red blood cells transfused if needed. Before aortic decannulation, protamine was administered to reverse heparin.

2.3 Intraoperative Hemodynamic and Laboratory Variables

All intraoperative hemodynamic parameters, including electrocardiography, arterial blood pressure, central venous pressure, heart rate, rectal temperature, SpO2, and ScO2, were routinely recorded using a Vital Recorder [9] throughout the entire operation. At the beginning of CPB, the time points of body temperature change, and the end of CPB were recorded. Arterial blood gas was analyzed after the induction of anesthesia, during cold CPB, and after the termination of CPB. The parameters analyzed included pH, PaO2, PaCO2, arterial oxygen saturation (SaO2), Hct, and lactate. The difference between baseline Hct, measured after the induction of anesthesia, and the Hct at each stage of CPB (ΔHct) was determined. The oxygen extraction fraction is the ratio of the amount of oxygen supplied from the arteries to the amount of oxygen used in tissues. Since venous oxygen saturation was not separately measured in this study, the oxygen extraction fraction was estimated indirectly using the ScO2 value, mainly reflecting venous saturation (Sa-cO2/SaO2). The mean hemodynamic variables at each CPB stage were also determined.

2.4 Performance Measurement (PM) of ScO2

The PM of intraoperative ScO2 was calculated using the formula proposed in a pharmacokinetic study of drug concentration [10]. The reference ScO2, defined as the ScO2 measured before incision, after induction of anesthesia [11] was set as the target concentration and the measured ScO2 after incision as the actual concentration.

The reference ScO2 was calculated as the median ScO2 for 1 min during steady state after induction of anesthesia. Throughout the operation, ScO2 was automatically recorded at intervals of 5–6 seconds and stored in the Vital Recorder database. PM variables of ScO2 were calculated by dividing ScO2 data according to surgical stage: 1) Before CPB (from the time of surgical incision to aorta cannulation, pre-CPB), 2) During CPB (from the beginning to the end of CPB), and 3) After CPB (from protamine administration to skin closure, post-CPB). In addition, the during CPB stage was further divided and calculated into cooling stage (from CPB on to reaching target hypothermia), cold (hypothermic) stage, and rewarming stage (from the start of warming to CPB off).

Performance error (PE) was defined as the difference between the target value and the actual value. The median performance error (MDPE), defined as the median of PE values, indicated whether the actual value was higher or lower than the reference value. The median absolute performance error (MDAPE) was defined as the median of the absolute PE values, and wobble as the median of the absolute differences between MDPE and PE. The formulas used to calculate PM parameters were as follows:

PE (%) = (measured ScO2 – reference ScO2) × 100/reference ScO2

MDPE (%) = median [PEi, i = 1, 2, 3 …, N] (N, numbers of measured ScO2)

MDAPE (%) = median [|PEi|, i = 1, 2, 3 …, N] (N, numbers of measured ScO2)

wobble (%) = median [|MDPE - PEi|, i = 1, 2, 3 …, N] (N, numbers of measured PE)

Positive and negative MDPE values indicated an increase or decrease, respectively, in ScO2. MDAPE, defined as the absolute value of the difference between the measured and reference ScO2 values, did not indicate whether these values increased or decreased. Wobble was the median absolute value of the MDPE minus PE, with a larger wobble indicative of more unstable ScO2.

2.5 Statistical Analysis

Data are presented as number with percentage or mean ± standard deviation. Continuous variables in the acyanotic and cyanotic groups were compared using Student’s t-tests, and categorical variables were compared using chi-square tests. The associations between laboratory variables and PM parameters at each stage were determined by Pearson correlation. All p-values < 0.05 were considered statistically significant. Statistical analyses were performed using R 3.6.0 (http://www.rproject.org/) and SPSS version 22.0 (IBM SPSS Inc., Chicago, IL, USA) software.

3  Results

3.1 General Characteristics

Of the 148 patients initially enrolled, 51 were excluded, including 5 with preexisting brain malformation or craniofacial anomalies, 14 with chromosomal anomalies, 11 with cardiac lesions associated with multiorgan syndrome, 3 with total deep hypothermic circulatory arrest, 2 who were unsuccessfully weaned from CPB on the initial attempt, and 16 with incomplete data. Of the remaining 97 children, 51 were acyanotic and 46 were cyanotic; their demographic and clinical characteristics are summarized in (Tab. 1). Patients were diagnosed with ASD (n = 12), VSD (n = 39), FSV (n = 16), and TOF (n = 30). All 51 acyanotic patients underwent total anatomical correction. Of the 46 patients with cyanotic CHD, 29 underwent total correction and 17 underwent palliative surgery. Palliative surgery was a Blalock-Taussig shunt or bidirectional cavopulmonary shunt. Total CPB time was significantly longer in patients with cyanotic than in those with acyanotic CHD (128 ± 61 min vs. 81 ± 34 min; p < 0.001).

Table 1: Demographic and clinical characteristics of the study cohort
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Note: Data are presented as mean ± standard deviation, or number (%).

3.2 Hemodynamic and Laboratory Profiles

The hemodynamic and laboratory profiles according to the stages of CPB are shown in (Tab. 2) and (Tab. S1). Hct before CPB was higher in patients with cyanotic than in those with acyanotic CHD. Although Hct during CPB was higher in cyanotic than in acyanotic CHD, the difference was not statistically significant. However, ΔHct during CPB was significantly higher in patients with cyanotic than in those with acyanotic CHD. Following CPB, Hct was higher in cyanotic CHD patients who underwent palliative surgery than in the other patient groups.

Table 2: Hemodynamic and laboratory profiles according to stages of cardiopulmonary bypass
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Note: BT = body temperature; C = corrective surgery; CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct of each CPB stage; HR = heart rate; MAP = mean arterial pressure; P = palliative surgery; SaO2 = arterial oxygen saturation; Lac = lactate. *p-value < 0.05 vs. acyanotic; §p-value < 0.05 vs. correction.

3.3 Performance Measurement of ScO2 According to Bypass Stages

Although ScO2 before CPB was similar in patients with cyanotic and acyanotic CHD (65 ± 9% vs. 67 ± 9%; p = 0.380), MDPE was lower (decreased from the reference value) and wobble was larger in cyanotic than in acyanotic patients (Tab. 3). When CPB was started, the MDPE of the acyanotic group fell sharply and tended to be lower than in cyanotic patients, but the difference was not statistically significant (Fig. 1). When CPB time was subdivided, however, MDPE were significant lower in acyanotic group in cooling (−14.4 ± 12.2 vs. −7.0 ± 13.1; p < 0.05) and rewarming stage (−26.4 ± 12 vs. −20.6 ± 12.5; p < 0.05). After weaning from CPB, MDPE was significantly lower and MDAPE was significantly higher in cyanotic than in acyanotic patients, irrespective of the type of surgery (Tab. 3, Tab. S2).
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Figure 1: Median performance error of cerebral oxygen saturation (ScO2) during cardiopulmonary bypass (CPB) in pediatric patients with acyanotic (red line) and cyanotic (blue line) congenital heart disease. Shading around performance error flow lines indicates 95% confidence intervals

Table 3: Performance measurement of cerebral oxygen saturation (ScO2) according to stages of cardiopulmonary bypass
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Note: C = corrective surgery; CPB = cardiopulmonary bypass; MDAPE = median absolute performance error; MDPE = median performance error; OEF = oxygen extraction fraction; P = palliative surgery; Sa-cO2 = arterial-cerebral oxygen saturation difference; ScO2 = cerebral oxygen saturation. *p-value < 0.05 vs. acyanotic. §p-value < 0.05 vs. correction.

3.4 Correlations Between Clinical Parameters and Performance Measurement of Cerebral Oxygen Saturation in Acyanotic Congenital Heart Disease

Before CPB, ScO2 of acyanotic patients correlated positively with Hct and MAP. During CPB, increased ΔHct correlated with higher ScO2. However, MDPE and MDAPE were not significantly associated with ΔHct and Hct levels. Following CPB, increased ΔHct was associated with increased ScO2 and reduced wobble (Tab. 4, Tab. S3).

Table 4: Correlations between hematocrit and performance measurement of cerebral oxygen saturation in acyanotic patients with congenital heart disease (stages of cardiopulmonary bypass)
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Note: CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct at each CPB stage; MDAPE = median absolute performance error; MDPE = median performance error; ScO2 = cerebral oxygen saturation; MAP = mean arterial pressure. *p-value < 0.05.

3.5 Correlations Between Clinical Parameters and Performance Measurement of Cerebral Oxygen Saturation in Cyanotic Congenital Heart Disease

Before CPB, ScO2, MDPE, and wobble of cyanotic patients correlated with SaO2, but not with Hct. During CPB, lower MDPE (r = −0.324, p < 0.05) and higher MDAPE (r = 0.339, p < 0.05) correlated with increased ΔHct (Fig. 2). In particular, MDPE showed a significant correlation with ΔHct when subdivided by cooling (r = −0.472, p < 0.05), cold (r = −0.455, p < 0.05), and rewarming CPB (r = −0.508, p < 0.05) as well as with entire CPB. After CPB, PM parameters were not significantly associated with ΔHct and Hct levels in patients with cyanotic CHD who underwent corrective surgery. Conversely, lower Hct levels correlated significantly with lower ScO2 and MDPE, and higher MDAPE, in patients with cyanotic CHD who underwent palliative surgery (Tab. 5, Tab. S4).
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Figure 2: Correlations between changes in hematocrit and median performance error (MDPE) of cerebral oxygen saturation during cardiopulmonary bypass (CPB) in pediatric patients with acyanotic (red dots and line) and cyanotic (blue dots and line) congenital heart disease

Table 5: Correlations between hematocrit and performance measurement of cerebral oxygen saturation in cyanotic patients with congenital heart disease (stages of cardiopulmonary bypass)
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Note: CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct at each CPB stage; MDAPE = median absolute performance error; MDPE = median performance error; ScO2 = cerebral oxygen saturation; MAP = mean arterial pressure. *p-value < 0.05.

4  Discussion

The present study showed that MDPE was lower and wobble larger in children with cyanotic than with acyanotic CHD before CPB, even if ScO2 did not differ significantly between the two groups. This is thought to be the result of reflecting the stress of the operation after incision. This means that the cerebral oxygen saturation of the cyanotic CHD group appears to remain similar to that of the acyanotic group, but internally, the equilibrium can be easily broken and the variability is high. During CPB, ΔHct was significantly correlated with lower MDPE and higher MDAPE in children with cyanotic CHD. Conversely, PM parameters in children with acyanotic CHD were not associated with ΔHct, but higher ScO2 levels correlated with increased ΔHct. After CPB, lower Hct levels correlated significantly with lower ScO2 and MDPE in cyanotic patients who underwent palliative surgery, but not in cyanotic patients who underwent corrective surgery.

Baseline ScO2 was similar in children with cyanotic (65 ± 9%) and acyanotic (67 ± 9%) CHD, with this level considered adequate to maintain cerebral oxygenation. Consistent with a previous study, the lower Sa-cO2 correlated with higher baseline Hct in both CHD groups, indicating a compensatory increase in Hct in patients with chronic arterial hypoxemia [4]. Before CPB, however, cyanotic patients had lower MDPE and larger wobble, indicating a relative decrease and a wide fluctuation of ScO2 below and above the reference value. In these patients, MDPE and wobble were correlated with SaO2. A hypoxic event or unbalanced circulation associated with anesthesia induction or surgical stimulation in cyanotic CHD, including TOF and FSV, may reduce SaO2, disturbing the ability to maintain stable ScO2. Hct level itself was not associated with PM parameters before CPB, however, in patients with cyanotic CHD.

In the present study, the oxygen extraction fraction, which represents the oxygen utilization rate in tissues, was indirectly estimated using ScO2, which dominantly reflects venous saturation. Although the oxygen extraction fraction in post-CPB was lower in patients who underwent palliative surgery than in acyanotic patients and in corrective surgery, there was no difference compared to those in the pre-CPB group. This result suggests that, in patients who underwent palliative surgery, preserved oxygen extraction fraction may allow ScO2 and cerebral oxygenation to be maintained at a similar level of pre-CPB under a decrease in absolute levels of ScO2.

At the start of CPB, ScO2 fell sharply and remained low during CPB in both cyanotic and acyanotic patients. The percent change of ScO2 relative to baseline was smaller in patients with cyanotic (10.9 ± 11.4%) than in acyanotic (17.6 ± 7.5%) CHD, although ΔHct was greater in cyanotic patients and mean ScO2 level during CPB did not differ significantly between the two groups. These results suggest that the MDPE during CPB tended to be higher in patients with cyanotic than in acyanotic CHD, suggesting that the CPB-induced increase in SaO2 to 100% may enable sufficient cerebral oxygen delivery under conditions involving compensatory mechanisms for chronic hypoxemia. In addition, MDPE in cyanotic patients was significantly related to ΔHct, either in the entire CPB or in the subdivided CPB stages. This means that hemodilution has had a significant impact on ScO2 variability in cyanotic patients. Regarding the mean ScO2 and PM parameters, cerebral oxygenation during CPB may be comparable in patients with cyanotic and acyanotic CHD.

Hemodilution in CPB is believed to be an advantage in children with acyanotic CHD who have normal cerebral oxygen delivery. As the viscosity of blood decreases, so do the risks to microcirculation flow and the risks of hypertension during high bypass flow. Reduced blood viscosity also reduces the need for blood transfusions [12]. The present study showed that the mean ScO2 during CPB in patients with acyanotic CHD increased as Hct decreased. Hemodilution, however, may have drawbacks in children with cyanotic CHD because a high hematocrit, which compensates for proper oxygen delivery, would no longer operate. Under these conditions, the stability of cerebral oxygenation could be threatened by fluctuations in pump flow and pressure or increased oxygen consumption associated with rewarming. In this study, the increased ΔHct during CPB in cyanotic patients correlated significantly with lower MDPE and higher MDAPE. These results indicate that a greater degree of hemodilution may result in a greater reduction of ScO2 from before to during CPB in patients with cyanotic CHD.

After weaning from CPB, MDPE was lower in cyanotic than in acyanotic CHD patients, regardless of whether they underwent corrective or palliative surgery. However, mean ScO2 and PM parameters were significantly correlated with Hct level in cyanotic patients who underwent palliative surgery, but not in those who underwent corrective surgery. Cerebral oxygen delivery may be dependent on post-CPB Hct level because arterial hypoxemia can persist in patients with a single functional ventricle after palliative surgery, including after bidirectional cavopulmonary shunt, Fontan operation, and Norwood operation. Therefore, increasing Hct after CPB in patients who undergo palliative surgery may enhance cerebral oxygenation.

To assess variations in cerebral oxygenation throughout the operation, we employed PMs, which can quantify differences between measured ScO2 and baseline ScO2 before CPB. This method which includes measurements of MDPE, MDAPE, and wobble, was originally used to study the bias and accuracy of the drug concentration in pharmacokinetic studies, was used as a method of this study with reference to a previous study applied in clinical practice. Likewise, it may account for biases, inaccuracies, and time-dependent variations in ScO2 during cardiac surgery [10,11]. Although mean ScO2 was similar in patients with cyanotic and acyanotic CHD, the fluctuations of each point ScO2 could be different significantly in these two groups according to CPB stage. Because cerebral oxygenation is autoregulated, ScO2 should be constantly maintained within the target level. Therefore, applying PM parameters such as MDPE and wobble more accurately reflects the adequacy of the cerebral oxygenation than comparing the mean value.

Besides Hct, ScO2 is also influenced by various determinants of cerebral oxygenation during CPB, including temperature, pH, and PaCO2 [7]. The present study found that pH and mean ScO2 were negatively correlated in acyanotic patients. Wobble in cyanotic patients was associated with pH, PaCO2, and temperature. Hypothermia and alkalosis could drastically impair the unloading of oxygen, as well as reducing hemoglobin concentrations, resulting in hemodilution. Hypothermia has the advantage of reducing cerebral oxygen demand, so this should also be considered. In this study, both acyanotic and cyanotic groups showed a relationship with PM parameters in the cold stage, which may reflect the importance of maintaining acid-base balance during CPB. Although ScO2 does not fully reflect the cerebral status, it is considered to be an appropriate noninvasive surveillance device for pediatric patients and is now becoming increasingly important in neurological prognosis [2,3].

The present study had several limitations, including its retrospective, single-center design with a small population of patients with various types of CHD. Further studies including large cohorts of patients are needed to analyze which degree of hemodilution causes a dependence between the decrease in Hct and ScO2, and to elucidate whether fluctuations in ScO2 are associated with hemodynamic instability and hypoxic events. In addition, cerebral oxygen balance is affected by pH, PaCO2, cardiac output, temperature, and Hct [5]. Since ScO2 fluctuation reflects oxygen delivery through cerebral blood flow and consumption, consideration of factors that reduce oxygen demand, such as hypothermia, is necessary. Although blood gas and flow management were maintained at narrow target levels, the acid-base status, pump flow, temperature, and perfusion pressure over CPB stages inevitably changed. Because we calculated the mean values of these parameters at each stage, caution should be exercised in interpreting the results of this study. Nevertheless, rapid changes in ScO2 in response to changes in the acid-base status, pump flow, temperature, and perfusion pressure would indicate problems in the autoregulation of cerebral oxygenation [13]. In addition, fluctuations in negatively directed ScO2 may be exacerbated by the reduction of Hct from the preoperative baseline level in patients with cyanotic CHD.

5  Conclusions

The ScO2 of children with cyanotic CHD may be maintained without significant differences compared to acyanotic children, but its variability is significantly higher. Hemodilution during CPB can boost cerebral oxygenation in children with acyanotic CHD. In children with cyanotic CHD, however, fluctuations in cerebral oxygenation may be affected by the magnitude of Hct reduction during CPB, emphasizing the importance of avoiding excessive hemodilution. Further studies are needed to clarify whether fluctuations in ScO2 associated with acute hemodilution during CPB have clinical implications, including neurodevelopmental outcomes, in patients with cyanotic CHD. We should also study other factors including temperature and systemic perfusion that affect changes in cerebral blood flow and oxygen consumption that can affect ScO2 variability.
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Appendix

Supplementary Tables

Table S1: Hemodynamic and laboratory profiles according to subdivided stages of entire cardiopulmonary bypass

[image: images]

Note: BT = body temperature; CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct of each CPB stage; HR = heart rate; Lac = lactate; MAP = mean arterial pressure; SaO2 = arterial oxygen saturation. *p-value < 0.05 vs. acyanotic.

Table S2: Performance measurement of cerebral oxygen saturation (ScO2) according to subdivided stages of entire cardiopulmonary bypass
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Note: CPB = cardiopulmonary bypass; MDAPE = median absolute performance error; MDPE = median performance error; OEF = oxygen extraction fraction; ScO2 = cerebral oxygen saturation. *p-value < 0.05 vs. acyanotic.

Table S3: Correlations between clinical parameters and performance measurement of cerebral oxygen saturation in acyanotic patients with congenital heart disease (stages of cardiopulmonary bypass)
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Note: BT = body temperature; CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct at each CPB stage; MAP = mean arterial pressure; MDAPE = median absolute performance error; MDPE = median performance error; SaO2 = arterial oxygen saturation; ScO2 = cerebral oxygen saturation. *p-value < 0.05.

Table S4: Correlations between clinical parameters and performance measurement of cerebral oxygen saturation in cyanotic patients with congenital heart disease (stages of cardiopulmonary bypass)
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Note: BT = body temperature; CPB = cardiopulmonary bypass; Hct = hematocrit; ΔHct = baseline Hct – Hct at each CPB stage; MAP = mean arterial pressure; MDAPE = median absolute performance error; MDPE = median performance error; SaO2 = arterial oxygen saturation; ScO2 = cerebral oxygen saturation. *p-value < 0.05.







	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.




OEBPS/images/tab-4.png
Sc0, () MDPE, () MDAPE, () Wobble (1)
055t 025 000 0093

Frochn i
During 7
ireCPB Wa 026+ 019 0155 0144
Aha 0508 020 03e 00
Coding Wt 0121 00s om0
Al 033 003 00» 0w
Gl e -01® om0 —ons ot
a0 007 008t 01
Rowrming Het 0231 008 0062 0037
Alla 0% 02 “olw oo
FarPB W 0150 014 006 0224
Mg 03570100 0105 o+
S A e R e





OEBPS/images/tab-7.png
Cooling CPB. Cold CPB Rewarming CPB

Acyanotic _Cyanotic __Acyanotic _Cymnotic __ Acyanotic _Cyanotic
MeanScOn, % S7T+10 680 5549 ssegr 4949 S0
OFF. % 4310 389 4559 a1%8 SLx10 47+0
MDPE %  —144%122 ~7.04131% 174126 ~123 £ 118 2644120 206+ 12.5%

MDAPE, % 164102  128%86 191498 149%87% 266118 2L1+119°
Wobble,%  30.5+216 206%185* 3522 36425  31%24  38%31






OEBPS/images/fig-2.png
—— Acyanotic

. —— Cyanotic

Hematocritsss, - Hematocriteps (%)





OEBPS/images/tab-9.png
Sc0»()  MDPE @)  MDAPE.()  Wobble, (r)
PrCPB 023 0292+ 0254 0310%
0259 02 0 0m
0640 0207+ 0266 -0
0299 013 —0ast 0141
During CPB
anire CPB £ 000 0036 0001 S0
Paco, 0058 0094 014 0420
510, o1m 0012 o141 0.146
MAP 0as4e 0320+ 0157 0258
BT 009 —1n 0240 0303
Coaling. o 0197 0% 002 0036
Paco, oon 0016 0082 0007
510, 0wt s 0209 0597
MAP 0979+ oo 0200 Ry
Cold H 0416t 0190 0319 0030
29 e 03440 0245
04190 0231 00 0062
0989+ 0497+ 0251 0048
o136 oon2 01s -0
Reweming  p o175 004 003 0240
Paco, o168 0136 0009 0196
500; 0251 0299 0301 0120
MAP 0993+ oss0 0618 0093
PosCPB
Comestive £ ErD) on BT
Surg PacO, oom 0126 0217
500; 009 010t 0213
MAP 078 0200 0019
BT 012 0288 0195
Pallisive o 0341 0247 0220
[ —00% 0280
510, o5+ 0453 037
MAP 0110 0207 053
0146 042 o1





OEBPS/images/tab-6.png
Cooling CPB Cold CPB Rewarming CPB
anotic _Cyanotic __ Acyanotic _Cyanotic janotic _Cyanotic
MAR mmHg  S0+10  S8%9 s4x9 S88 79 5250
BT, T 31513 30714
pH 745004 73SE005 7424005 7434006 1425006 743+0.09
PO, mmHg 27962 246 287434 20436 20760 284167
PaCO,, mmHg 39+ 4 346 44 3646 76 378
830, % 100603 999404 100 100401 994421 98407
Het, % 243+17 250428 26224 256+27 256422 263428
AHet, % 112445 1514550 93453  145£70% 9946  138+7.3%
Lac mmoll  129+040 1494087 148057 1614094 1754070 2134129






OEBPS/images/tab-2.png
PreCPB Du PB Post-CPB

Acpnote Cymotic  Acysmotic Cyanoi  Acymotic Cyanetic
o= ) =46 @=5) Comsive Pliaive
=29 -1
MARmmHg 61510 6155 Sles  m27 @25 @1 @6
Hbm o 23s2 0e3 - WS e eEls
s - - 313 307514 357206 3532070 355208
o 741 £0.05 73620060 739 £0.04 735£ 0050 737 £008 138003 13210075
Omubg LI£36 80146 Wi66 D4s@  I1S0£S 19ES5  TEdg
PCO,mmHg 954 R2:8 954 Hie 4155 414 sl
S0,%  EELI NILES M904 WIL0A I3 K026 TILNIG
% 356540 HIE64 MIELT 21529 ILTE40 JL0L2E IAE60
amw - - U346 151555 40259 B32740 56559
L, 0804 176553 129504 145209 133506 273255 2825200






OEBPS/images/logo.png





OEBPS/images/chd-logo.png





OEBPS/images/tab-3.png
S W — e
@) 6% @) @249 @x5)  Comde @29 Mise-1)
O 32es meie asas  @as  9a9 a7 265100

on; P ~ palfiaie smgery; Sa-c





OEBPS/images/copy.png





OEBPS/images/fig-1.png
= Acysnatic patonts
= Cyanoti patients

| |
500 4000 3000 2000 1000 CPB on 1000 2000 3000 4000 2000 1000 CPB off 1000 2000 3000 4000
Seconds





OEBPS/images/tab-8.png
ScO.()  MDPE @  MDAPE @)  Wobble, ()
PrCPB m EEy 178 033 0155
Paco;  00% 020 0050 o1
S00; o136 012 0024 o141
MAP ozt 0om 0087 0w
During CPB
anire CPB o7 002 ETH
o9 0059 0048
—o3sse 0286 o014
o 0102 007
0080 0097 0149
Coaling. 00% 0089 o013
0041 0064 001
—0om 00% 0086
0619 Eyesy Yy
Cold 0197 0030 0139
0204 0048 0166
0108 155 0056
e 0576+ 0184
o014 o114 0037
Rewaming 0om 0175 0500
002 000t 0435
0050 0034 0027
s+ 0687 025
PostCPB 0087 00ss EX
o1 0164 on
002 0157 0120
om0 0091 0144
121 203 0231





OEBPS/images/tab-5.png
ScOs. () MDPE.(r) MDAPE (r) Wobble (1)
o0 o

PoCPB _ Ha 0141 00%
During CPB.
ntie CPB Hot 0029 0108 0256 [
MHe 0132 024 0mOT 013
Cooling ot 0068 0020 0094 0058
MHa 0075 0412 00T 0307
cad He 0100 00m 0100 0120
MHe 0326 04SST 0216 0167
Revaming  Het 007 0300 032 0093
MM 0193 0S8 043t 026
Pos-CPB.
Comstve  Het 030 018 015 0150
surg MHe 0233 0009 0001 0206
Palisive  Het 0731%  05Me  -0sac 0271
MM 0211028 0243 0264

5 SRS R S





OEBPS/images/tab-1.png
Cyanotic  pvalue.
=16
1502207 9% 167
5 (59.5%) 2 @.0%)
72:186 922165
91459 142
?_os:ois 038014






