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Abstract 

 

During pediatric cardiac surgery with cardiopulmonary bypass (CPB) for congenital 

heart disease, systemic hemodynamics dramatically change, which also causes changes 

in the cerebral hemodynamics. One of the representative methods in bedside monitoring 

for the estimation of cerebral hemodynamics during pediatric cardiac surgery is 

transcranial Doppler ultrasonography (TCD). However, there seem to be few reports on 

the changes in TCD findings in such operations, especially in cyanotic children. 

Accordingly, we examined the changes in TCD indices during these procedures in 

cyanotic children as well as non-cyanotic children. 

In the post hoc analysis of a previous prospective observational study, TCD indices 

of the middle cerebral artery at the start and end of surgery in patients aged 6 years or 

less were compared. The cerebral oxygenation (rSO2) values were also compared.  

For this study, 47 cyanotic children and 49 non-cyanotic children were evaluated. At 

the end of surgery, cerebral blood flow velocities decreased and cerebrovascular 

resistance increased significantly compared to the start of surgery in both the cyanotic 

and non-cyanotic patients. This finding was almost constant regardless of age differences, 

although cerebral blood flow velocities and the rSO2 increased until around 20 months 

after birth. The rSO2 values did not change between the start and end of surgery.  
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Thus, the changes in cerebral hemodynamics during pediatric surgery with CPB in 

cyanotic children were not so different from those in non-cyanotic children. The 

significance of monitoring of cerebral hemodynamics by TCD and rSO2 should be 

evaluated further. 

 

Key Words: pediatric cardiac surgery, congenital heart disease, cardiopulmonary 

bypass, transcranial Doppler ultrasonography, cerebral oxygen saturation, near-infrared 

spectroscopy 
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Introduction 

 

There are many kinds of congenital heart disease and their hemodynamics are very 

complicated according to each patient’s condition [1]. Various radical and palliative 

procedures using cardiopulmonary bypass (CPB) are performed for the improvement of 

these pathological conditions. As a result, the systemic hemodynamics of the patients 

change dramatically after surgery, which also causes changes in cerebral hemodynamics. 

In addition, CPB induces stress responses including the release of large amounts of 

metabolic and hormonal substances such as catecholamines, cortisol, growth hormones, 

prostaglandins, complement, and insulin endorphins that can mediate myocardial damage, 

systemic and pulmonary hypertension, pulmonary endothelial damage and pulmonary 

vascular reactivity [1].  

One of the representative methods used in bedside monitoring for the estimation of 

cerebral hemodynamics during pediatric cardiac surgery is transcranial Doppler 

ultrasonography (TCD) [2,3]. Since before the year 2000, there have been reports on the 

use of TCD in pediatric cardiac surgery [4]. Recently, we reported the changes in TCD 

indices such as cerebral blood flow velocities and cerebrovascular resistance in palliative 

surgery without CPB (systemic pulmonary shunt and pulmonary artery banding) for 
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congenital heart diseases [5]. However, there seem to be few reports on the changes in 

TCD findings in pediatric cardiac surgery with CPB [2]. In contrast, there have been many 

studies evaluating the cerebrovascular resistance in fetuses with congenital heart diseases 

[6-10]. However, there also seem to be few studies evaluating the changes in 

cerebrovascular resistance during pediatric cardiac surgery with CPB [11,12].  

Recently, a study comparing the TCD indices at the start and end of pediatric surgery 

with CPB for non-cyanotic children was reported [12]. In this study, cerebral blood flow 

velocities and cerebrovascular resistance were decreased at the end of surgery compared 

to the start of surgery and these changes were constant regardless of age differences, 

although cerebral blood flow velocities increased and cerebrovascular resistance 

decreased until 18 months from birth [12]. 

However, whether the same findings occur in cyanotic children is unknown. 

Accordingly, we examined the changes in TCD indices during pediatric cardiac surgery 

with CPB in cyanotic children as well as non-cyanotic children by using our previous 

prospective observational study. We also evaluated the changes in cerebral tissue oxygen 

saturation (rSO2) measured by near-infrared spectroscopy. 
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Patients and Methods 

This study is a post hoc analysis of a previous prospective observational study 

approved by the Institutional Review Board of the Hokkaido University Hospital (IRB 

#016-0505). Written informed consent for the prospective study was obtained from the 

parents of all subjects. This post hoc analysis was also approved by the Institutional 

Review Board of the Hokkaido University Hospital (IRB #022-0040) and we employed 

the opt-out method to obtain consent. The opportunity to opt-out of the study was 

provided through the Hokkaido University Hospital website. The study was registered 

at the UMIN Clinical Trials Registry (UMIN000047805).  

The patients aged 6 years or less who underwent operations for congenital heart 

diseases under CPB during the registration period of the prospective study (2017/8/10-

2020/12/30) were examined. Those who had at least 2 examinations of cerebral 

hemodynamics by TCD, at around the start of surgery and at the around end of surgery, 

were included. Children with intracranial disorders were excluded. The children were 

divided into two groups, cyanotic and non-cyanotic, according to Saito’s classification 

[13].  

Anesthesia and perioperative management, including ICU care, were conducted 

according to our institutional practices [14]. In brief, fentanyl (15-25μg/kg) was 

supplemented with midazolam (0.2-0.5mg/kg) and sevoflurane (1-2%) as tolerated, and 

neuromuscular blockade was achieved with rocuronium. Remifentanil (0.1-
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0.5μg/kg/min) was used in some older children. After weaning of CPB, epinephrine for 

younger children and dobutamine for older children were mainly used as inotropic drugs. 

Olprinone was added in many cases.   

Standard monitoring was used, including a femoral artery catheter for measurement 

of systemic arterial blood pressure and intermittent blood sampling and an internal 

jugular catheter for measurement of central venous pressure and the infusion of the 

inotropic drugs. A standard roller pump and membrane oxygenator （Oxia, JMS, Tokyo, 

Japan） were used to establish nonpulsatile CPB. The circuit was coated with heparin or 

high molecular weight polymers. CPB flow was maintained at 150ml/min/kg. Arterial 

blood gas analysis was performed at 30-minute intervals during CPB, maintaining an 

arterial PaO2 around 200 mmHg and PaCO2 between 35-45 mmHg at 37°C, following 

α-stat management. The target for venous oxygen saturation (SvO2) was set at 70% or 

higher. 

A 2-MHz, range-gated, pulsed-wave transcranial Doppler ultrasonographic probe 

(Multi-Dop T, DWL Elektronische Systeme GmbH, Sipplingen, Germany) was placed 

over the right temporal window. As an index of cerebral blood flow (CBF), middle 

cerebral artery blood flow velocity in the proximal (M1) segment of the middle cerebral 

artery was measured. To ensure a reproducible window, the signal from the artery was 
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adjusted to be accompanied by retrograde anterior cerebral artery flow. The sample 

volume, gain, and power of ultrasound were kept constant for all measurements. Peak 

systolic, mean, and peak end-diastolic flow velocities （Vs, Vm, Vd) were recorded at 

around the start of surgery and the end of it. The pulsatility index (PI) and resistance 

index (RI) were used as qualitative measures of cerebrovascular resistance and 

calculated according to the formula: PI=[Vs-Vd]/Vm, RI=[Vs-Vd]/Vs .  

In the former part of the experimental period, rSO2 was measured with an INVOS 

5100C (Somanetics, Troy, MI, USA). In the latter part of 2018, the spectroscope was 

temporarily changed to a ForeSight Elite （CASMED, Irvine, CA, USA). Finally, the 

spectroscope was changed to a NIRO 200NX (Hamamatsu Photonics, Hamamatsu, 

Japan). Following the induction of anesthesia, the sensor was placed on the right side of 

the forehead. After an accommodation period, data collection was begun every one 

minute throughout the surgery.  

 

Statistics 

The primary outcome in this study was to compare the changes in indices of TCD 

(Vs, Vm, Vd, PI, and RI) between the start and end of surgery in both cyanotic and non-

cyanotic patients by Wilcoxon signed-rank sum test.  
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The secondary outcome was to compare the rSO2 values between the start and end of 

surgery in cyanotic and non-cyanotic patients using the Wilcoxon signed-rank sum test. 

After that, these values were evaluated for each of the three spectroscopes. Those values 

were also compared among the three spectroscopes at the start and end of surgery by the 

Kruskal-Wallis test. When significant differences were found, the Steel-Dwass test was 

used for multiple comparison.  

Lastly, scatter plots were obtained between the age and the TCD indices and the rSO2 

values. When differences were seen by age, comparison of the changes in TCD indices 

and rSO2 values between the start and end of surgery was performed by classifying the 

patients by age.  

 As physiological values, mean arterial pressure, central venous pressure, body 

temperature, and FiO2 at the TCD measurement points were compared using the  

Wilcoxon signed-rank sum test. Arterial blood gas values (SaO2, PaCO2, and Hct) at the 

nearest points of TCD measurement were also compared with the Wilcoxon signed-rank 

sum test. All data are expressed as medians (minimum value, maximum value). 

Statistical analysis was performed using EZR [15]. A P-value of <0.05 was considered 

statistically significant.    
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Results 

 

During the study period, there were 104 children aged 6 years old or less who 

underwent surgery for congenital heart diseases under CPB. Among them, 96 children 

had at least 2 TCD measurements at around the start and end of surgery; 47 were 

cyanotic and 49 were non-cyanotic. Demographics and physiological data of the patients 

are listed in Tables 1 and 2. There were no patients who had new neurologic disorders 

within one month after surgery.  

The results of the changes in indices of TCD between the start and end of surgery in 

cyanotic and non-cyanotic patients are shown in Table 3 and Figure 1. Cerebral blood 

flow velocities (Vs, Vm and Vd) decreased at the end of surgery in both groups. PI 

significantly increased in the cyanotic patients, whereas PI and RI increased significantly 

in the non-cyanotic patients. 

The rSO2 values did not change significantly in either cyanotic or non-cyanotic patients 

(Table 3 and Figure 1). In the comparison of the spectroscopes, the values obtained using 

INVOS 5100C increased and the values with the NIRO 200MX decreased although there 

were no significant changes (Table 4). In Fig. 2, the comparison among the three 

spectroscopes is shown. In the non-cyanotic patients, the values of NIRO 200NX were 
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significantly lower than those of the ForeSight Elite at both the start and end of surgery.  

In Figure 3, scatter plots for age, the TCD indices and the rSO2 values are shown. 

Cerebral flow velocities and the rSO2 values increased until around 20 months after birth 

and reached a plateau after that in both cyanotic and non-cyanotic patients. 

Cerebrovascular resistance values decreased until around 20 months of age and reached 

a plateau after that, especially in the cyanotic patients. These findings were almost the 

same as in Sun’s report, in which the turning points were seen at 18 months of age [12], 

Accordingly, we divided the patients into two age groups (18 months old and younger 

and 19 or more months old) and compared their TCD indices and the rSO2 values at the 

start and end of surgery. As shown in Table 5, the tendency was the same in both groups 

regardless of age differences except for cerebrovascular resistance in younger cyanotic 

children.  
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Discussion 

 

In both cyanotic and non-cyanotic patients aged 6 years old or less who underwent 

surgery for congenital heart diseases under CPB, cerebral blood flow velocities decreased 

and cerebrovascular resistance were increased at the end of surgery compared to the start 

of surgery. This finding was almost constant regardless of age differences, although 

cerebral blood flow velocities increased until around 20 months after birth. The rSO2 

values did not change between the start and end of surgery.  

In surgical procedures for congenital heart diseases under CPB, cerebral blood flow 

velocities at the end of the procedures decreased compared to the beginning in both 

cyanotic and non-cyanotic patients. On the other hand, our previous report demonstrated 

that cerebral blood flow velocities did not change between the start and end of surgery in 

palliative surgery for congenital heart diseases without CPB [5]. As with Sun’s report in 

which cerebral blood flow velocities decreased after CPB in non-cyanotic children [12], 

another report demonstrated that cerebral blood flow velocities decreased after CPB 

mainly in non-cyanotic infants, regardless of whether pump flow was pulsatile or non-

pulsatile [16]. In our study, cerebral blood flow velocities decreased after CPB even in 

the cyanotic patients. Considering these findings, CPB itself may cause a decrease in CBF 

in pediatric cardiac surgery with CPB.  



14 
 

Another plausible mechanism other than the effect of CPB is the increase in hematocrit 

[17]. When hematocrit increases, cerebrovascular resistance increases and CBF decreases. 

In our study, hematocrit increased in both groups after CPB. Cerebrovascular resistance 

increased in both groups. In Wang’s report, cerebrovascular resistance also increased 

although there was no information on hematocrit [16]. However, cerebrovascular 

resistance decreased in Sun’s report (there was also no information of hematocrit) [12]. 

Unfortunately, we could not clarify the reason for the difference of changes in 

cerebrovascular resistance among these studies.  

There were no significant changes in rSO2 in either group. This means that cerebral 

oxygenation was maintained even if the CBF decreased in both cyanotic and non-cyanotic 

children during surgery with CPB. However, differences of rSO2 values among the 

different spectroscopes were seen in the non-cyanotic children. The changes were not 

constant according to the type of spectroscope, although significant differences were not 

seen. In our recent study, rSO2 values in children without cerebral and cardiac disorders 

were rather different according to the type of spectroscope [18]. A recent review indicated 

that adverse outcomes have not been consistently associated with low perioperative rSO2 

[19]. The significance of rSO2 monitoring in pediatric cardiac surgery should be evaluated 

more in future.  
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Cerebral flow velocities increased until around 20 months of age and reached a plateau 

after that in both cyanotic and non-cyanotic patients. This was almost the same as in Sun’s 

report, in which the turning points were seen at 18 months of age in the non-cyanotic 

patients [12]. In the children without congenital heart disease, cerebral blood flow 

velocities increased after birth and reached a plateau at around 1-3 years of age [4]. 

Therefore, the changes in children with congenital heart disease may not be so different 

from those in children without disease. Regardless of age differences, the differences in 

the TCD indices between before and after surgery were almost the same, which indicated 

that the effects of surgery or CPB on cerebral hemodynamics were constant. The rSO2 

values increased with growth, which is also the same finding as in Sun’s report [12]. Our 

recent report indicated that the rSO2 values in toddlers without cerebral or cardiac diseases 

were higher than in infants without them [18]. Therefore, this is also the same finding as 

for those healthy children.  

As one of the limitations of this study, the evaluation of cerebral hemodynamics was 

performed at only two points; at the start and end of surgery. In fact, we measured them 

during CPB. However, because the timing of the measurements was not constant, we 

could not include these data. One previous report indicated that differences of the 

temperature management during CPB may affect the cerebral blood flow velocities after 
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CPB [11]. However, in our study, the major management of temperature during CPB was 

in mild to moderate ranges in both groups. In addition, we did not perform preanesthetic 

evaluation of cerebral hemodynamics and general physiological condition. Accordingly, 

the awake status of these conditions was unknown. That is, the changes due to anesthetic 

management (mechanical ventilation, anesthetics and so on) were unknown, Next, we 

used olprinone in many cases in both groups. Olprinone has the effect of cerebral vascular 

dilation[20] and then induces an increase in cerebral blood flow [21,22]. In our study, the 

cerebrovascular resistance increased and cerebral blood flow velocities decreased at the 

end of surgery, is spite of its use. These results would likely have been even more 

pronounced had oloprinone not been employed. As another limitation, we did not estimate 

the relationship between the indices of cerebral hemodynamics and the neurologic 

outcomes. One previous study indicated that cerebral blood flow velocities at 18 hours 

post-CPB in surgery for biventricular repair such as D-transposition of the great arteries 

was related to early postoperative and neurodevelopmental outcomes at 1 year of age [23]. 

In another study on fetuses with single ventricular anomalies, lower cerebrovascular 

resistance was associated with impaired neurodevelopment assessed by the Bayler Scales 

of Infant Development II at 14 months after birth [9]. In our study, there were no patients 

who had a new neurologic disorder within one month after surgery. Therefore, our study 
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may be an analysis of children with good early neurologic outcomes. The changes in 

cerebral hemodynamics measured by TCD showed a constant tendency to some extent in 

both cyanotic and non-cyanotic patients. In other words, unusual changes in TCD indices 

may indicate abnormal symptoms. Thus, further study will be necessary to elucidate the 

relationships between TCD indices and neurologic outcomes [2].  

In conclusion, cerebral blood flow velocities at the end of surgery decreased compared 

to the start of surgery in both cyanotic and non-cyanotic children aged 6 years old or 

younger who underwent surgery for congenital heart diseases with CPB. This finding was 

constant in both groups regardless of age differences, although cerebral blood flow 

velocities increased until around 20 months after birth. The rSO2 values did not 

significantly change between the start and end of surgery in either group. Thus, the 

changes in cerebral hemodynamics during the pediatric surgery with CPB in the cyanotic 

children are not so different from those in non-cyanotic children. The significance of 

monitoring of cerebral hemodynamics, including TCD and rSO2, needs to be further 

evaluated.  
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Table 1 Demographic data of the patients                                                 
       Cyanotic   Non-cyanotic 

Patient number      47   49 

Age (months) 15 (4, 24)  7 (4, 28) 
Weight (kg) 8.8 (5.3, 10.9)  6.7 (5.0, 11.2) 

Male:female 29:18   28:21 

Surgery time (min) 277 (226, 369)  177 (151, 235) 

Anesthesia time (min) 426 (352, 488)  299 (264, 364) 

CPB time (min) 149 (105, 192)  96 (72, 133) 

Aorta clamp time (min) 33 (0, 78)  55 (35, 82) 

Management of body temperature during CPB 

  >36℃ 4   8 

  33.0 - 35.9℃ 23   26 

  28.0 – 32.9℃ 16   12 

  <27.9℃ 4   3 

Diagnosis 

  Abnormal origin of coronary artery 0   2 

Atrial septal defect 0   14 

Atrioventricular septal defect 0   12 

Coarctation complex 0   1 

Double outlet right ventricle 6   0 

  Ebstein’s anomaly 3   0 

  Hypoplastic left heart syndrome 3   0 

  Mitral stenosis 0   1 

Mitral regurgitation 0   1 

Partial anomalous pulmonary venous connection 0   1 

Pulmonary artery stenosis 0   1 

Pulmonary atresia 12   0 

Single left ventricle 3   0 

Tetralogy of Fallot 9   0 

  Transposition of great arteries 6   0 

  Truncus arteriosus communis 1   0 

  Tricuspid arteriosus 4   0 

Ventricle septal defect 0   16 

 

Near infrared spectroscope used 

 ForeSight Elite 13   23 

INVOS 5100S 17   13 

NIRO 200NX 17   13 



 

Table 2 Physiological data of the patients 
                                                                                                     

    Start of surgery  End of surgery  P value                                                                                  

Cyanotic 

Mean arterial pressure (mmHg)  48 (44, 55)  53 (48, 58)          <0.05 

 Central venous pressure (mmHg)  7 (5, 9)   12 (9, 15)    <0.05 

 Body temperature (℃)    36.9 (36.4, 37.2)  36.8 (36.4, 37.5)    0.70 

 PaCO2 (mmHg)    38 (37, 42)  40 (37, 42)    0.86 

 SaO2 (%)    89 (82.9, 93.1)  99.2 (84, 99.6)   <0.05 

 FiO2     0.58 (0.39, 0.61)  0.95 (0.86, 0.98)   <0.05 

 Hct (%)     37.9 (35.3, 43.3)  41 (38.6, 45.78)   <0.05 

 

Non-cyanotic 

Mean arterial pressure (mmHg)  51 (48, 60)  57 (53, 64)    0.06 
 Central venous pressure (mmHg) (n=49) 6 (4, 9)   7 (5, 10)           <0.05 
 Body temperature (℃)    36.6 (36.1, 37.0)  36.9 (36.5, 37.2)   <0.05 
 PaCO2 (mmHg)    39 (37, 43)  39 (37, 42)    0.35 
 SaO2 (%)    98.7 (97.0, 99.4)  99.3 (98.9, 99.8)   <0.05 
 FiO2     0.29 (0.23, 0.46)  0.90 (0.60, 0.98)   <0.05 
 Hct (%)    33.8 (31.5, 36.3)  39.3 (38.3, 41.7)    0.06 
 

P values comparing the start and end of surgery were obtained using the Wilcoxon signed-rank sum test. 



 
Table 3 Comparison of TCD indices and rSO2 values at the start and end of surgery 
                                                                                                     

 Start of surgery  End of surgery   P value                                                                                  

Cyanotic 

Vs 112 (96, 133)  90 (68, 106)   <0.05 

 Vm 59 (45, 78)   40 (33, 53)   <0.05 

 Vd 30 (15, 46)   18 (12, 31)   <0.05 

 PI 1.3 (1.08, 1.9)  1.47 (1.24, 1.86)   <0.05 

 RI 0.71 (0.65, 0.85)  0.75 (0.69, 0.85)    0.16 

 rSO2 69 (56, 74)   70 (55, 76)    0.45 

 

Non-cyanotic 

Vs       103 (78, 130)  87 (71, 116)   <0.05 
 Vm 58 (42, 82)   42 (32, 59)   <0.05 
 Vd 34 (23, 54)   20 (13, 33)   <0.05 
 PI 1.19 (0.96, 1.40)  1.55 (1.43, 1.78)   <0.05 
 RI 0.67 (0.60, 0.73)  0.76 (0.71, 0.82)   <0.05 
 rSO2 71 (63, 78)   73 (63, 80)    0.51              
 

P values comparing the start and end of surgery were obtained using the Wilcoxon signed-rank sum test. 
 

 

 



Table 4 Comparison of rSO2 values at the start and end of surgery by spectroscope 

 

      Start of surgery  End of surgery      P value     

Cyanotic 

ForeSight Elite 72 (62, 74)   74 (57, 81)    0.58 

INVOS 5100S 62 (53, 74)   70 (56, 78)   0.14 

 NIRO 200NX 68 (64, 71)   63 (52, 74)   0.37 

  

Non-cyanotic 

ForeSight Elite 77 (67, 78)   75 (71, 83)    0.31 

INVOS 5100S 73(65, 81)   76 (66, 80)   0.67 

 NIRO 200NX 63 (56, 70.5)   60 (57, 63)   0.72 

  

P values comparing the start and end of surgery were obtained using the Wilcoxon 
signed-rank sum test. 
 

 



 
Table 5 Comparison of TCD indices and rSO2 values at the start and end of surgery according to age 
differences 
 

  Start of surgery  End of surgery   P value 

Cyanotic 

≤ 18 months old (n=28) 

Vs  101 (88, 114)   90 (69, 98)   <0.05 

 Vm  47 (37, 59)  37 (31, 44)   <0.05 

 Vd  18 (11, 30)  16 (11, 20)   <0.05 

 PI  1.59 (1.24, 2.14)  1.62 (1.43, 2.28)    0.37 

 RI  0.78 (0.71, 0.88)  0.79 (0.72, 0.88)    0.83 

 rSO2  62 (50, 71)  58 (48, 75)    0.82 

 

19–72 months old (n=19) 

Vs  126 (113, 144)  86 (68, 112)   <0.05 

 Vm  75 (63, 90)  51 (36, 64)   <0.05 

 Vd  45 (36, 51)  30 (17, 38)   <0.05 

 PI  1.10 (1.04, 1.27)  1.24 (1.12, 1.43)   <0.05 

 RI  0.66 (0.63, 0.71)  0.70 (0.65, 0.74)   <0.05 

 rSO2  72 (67, 77)  75 (69, 79)    0.34 

 

Non-cyanotic 

≤ 18 months old (n=34) 

Vs  92 (75, 118)  76 (67, 90)   <0.05 

 Vm  50 (39, 67)  37 (28, 42)   <0.05 

 Vd  29 (19, 38)  16 (12, 24)   <0.05 

 PI  1.28 (1.06, 1.46)  1.55 (1.47, 1.84)   <0.05 

 RI  0.71 (0.63, 0.74)  0.76 (0.72, 0.82)   <0.05 

 rSO2  67 (60, 74)  71 (60, 76.8)    0.13 

 

19–72 months old (n=15) 

Vs  137 (124, 167)  135 (112, 165)    0.74 

 Vm  84 (80, 111)  74 (59, 84)   <0.05 

 Vd  60 (50, 69)  38 (28, 44.5)   <0.05 

 PI  0.93 (0.77, 1.10)  1.58 (1.36, 1.67)   <0.05 

 RI  0.6 (0.53, 0.65)  0.75 (0.71, 0.80)   <0.05 

 rSO2  77 (73, 84)  76 (67, 84)    0.20 

 

The patients were divided into two age groups (≤ 18 months old and ≥ 19 months old). 
P values comparing the start and end of surgery were obtained using the Wilcoxon signed-rank sum test. 
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