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Abstract: The objective of this study was to evaluate the effect of

hypothermic cardiopulmonary bypass (CPB) on cerebral oxygen satur-

ation (rSO2), internal jugular bulb venous oxygen saturation (SjvO2),

mixed venous oxygen saturation (SvO2), and bispectral index (BIS)

used to monitor cerebral oxygen balance in pediatric patients.

Sixty American Society of Anesthesiologists Class II-III patients

aged 1 to 4 years old with congenital heart disease scheduled for elective

cardiac surgery were included in this study. Temperature, BIS, rSO2,

mean arterial pressure, central venous pressure, cerebral perfusion

pressure (CPP), and hematocrit were recorded. Internal jugular bulb

venous oxygen saturation and SvO2 were obtained from blood gas

analysis at the time points: after induction of anesthesia (T0), beginning

of CPB (T1), ascending aortic occlusion (T2), 20 minutes after initiating

CPB (T3), coronary reperfusion (T4), separation from CPB (T5), and at

the end of operation (T6). The effect of hypothermia or changes in CPP

on rSO , SjvO , SvO , and BIS were analyzed.
bert Seal, MD, and Patrick M. McQuillan, MD

reperfusion, and separation from CPB (P< 0.05). Compared with

measurements made following induction of anesthesia, SjvO2 sig-

nificantly increased with initiation of CPB, ascending aortic occlu-

sion, 20 minutes after initiating CPB, coronary reperfusion, and

separation from CPB (P< 0.05). Compared with induction of anesthe-

sia, BIS significantly decreased with the onset of CPB, aortic cross

clamping, 20 minutes after initiating CPB, and coronary reperfusion

(P< 0.05). Bispectral index increased following separation from

CPB. There was no significant change in SvO2 during cardiopulmon-

ary bypass (P> 0.05). Correlation analysis demonstrated that rSO2

was positively related to CPP (r¼ 0.687, P¼ 0.000), with a low linear

correlation to temperature (r¼ 0.453, P¼ 0.000). Internal jugular

bulb venous oxygen saturation was negatively related to temperature

(r¼�0.689, P¼ 0.000). Bispectral index was positively related to

both temperature (r¼ 0.824, P¼ 0.000) and CPP (r¼ 0.782,

P¼ 0.000). Cerebral oxygen saturation had a positive linear corre-

lation with CPP and a low linear correlation to temperature. Internal

jugular bulb venous oxygen saturation had a negative linear corre-

lation to temperature.

Pre-and and early postbypass periods are vulnerable times for

adequate cerebral oxygenation. Anesthetic management must aim to

optimize the supply and demand relationship.

(Medicine 95(2):e2483)

Abbreviations: ASA = American Society of Anesthesiologists,

BIS = bispectral index, CaO2 = arterial O2 content, CEO2 =

cerebral oxygen extraction rate, CjvO2 = internal jugular venous O2

content, CPB = cardiopulmonary bypass, CPP = cerebral perfusion

pressure, CVP = central venous pressure, Da-jvLac = lactate

content differences, Da-jvO2 = arteriovenous O2 content difference,

EEG = electroencephalography, Hb = hemoglobin, Hct =

hematocrit, Lac = arterial lactate concentrations, Lacjv = jugular

venous lactate concentrations, MAP = mean arterial pressure,

NIRS = Near-infrared spectroscopy, PaCO2 = arterial blood carbon

dioxide partial pressure, PaO2 = arterial blood oxygen partial

pressure, PjvCO2 = internal jugular vein carbon dioxide partial

pressure, PjvO2 = internal jugular venous blood oxygen partial

pressure, PvCO2 = mixed venous carbon dioxide partial pressure,

rSO2 = cerebral oxygen saturation, SaO2 = arterial oxyhemoglobin

saturation, SjvO2 = internal jugular bulb venous oxygen saturation,

SvO2 = mixed venous oxygen saturation, SvO2 = mixed venous

oxygen saturation, TCD = Transcranial Doppler.

INTRODUCTION
erioperative and postoperative injury of the central nervous
e most severe complications in children
ith cardiopulmonary bypass (CPB).1

ss than 4 years of age are more likely
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TABLE 1. Demographic Data (Mean� Standard Deviation)

Sex (male/female) 31/29
Age, y 2.6� 1.2
Weight (kg) 12.5� 4.4
American Society of Anesthesiologists (II/III) 38/22
Duration of surgery (minutes) 93� 11
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to have cerebral ischemia caused by hypotension during cardiac
surgery.1 Cardoso et al2 has shown that although the detailed
mechanism of brain damage was unclear, cerebral oxygen
supply and demand imbalances caused by cerebral hypoperfu-
sion or cerebral embolism formation were the main causes of
brain damage. Nonphysiologic conditions during cardiopul-
monary bypass, including hypothermia, hypotension, hemodi-
lution, and nonpulsatile blood flow interfere with the normal
cerebral oxygen supply and demand balance and make it
difficult to monitor changes by conventional methods.

At present, cerebral oxygen saturation (rSO2), mixed
venous oxygen saturation (SvO2) and bispectral index (BIS)
have been used to monitor cerebral oxygen supply and demand
balance in pediatric patients undergoing cardiac surgery.
Cerebral oxygen saturation,

3 however, reflects mainly local
cerebral (the frontal lobes) venous blood oxygen saturation
and may miss cerebral ischemia outside of the detected area.
BIS4 reflects mainly local cerebral cortical electrical activity
and has been shown to represent the hypnotic component of the
anesthetic state. Internal jugular bulb venous oxygen saturation5

reflects global systemic oxygen supply and demand, not specifi-
cally cerebral supply and demand.

Internal jugular bulb venous oxygen saturation6 can accu-
rately reflect the relationship between cerebral blood flow and
cerebral oxygen consumption. It has been reported7,8 that a
significant positive linear correlation exists between rSO2 and
SjvO2 in children undergoing cardiac catheterization. There-
fore, whether rSO2, SvO2, or BIS can offer a noninvasive, real
time, reliable, and practicable means of monitoring cerebral
hemoglobin oxygenation changes in children with noncyanotic
congenital heart disease during cardiopulmonary bypass is still
uncertain. This study aims to evaluate the value of monitoring
rSO2 SjvO2, SvO2, and BIS as an assessment of cerebral oxygen
supply and demand balance during children’s heart surgery.
Such measures may contribute to the prevention and early

Hu et al
detection of central nervous system complications and aid in

providing brain protection during hypothermic cardiopulmon-
ary bypass.

METHODS
This was a prospective trial performed in Department of

Anesthesiology, The Children’s Hospital, School of Medicine,
Zhejiang University. Ethical approval for this study (Ethical
Committee No. 2014112) was provided by the Ethical Com-
mittee of the Children’s Hospital, School of Medicine, Zhejiang
University, Hangzhou, China (Chairman, Zhengyan Zhao).
Informed consent was obtained from the parents of the patients.
Sixty ASA II-III patients included in this study were comprises
31 boys and 29 girls with an age range of 1 to 4 years (mean age
2.6� 1.2 years) and a weight range of 7 to 17 kg (mean weight
12.5� 4.4 kg) with congenital heart disease scheduled for elec-
tive cardiac surgery (Table 1). All patients were diagnosed with
either an atrial or ventricular septal defect by preoperative
echocardiogram. Patients with asthma, neurologic disease, or
abnormal renal or hepatic function were excluded from the
study. Patients received no anesthetic premedication. After
arriving the operating room and application of routine non-
invasive monitors, an inhalation induction with 8% sevoflurane
and oxygen by mask was performed. Following placement of
an intravenous line, Ringer solution was infused. All patients

received midazolam (0.2 mg/kg), etomidate (0.3 mg/kg), rocur-
onium (0.6 mg/kg), sufentanil (0.5 mg/kg), atropine (0.01 mg/kg),
and dexamethasone (0.3 mg/kg) before tracheal intubation.
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After intubation and institution of intermittent positive pressure
ventilation, radial arterial and internal jugular venous catheters
were inserted. One internal jugular catheter was directed toward
the superior vena cava and the other toward the jugular bulb
(with the tip of the catheter at the level of external auditory
canal confirmed by echocardiogram). Intraoperative monitor-
ing consisted of 5-lead electrocardiography (with ST-segment
analysis), invasive arterial blood pressure, central venous pres-
sure (CVP), pulse oximetry, capnography, nasopharyngeal and
rectal temperature, and urine output. After the forehead skin
was cleaned with 70% ethyl alcohol, BIS electrodes (VISTA,
Aspect Medical Systems, Inc., Norwood, USA) and a near
infrared cerebral oxygen probe (Fore-sight, MC-2030cv
cerebral oximeter, CAS Medical Systems, Inc., Branford,
USA) were positioned according to the manufacturer’s recom-
mendations. All patients received the same anesthetic main-
tained with inhalation of sevoflurane (1%–2% end-tidal
concentration) with oxygen with the addition of sufentanil
(0.5 mg/kg) and rocuronium (0.6 mg/kg) before initiating
CPB. Cardiopulmonary bypass was performed using standard
techniques according to the age, weight, and hematocrit (Hct)
of the patients. The membrane oxygenator was primed with
both crystalloid and colloid. Mannitol, albumin, or blood
products were added to the circuit as needed. Cardiac cannula-
tion was performed after intravenous injection of heparin (400–
450 U/kg). Confirmation of a kaolin-activated clotting time
(ACT-plus; Medtronic Inc, Minneapolis, MN) value exceeding
450 seconds was obtained before initiating CPB. Perfusion flow
was maintained at 100 mL/kg/min and Hct was maintained
above 20% whereas perfusion temperature was reduced to
29.5 8C. Protamine was used to neutralize heparin according
to a 1.5:1 ratio. Ultrafiltration was used in all patients after
bypass. Temperature, BIS, rSO2, MAP, CVP, cerebral perfusion
pressure (CPP) (determined as CPP¼MAP�CVP)9 and Hct
were recorded. Blood samples were collected from the jugular
venous bulb catheter, the confluence drainage tube from the
superior and inferior vena cava catheters, and radial arterial
catheter for blood gas analysis by ABL 700 blood-gas analyzer
(Radiometer Co, Denmark) and determination of SjvO2,
internal jugular vein carbon dioxide partial pressure, SvO2,
mixed venous carbon dioxide partial pressure, arterial oxyhe-
moglobin saturation), arterial blood oxygen partial pressure(-
PaO2), arterial blood carbon dioxide partial pressure, internal
jugular venous blood oxygen partial pressure, hemoglobin,
arterial lactate concentrations , and jugular venous lactate
concentrations after induction of anesthesia (T0), beginning
of cardiopulmonary bypass (CPB) (T1), ascending aortic occlu-
sion (T2), 20 minutes after instituting CPB (T3), coronary
reperfusion (T4), separation from CPB (T5), and at the end

Hematocrit (%) (cardiopulmonary bypass) 24.7� 2.8

Mean�SD was given in age, weight, and duration of surgery.
of operation (T6). Arterial O2 content, internal jugular venous
O2 content, arteriovenous O2 content difference, cerebral oxy-
gen extraction rate, and lactate content differences were

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.



calculated by the Fick formula (Appendix 1). The effect of
hypothermia or changes in CPP on rSO2, SjvO2, SvO2, and BIS
were analyzed.

Statistical Analysis
SPSS 17.0 (SPSS, Inc., Chicago, IL) was used for stat-

istical analysis. A minimum required sample size per group of
30 was determined to be needed to detect an anticipated effect
size of 0.75, and a desired statistical power level of 0.8 at a
probability level of 0.05. Numerical data including rSO2, SjvO2,
SvO2, BIS, MAP, CVP, CPP, Hct, and temperature, were
analyzed by repeated measures analysis of variance. The effect
of hypothermia or changes in CPP on rSO2, SjvO2, SvO2, and
BIS were performed by a multiple linear regression analysis.
Statistical significance was accepted as P< 0.05.

RESULTS
Compared with the initial measurements following the

induction of anesthesia, rSO2 significantly decreased at all-time
points following the onset of CPB (P< 0.05) (Table 2, Fig. 1).
As compared with initial postinduction measurements, BIS
significantly decreased at all measurement points whilst on
CPB (P< 0.05), and then increased following separation from
CPB (Table 2). As compared with following induction of
anesthesia, SjvO2 significantly increased with initiation of
CPB and remained elevated at subsequent points while on
CPB (P< 0.05) (Table 3). There was no significant change
in SvO2 during cardiopulmonary bypass (P> 0.05) (Table 3).
Correlation analysis revealed that rSO2 had weak linear corre-
lation with temperature (r¼ 0.453, P¼ 0.000) and Hct
(r¼ 0.523, P¼ 0.000) but had a positive correlation to CPP
(r¼ 0.687, P¼ 0.000) (Table 4, Fig. 2). Internal jugular bulb
venous oxygen saturation was inversely related to temperature
(r¼�0.689, P¼ 0.000), whereas BIS was positively related to
temperature (r¼ 0.824, P¼ 0.000) and CPP (r¼ 0.782,
P¼ 0.000) (Table 4).

DISCUSSION
In this study, we found that rSO2 had positive correlation to

CPP. Cerebral oxygen saturation also had a weak linear corre-
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lation with temperature. Bispectral index had a positive linear
correlation with both temperature and CPP whereas SjvO2 had a
negative linear correlation with temperature. Cerebral oxygen

TABLE 2. Changes in Temperature, Mean Arterial Pressure, Cen
Index, Cerebral Oxygen Saturation, and Hematocrit (Mean� Sta

MAP CVP
Time Temperature (8C) (mm Hg) (mm Hg)

T0 36.3� 0.4 56.7� 2.8 7.8� 1.4
T1 35.2� 1.1 42.6� 5.3 7.3� 1.4
T2 32.6� 1.7 31.9� 4.2 7.1� 1.8
T3 30.9� 1.7 40.3� 5.0 8.2� 1.8
T4 29.5� 1.8 31.6� 3.6 8.4� 1.7
T5 36.0� 0.8 51.9� 7.9 8.7� 1.6
T6 36.6� 0.4 62.0� 5.7 9.1� 1.6

CPP¼MAP�CVP.
BIS¼ bispectral index, CPP¼ cerebral perfusion pressure, CVP¼ central�

P< 0.05 from T0.

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
saturation reflects whether or not the brain is getting enough
blood flow and oxygen.

Cerebral oxygen saturation monitoring3 uses a noninvasive
optical probe placed on the forehead skin to penetrate body
tissues to the depth of the cerebral cortex with near infrared
(65–1100 mm) light so as to obtain the cerebral blood oxygen
saturation of a zone of cerebral circulation comprised of small
arteries, capillaries and venules. Venules account for 80% of the
normal baseline value of 72� 6%. Unlike peripheral pulse
oximetry, rSO2 also can be used during extracorporeal circula-
tion and hypothermic circulatory arrest as no pulsatility is
required for signal acquisition.10

The pre-bypass and early postbypass phases are vulnerable
times for the provision of adequate cerebral oxygenation
because of blood-pressure instability at a time when the brain
is not yet protected by hypothermia. Our study showed that rSO2

gradually decreased following the onset of CPB and dipped at
the time of aortic cross clamping. This is attributed to the
decreased MAP and CPP. After this point, rSO2 gradually
increased during CPB. Additional contributing factors at this
point in time include hemodilution, PaO2, reduced oxygen
release and the hypothermia-induced reduction in cerebral
oxygen metabolism.11

Our study demonstrated that coronary reperfusion and
rewarming were associated with a gradual decrease in rSO2

to its nadir. During rewarming, cerebral metabolism and oxygen
consumption increases in excess of the increase in cerebral
blood flow. With Transcranial Doppler, others have shown that
after rewarming, cerebral blood flow velocity increased 65%
whilst rSO2 fell 25%.12 At the commencement of rewarming,
cerebral oxygen supply may be compromised by a reduced
cerebral instantaneous perfusion flow and a low CPP at a time
when temperature and cerebral metabolism is increasing. It has
been recommended that an rSO2 less than 35% should be
avoided during CPB to prevent depletion of brain tissue oxygen
stores and potential brain damage.13 Therefore, vigilance is
required during rewarming in order that it should not be too
rapid. As well, 1 must ensure adequate cerebral perfusion by
supporting the systemic arterial pressure (and hence the CPP)
through the use of vasoconstrictors (such as phenylephrine).
Cereberal oxygen delivery during this phase can be further

Cardiopulmonary Bypass
aided by improving the Hct by transfusion, diuresis, and ultra-
filtration.14 The blood gas analysis results of jugular venous
bulb, superior and inferior vena cava, and radial arterial

tral Venous Pressure, Cerebral Perfusion Pressure, Bispectral
ndard Deviation)

CPP rSO2 (%)
(mm Hg) BIS Average Hct (%)

48.9� 2.9 60.7� 4.4 72.3� 8.0 33.5� 2.7
35.3� 5.8 52.3� 6.5

�
59.8� 7.5

�
24.3� 2.3

24.8� 4.2 42.2� 5.0
�

49.3� 5.0
�

24.0� 2.1
32.0� 5.0 40.1� 4.8

�
63.6� 7.3

�
24.5� 2.2

23.0� 3.2 37.7� 4.1
�

47.4� 5.5
�

24.5� 1.8
44.0� 7.8 58.8� 7.5 58.1� 7.1

�
27.4� 2.6

52.9� 5.9 63.8� 4.7
�

69.0� 7.4
�

31.7� 2.6

venous pressure, Hct¼ hematocrit, rSO2¼ cerebral oxygen saturation.
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FIGURE 1. Changes in cerebral oxygen saturation during cardi-
opulmonary bypass. As compared with after induction of anesthe-
sia, cerebral oxygen saturation significantly decreased at the point
of beginning cardiopulmonary bypass, aortic occlusion, 20 min-

Hu et al
(including the changes in arterial O2 content, arteriovenous O2

content difference, cerebral oxygen extraction rate, and lactate
content differences) demonstrate that cerebral oxygen extrac-
tion and cerebral oxygen consumption are significantly reduced
as temperature decreases. During rewarming, they increase in
excess of the increase in cerebral blood flow, reflecting a change
in cerebral cellular oxygen supply and demand during CPB.
These changes are consistent with the results for rSO2 (Table 5).

Brain tissue is very sensitive to ischemia and hypoxia.
Changes in cerebral blood flow (CBF) are known to be
proportional to changes in CPP. In our study, rSO2 had a
positive linear correlation with CPP, determined as
CPP¼MAP�CVP.9 These findings are consistent with the
results of Menke et al9 who went on to state that near-infrared
spectroscopy (NIRS) may therefore become a monitoring
device for the neuroprotective optimization of parameters
influencing cerebral perfusion. Their study, however, showed
that rSO correlated inversely with body temperature, which

utes after extracorporeal circulation, coronary reperfusion, and
extracorporeal circulation withdrawal (P<0.05).
2

ay be because of the differences in the population of patients
nd types of surgery. In addition, the changes in rSO2, BIS, CPP,
nd MAP during cardiopulmonary bypass showed that rSO2

ABLE 3. Changes in Internal Jugular Bulb Venous Oxygen
aturation, Internal Jugular Vein Carbon Dioxide Partial Pres-
ure, Mixed Venous Oxygen Saturation, and Mixed Venous
arbon Dioxide Partial Pressure (Mean� Standard Deviation)

PjvCO2 PvCO2

ime SjvO2 (%) (mm Hg) SvO2 (%) (mm Hg)

0 56.6� 6.1 43.6� 4.4 ND ND
1 68.5� 7.7

�
44.5� 4.9 78.8� 4.3 46.2� 3.5

2 74.2� 6.5
�

46.6� 4.9 81.1� 4.7 44.8� 5.3
3 77.5� 6.1

�
45.4� 4.0 82.8� 5.7 45.2� 5.3

4 79.3� 4.7
�

47.1� 4.2 82.1� 4.4 46.7� 4.6
5 62.0� 7.1

�
46.7� 4.9 80.5� 4.4 46.1� 5.4

PjvCO2¼ internal jugular vein carbon dioxide partial pressure,
m
a
a

T
S
s
C

T

T
T
T
T
T
T

PvCO2¼mixed venous carbon dioxide partial pressure,
SjvO2¼ internal jugular bulb venous oxygen saturation, SvO2¼mixed
mixed venous oxygen saturation.�

P< 0.05 from T0.
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changed with the change of MAP and CPP indicating the 3
values are clearly closely related (Fig. 2).

Blood flows from cerebral venous sinuses into the internal
jugular venous bulb. The bulb is the dilated orifice of the origin
of the internal jugular vein. As samples at this level are not
contaminated by blood from the external jugular vein, SjvO2

can accurately reflect the relationship between cerebral oxygen
supply and oxygen consumption.15 The normal baseline value
of SjvO2 is 54% to 75%.16 Cerebral oxygen supply more than
meets cerebral oxygen consumption if its value is more than
75%. Values less than 50% mean that cerebral oxygen supply is
less than the cerebral oxygen consumption. If CBF cannot meet
the needs of cerebral oxygen metabolism, hypoperfusion related
hypoxia may ensue. When SjvO2 is less than 40%, cerebral
anoxia may occur.16 Alten et al17 reported that a SjvO2 less than
55% was associated with a 2-fold increase in poor neurologic
prognosis. Internal jugular bulb venous oxygen saturation is
also influenced by changes in CPB, temperature, whole body
pH, blood pressure, oxygenator type, and patient age.

Our study demonstrates that SjvO2 gradually increases as
body temperature decreases and reaches the highest point 20
minutes after the onset of CPB. During coronary reperfusion
and rewarming, SjvO2 gradually decreases. These changes are
consistent with the expected changes in cerebral metabolic rate
and hence oxygen demand that occur with temperature changes.
Similar changes have been described during adult CPB.18 In
addition, our study found a negative correlation between SjvO2

and temperature, supporting the important influence of
temperature on cerebral oxygen supply and demand balance
during CPB in pediatric congenital heart surgery. Mixed venous
oxygen saturation reflects the systemic oxygen supply and
demand balance as influenced by hemodynamic changes. Stein
et al19 evaluated the relationship between anesthetic depth
measuring BIS and SvO2 in patients undergoing cardiac surgery
with cardiopulmonary bypass. They found there was no overall
association between BIS and SvO2 suggesting that low SvO2

values on bypass are unlikely to be because of light or
inadequate anesthesia. The relationship between temperature,
BIS and SvO2 deserves further study. Mixed venous oxygen
saturation is always higher than SjvO2 and is positively corre-
lated with SjvO2 and temperature.20 We speculate that cerebral
oxygen consumption and hence SjvO2 is more sensitive to
changes in organ temperature than whole body oxygen con-
sumption as reflected by SvO2.

Bispectral index is an index value computed from electro-
encephalography subparameters, including frequency, ampli-
tude, phase, bispectral, spectral, quazi suppression, and time
domain (burst suppression ratio) parameters giving rise to a
value between 99 (awake) and 0 (no electrical brain activity).21

Bispectral index can directly reflect electric activity of the
cerebral cortex and is negatively correlated with degree of
sedation. It can also reflect the degree of inhibition of brain
metabolism by anesthetic agents where a BIS¼ 0 indicates the
cessation of cerebral cortical neuronal activity. The depth of
either anesthesia or sedation correlates with changes in BIS.
Hypotension, hemodilution, nonpulsatile blood flow, changes
in cerebral blood flow, temperature and blood gas during CPB,
however, can also have a confounding influence.22 Our results
demonstrate that the BIS significantly decreased at all points
while on CPB and increased after separation from CPB. A
component of this change of BIS is attributed to the linear

Medicine � Volume 95, Number 2, January 2016
correlation that we found with hypothermia. There are several
reasons for these findings: Firstly, cerebral blood flow is related
to both systemic blood pressure and systemic blood flow. When

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.



TABLE 4. Relation of Cerebral Oxygen Saturation, Internal Jugular Bulb Venous Oxygen Saturation, Mixed Venous Oxygen
Saturation, or Bispectral Index to Temperature, Cerebral Perfusion Pressure or Hematocrit

rSO2 SjvO2 SvO2 BIS

Regression
Coefficients

P
Value

Regression
Coefficients

P
Value

Regression
Coefficients

P
Value

Regression
Coefficients

P
Value

Temperature 0.453 0.000 �0.689 0.000 �0.192 0.005 0.824 0.000
CPP 0.687 0.000 �0.635 0.000 ND ND 0.782 0.000
Hct 0.523 0.000 �0.571 0.000 �0.007 0.330 ND ND

BIS¼ bispectral index, CPP¼ cerebral perfusion pressure, Hct¼ hemato
venous oxygen saturation, SvO2¼mixed venous oxygen saturation.

FIGURE 2. Changes in cerebral oxygen saturation, bispectral
index, cerebral perfusion pressure, and mean arterial pressure
during cardiopulmonary bypass. Cerebral oxygen saturation

Medicine � Volume 95, Number 2, January 2016 Cardiopulmonary Bypass
the perfusion flow rate is constant, decreases in peripheral
vascular resistance and MAP because of hemodilution during
CPB may lower CPP. Artificial oxygenation may lead to a
high PaO2 and low PaCO2, which can also lead to decreased
cerebral blood flow resulting in an inhibition of brain electrical
activity. Secondly, hypothermia reduces brain cellular electrical
activity in combination with overall body metabolism. The
threshold of reaction to external stimuli increases under

changed with the change of mean arterial pressure and cerebral
perfusion pressure indicating the 3 values are clearly closely
related.
hypothermia whereas the transfer of neural electrical activity
slows. Therefore, hypothermia has additive influence on the
depth of anesthesia. When the temperature falls to 32 8C, the

TABLE 5. Changes in Arterial O2 Content, Arteriovenous O2 Con
Content Differences (Mean� Standard Deviation)

Time CaO2 (mL/L) Da-jvO2 (mL/L

T0 147.4� 5.5 51.3� 2.6
T1 106.2� 5.7

�
37.0� 3.4

�

T2 103.7� 7.6
�

26.8� 3.4
�

T3 104.6� 5.9
�

19.5� 3.7
�

T4 106.3� 6.8
�

49.0� 3.2
�

T5 108.8� 5.6
�

45.0� 3.4
�

CaO2¼ arterial O2 content, CEO2¼ cerebral oxygen extraction rate, Da�
P< 0.05 from T0.

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
electroencephalogram begins to be suppressed and at 30 8C,
consciousness is lost with an accompanying BIS value of 48 in
95% of patients .23

Our study also demonstrates that BIS is significantly
reduced as temperature decreases. This suggests that the depth
of anesthesia increases as the temperature decreases. During
rewarming, the electrical activity of brain cells increases as
demonstrated by an increasing BIS. This represents a decreasing
depth of anesthesia. We speculate that BIS reflects the influence
of temperature on depth of anesthesia as related to the adequacy
of cerebral oxygen supply-demand balance.

There are some limitations to our study. Firstly, CPP was
determined as CPP¼MAP�CVP. A measurement based on
cerebrospinal fluid pressure might more accurately reflect CPP
but was realized to be excessively invasive for children under-
going total body heparinization for elective cardiac surgery.
Secondly, although many cerebral oxygenation variables and
values were measured in our study, cerebral blood flow itself
was not measured. This can be performed with Transcranial
Doppler but because of logistical and equipment limitations, it
was not included. Thirdly, our study was limited by a relatively
small number of patients (60). We plan to validate our results
with a larger study. Near-infrared spectroscopy has inherent
limitations. It measures blood oxygenation changes only within
the illuminated area, which includes both intracranial and
extracranial tissues and thus may be influenced by changes
in scalp blood flow. In addition, NIRS do not measure cerebral
blood oxygenation changes in the whole brain including deep
brain structures.

crit, rSO2¼ cerebral oxygen saturation, SjvO2¼ internal jugular bulb
In conclusion, rSO2 had a positive correlation with CPP
and a weak linear correlation with temperature. BIS had a
positive linear correlation with temperature and CPP. SjvO2

tent Difference, Cerebral Oxygen Extraction Rate, and Lactate

) CEO2 (%) Da-jvLac (mmol/L)

33.4� 3.9 0.19� 0.03
28.6� 3.0

�
0.18� 0.02

�

22.9� 3.0
�

0.14� 0.02
�

18.3� 3.7
�

0.14� 0.01
�

45.7� 3.2
�

0.17� 0.02
�

44.5� 2.4
�

0.16� 0.02
�

-jvLac¼ arteriovenous O2 content difference.
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had a negative linear correlation with temperature. Cerebral
oxygen saturation reflects whether or not the brain is getting
enough blood flow and oxygen.
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APPENDIX 1
Fick formula:

CaO2¼PaO2� 0.0031þSaO2�Hb� 1.36
CjvO2¼PjvO2� 0.0031þSjvO2�Hb� 1.36
Da-jvO2¼ (PaO2� PjvO2)� 0.0031þ (SaO2�SjvO2)
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�Hb� 1.36
in venous outflow from the cerebral circulation intensifies the

release of blood-brain barrier injury biomarkers in patients
 CEO2¼ (SaO2� SjvO2)/SaO2� 100%
Da-jvLac¼Laca�Lacjv
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