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Abstract

Background: It is important to identify the pathological characteristics of cerebral
circulation and oxygen metabolism at the bedside in children with congenital heart
disease (CHD) to prevent neurodevelopmental impairments. The brain regional oxygen
saturation index (rSO2) can be easily obtained at the bedside with near-infrared
spectroscopy and has been widely used in the management of children with CHD in recent
years.

Methods: To determine if the rSO2 before or after CHD surgery is a good predictor of
cerebral oxygen metabolism, we investigated the impact of different clinical variables on
the correlation between rSO; and reference values under steady ratios of hemoglobin
oxygen saturation in the internal jugular vein (SjvOz) or femoral artery (Sa0z) (0.75:0.25,
0.66:0.34, and 0.50:0.50) in 186 children with CHD undergoing cardiac catheterization.
Results: In three patient groups—double ventricles before surgery, double ventricles after
surgery, and single ventricle before surgery—there were significant relationships between
SOz and the reference values of SOz under all three steady ratios of SjvO; and Sa0Oz. No
relationship with the reference values was found for the single ventricle after surgery
group.

Conclusions: rSQz is useful for assessing cerebral oxygenation in children with CHD, but
knowledge of the underlying cardiac pathology in CHD, especially in the case of a single
ventricle after surgery, is important for the correct interpretation of rSO2 measurements

obtained using near-infrared spectroscopy.
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Introduction

In survivors of congenital heart disease (CHD), several types of neurodevelopmental
impairment are common and are a primary factor in the evaluation of clinical outcomes
(1-4). It is important to identify the pathological characteristics of the cerebral circulation
and oxygen metabolism at the bedside in children with CHD to prevent
neurodevelopmental impairments.

Near-infrared spectroscopy (NIRS) using near-infrared light (700-900 nm) enables
changes to be detected in the oxygenation of hemoglobin (Hb) and water in biological
tissue. It is safe and permeates the tissues adequately and has recently been applied to the
functional evaluation of circulation and oxygenation status. NIRS is clinically applicable
in children because the light more readily permeates a child’s head than an adult’s,
because of its small size and low scattering. Also, the measured values are less influenced
by layered structures such as the scalp, skull, and cerebrospinal fluid (5, 6).

The INVOS 5100C Cerebral/Somatic Oximeter (Covidien Japan, Tokyo) derives
the “regional oxygen saturation index” (rSO2) using spatially resolved spectroscopy
(SRS) measurements and the photon diffusion theory (7,8). Brain rSO; measurements can
be easily obtained using NIRS at the bedside, and it has been widely used in the
management of children with CHD in recent years (9-11). Some reports indicate that rSO;
during or after CHD surgery is a good predictor of postoperative outcome and
neurodevelopmental impairment (1, 12, 13) but others have failed to show its usefulness
for assessing the prognosis of children with CHD (14-16).

rSO2 depends on the state of cerebral blood oxygenation and flow and on the state
of cerebral oxygen metabolism, which is also affected by various factors, including blood

Hb levels, blood pressure, cardiac output, and intracranial pressure. Theoretically, rSO2



is mainly affected by the ratio of the arterial contribution to that of venous blood and the
Hb oxygenation in these vessels (17-22). Clinical variables are assumed to also affect
rSO, measurements, and local cerebral blood flow and metabolism in the measurement
area may be affected by the CHD or related surgical procedures. However, the
relationships between rSO; and values of clinical variables under several steady ratios of
internal jugular venous Hb oxygen saturation (SjvO,) and arterial Hb oxygen saturation
(Sa0z2) have not yet been investigated in children with different forms of CHD. This
information would be very useful in the clinical setting for evaluating cerebral oxygen
metabolism. Because rSO> and Sa0: can be measured easily and noninvasively at the
bedside, we can indirectly calculate the value of SjvO2 by using both the rSO> and Sa0-
values and the ratio of the arterial contribution to that of venous blood. SjvO; is very
useful for estimating cerebral oxygen metabolism in CHD patients. In addition,
knowledge of other factors affecting the value of rfSO2 would be useful for its validation.

This retrospective study had three objectives: (1) to evaluate the relationship
between rSO2 and not only SjvOz, but also Hb oxygen saturation in other regions in
children with CHD; (2) to assess the relationships between SOz and values of clinical
variables under steady ratios of SjvOz and SaOz; (3) and to identify the impact of different
clinical variables on the correlation between the rSOz and steady ratios of SjvO2 and Sa0»

in children with CHD before and after surgery.

Patients and methods
We retrospectively reviewed data from 188 pediatric patients (115 male, 73 female)
between 0 and 15 years of age who underwent cardiac catheterization for CHD from

January 2015 to September 2016. The diagnoses of the enrolled patients were aortic



stenosis, atrial septal defect, atrioventricular septal defect, double outlet right ventricle,
hypoplastic left heart syndrome, single left ventricle, pulmonary atresia, patent ductus
arteriosus, single right ventricle, tricuspid atresia, total anomalous pulmonary venous
return/connection/drainage, transposition of the great arteries, tetralogy of Fallot,
ventricular septal defect, and other CHD (Table 1).

During cardiac catheterization, all patients were administered sevoflurane
inhalational anesthesia under respiratory management with fentanyl. At the time of
catheterization, the optical sensor of the INVOS 5100C system (Covidien Japan) was
attached to the right side of the patient’s forehead to measure the rSO;. In addition, blood
was sampled from the right internal jugular vein, superior vena cava, inferior vena cava,
and pulmonary artery using a wedge catheter and from the femoral artery using a catheter
sheath. Blood gas analysis was performed with an ABL 800 FLEX blood gas analyzer

(Radiometer Co., Tokyo, Japan).

Relationships between rSOz and other parameters

We evaluated the relationship between rSO; and not only Hb oxygen saturation in the
internal jugular vein (SjvOz), but also Hb oxygen saturation in the superior vena cava
(SsvcQyz), inferior vena cava (SivcO2), pulmonary artery (SpaQz), and femoral artery
(Sa03). We also evaluated the relationship between rSO; and arterial oxygen tension
(Pa0,), carbon dioxide tension (PaCOz), Hb value (bHb), heart rate (HR), mean arterial

blood pressure (MABP), and central venous pressure (CVP).

Relationships between rSO2 and SOz reference values under steady ratios of SjvO2

and Sa(:



The reference values under steady Sjv02:8a0; ratios of 0.75:0.25, 0.66:0.34, and
0.50:0.50 were calculated as S02(0.75:0.25) = 0.75 x S§jvO2 + 0.25 x 8a0,,
802(0.66:0.34) = 0.66 x SjvO, + 0.34 x Sa0,, and $02(0.50:0.50) = 0.5 x SjvO2 + 0.5 x

Sa0;, respectively.

Impact of different clinical variables on the correlation between rSO:z and steady
ratios of SjvOz and Sa0:2

Because double-ventricle CHD is similar to physiological circulation while single-
ventricle CHD indicates a specific and distinct circulation, CHD patients were divided
into five subgroups: 1) double ventricles before surgery; 2) double ventricles after surgery
(endocardial repair); 3) single ventricle before surgery; 4) single ventricle after surgery
(Fontan); and 5) others. In each group except “others”, we evaluated the relationships
between rSO;z and SjvOs2, Sa02, and the reference values of SOz under steady ratios of
SjvO2 and Sa0s. In addition, in each group, we evaluated the relationship of rSO; with
bHb, HR MABP, and CVP.

Next, to detennine if there was any difference in the interpretation of rSO2 in CHD
without or with cyanosis, participants were divided into non-cyanotic and cyanotic groups.
Cyanosis was defined as an Sa0; less than 82%. CHD patients from groups 1 to 4 were
divided into the following four subgroups and re-evaluated: 1) without cyanosis before
surgery; 2) without cyanosis after surgery; 3) with cyanosis before surgery; and 4) with
cyanosis after surgery.

This clinical study was performed as a collaboration between Shikoku Medical
Center for Children and Adults and Covidien Japan under the name "Research on the

Utility of INVOS 5100C during Pediatric Cardiac Catheterization". The study was



approved by the Ethics Committee of Shikoku Medical Center for Children and Adults as
“The comparison of jugular venous oxygen saturation with rSO; in children” (H27-50).

Written informed consent was obtained from the families of the patients.

Statistical analysis

Results are expressed as the mean (standard deviation). Spearman's rank-order correlation
of the paired data was applied and correlation coefficients and P values calculated. P <
0.05 was considered significant and a Spearman's correlation was postulated if the r-value
was > 0.4. Statistical analysis was performed with the GraphPad Prism 8 software

package (GraphPad Software, San Diego, CA).

Results
In total, 188 children with CHD underwent cardiac catheterization in our hospital during
the study period. Two patients were excluded because NIRS measurements were not
performed correctly. Finally, data from 186 children were analyzed. The number of
patients for each CHD diagnosis in the five groups were 72 in the double ventricles before
surgery group, 66 in the double ventricles after surgery group, 21 in the single ventricle
before surgery group, 18 in the single ventricle after surgery group, and 9 others (data not
shown). Table 1 summarizes the cardiac pathologies in the study population and Table 2
shows the demographic and physiological data for the cardiac catheterization procedures.
The correlation between rSO; and SjvO; was significant in all cases (P <0.001,r=
0.483). In addition, correlations of rSO; with SsvcO3 and SiveO: were also significant (P
<0.0001 and r=0.500 and P <0.0001 and r = 0.412, respectively). However, correlations

of SO with SpaO; and SaO:; were not significant (Figure 1). There were also no



significant relationships of rSOz with PaCQOz, bHb or CVP, but there were significant
positive associations of rSO2 with MABP (P < 0.0001, r = 0.426) and a significant
negative association between rSO2 and HR (P < 0.0001, r = —0.459).

Correlations of rSOz with SOz (0.75:0.25), SO; (0.66:0.34), and SOz (0.50:0.50)
were significant in all cases (all 2 <0.0001; Figure 2, Table 3).

In three groups, namely, the double ventricles before surgery, double ventricles after
surgery, and single ventricle before surgery groups, there were significant relationships
between rSO; and SjvO2 and between rSO2 and the reference values of SOz under all
three steady ratios of SjvO2 and SaO,. Only the single ventricle before surgery group
showed a significant relationship between rSO3 and SaO; (P <0.003, r = 0.611). However,
in the single ventricle after surgery group, there were no significant relationships between
rSO2 and SjvO; or between rSO; and the reference values of SO; under steady ratios of
SjvO2 and SaQ; (Figure 2, Table 3). Furthermore, there was a significant negative
association between rSO2 and HR in there groups, except double ventricles after surgery,
and there were significant positive relationships of SOz with MABP in the double
ventricles before and after surgery groups (Table 4).

In the before and after surgery without cyanosis groups, there were significant
relationships between rSO; and SjvO; and between rSO; and the reference values of SO»
under all three steady ratios of SjvOz and SaOz. However, in the before and after surgery
with cyanosis groups, there were no significant relationships between rSO; and SjvO; or
between rSO; and the reference values of SOz under steady ratios of SjvO2 and Sa0:

(Table 5).

Discussion



The main findings in this study are as follows. First, there were relationships of rSO2 with
8jv0a, SsvcOz, and SiveO; in patients with CHD. There were also relationships of rSO;
with 803 (0.75:0.25), SO2 (0.66:0.34), and SO (0.50:0.50), with no apparent differences
in the r level among these three relationships. In subgroup analysis, the double ventricles
before surgery, double ventricles after surgery, and single ventricle before surgery groups
showed significant relationships between rSO; and the reference values of SO; under all
three steady ratios of SjvOz and Sa0Oz, unlike the single ventricle after surgery group.

Several types of NIRS systems have been developed: 1) continuous wave
spectroscopy (CWS), which is used to specifically estimate changes in the Hb
concentration from an initial measurement; 2) full spectral spectroscopy (FSS), which is
used to measure the full NIR spectral range; 3) time-resolved spectroscopy (TRS), which
measures the transit time of each photon through the tissue of interest; 4) phase-modulated
spectroscopy (PMS), which measures amplitude signals for phase, intensity, and depth of
modulation after péssage; and 5) SRS, which is used to determine the slope of the light
attenuation versus distance at a point distant from the source using a continuous wave.
FSS, TRS, PMS, and SRS can all be used to measure cerebral Hb oxygen saturation
(ScOz). In this study, we measured rSO: by using an SRS system. Note that 1SO; is the
unique name for the INVOS 5100C system and is equivalent to ScOx.

ScO; measured using NIRS is based on the assumption that the cephalic region is
composed 6f homogenous tissue, representing a mixed vascular Hb oxygen saturation of
arteries, arterioles, capillaries, and veins in the brain. The factors responsible for changes
in ScO; are mainly the ratio of the contribution of arterial blood to that of venous blood
and the Hb oxygenation in these vessels. Using a newborn piglet model, we previously

estimated the percentage contributions of arterial and venous blood to ScO2 as 25% and



75%, respectively (17). In a later study, we found the quantitative arterial and venous
ratios corresponding to ScO; values with TRS measurements under normoxia to be 34%
and 66%, respectively (18). These results were almost identical to those reported by Brun
et al. and Ito et al., who found that the ratio of arterial to venous blood was 1:2 (19, 23).
In 20 anesthetized children, the ratio was 16:84, but it differed considerably among the
participants, ranging from 40:60 to 0:100 (20).

rSO; had a stronger positive correlation with SjvO2, SsveQOz, and SiveO; in all
patients with CHD, but there were no relationships of rSO; with SpaQ; and SaO». Also,
the double ventricles before surgery, double ventricles after surgery, and single veniricle
before surgery groups exhibited significant relationships between rSO2 and SjvOa.
Several studies have examined rSO; as a noninvasive surrogate of SjvOz. Although the
correlation is usually statistically significant, the correlation coefficient is less than 0.5
and shows a wide range of agreement (association strength from 0.3 to 0.9) (7, 9, 24-26).
For children with CHD, some reports are in good agreement regarding the relationship
between rSOz and SjvO2 or SsvcOz (21, 25, 26). Nagdyman et al. (25) compared two
different NIRS systems, the NIRO 200 and INVOS 5100, in 31 children with CHD. Both
revealed a significant correlation of the rSO» with S§jvO» and SscvO2 values, with rSO2
and SjvO2 showing a significant correlation (r = 0.83, P < 0.0001) and rSO; and SsvcO2
showing an even stronger correlation (r = 0.93, P < 0.0001). Ricci et al. (26) reported that
rSO; had a fair correlation with SsveO: (r = 0.37, P < 0.001) in 100 newborn patients
who underwent cardiac surgery for CHD. The relationship between rSOz and SsvcO; was
unchanged when patients with cyanotic and acyanotic CHD were compared and rSO; was
lower than SsvcQ; at a PaCO; level below 31 mmHg.

Correlations of rSO; with SOz (0.75:0.25), SO; (0.66:0.34), and SO2 (0.50:0.50)
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were also significant in all patients and in the three subgroups. These results are based on
the fact that the INVOS 5100C system uses a ratio of 75% venous to 25% arterial blood
(27). Another study also reported a good correlation between rSO; and the reference tissue
Hb oxygen saturation (0.7 x SjvOz + 0.3 x SaQz) in 57 children undergoing cardiac
catheterization (r = 0.72, P < 0.001) (21).

In the single ventricle after surgery group, there were no significant relationships
between rSO; and the reference values of SOz under steady ratios of SjvO; and SaOs. It
is unclear why there were no relationships in this group. The pathogenesis of the CHD
itself, the impact of surgery on cerebral circulation and metabolism, or the impact of
cerebral injury may have affected the changes in rSO; or SjvO2 measurements. Regarding
the CHD itself, if extracerebral blood in the jugular bulb was not negligible, it would
increase SjvO; due to minimal oxygen extraction from extracranial tissue because of the
vascular malformation present in complex CHD. If the capillary blood volume was not
negligible, it would give a false high or low ratio of arteries and veins because chronic
hypoxia increases brain microvessel density. It is possible that the capillary blood volume
may not have been negligible (20). Regarding surgery, aortic-to-pulmonary collaterals
associated with the Fontan procedure represent a low resistance runoff of systemic flow
into the pulmonary bed, which diverts blood from the developing brain to the lungs, and
decrease cerebral blood flow (28). Some brain pathologies such as stroke, regional brain
death, and carotid arterial stenosis may decouple the relationships between regional and
global oxygenation parameters as well as alter the anatomical ratios of veins and arteries
(22). There are reports that rSO; does not reflect changes in jugular bulb oximetry in the
case of head injury (29-31). Forehead NIRS interrogates the frontal lobes supplied by the

superficial branches of the anterior and middle cerebral arteries. It is possible that
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hypoxia-ischemia occurs in territories supplied by the deeper branches of the anterior and
middle cerebral arteries or the vertebrobasilar system without any change in the measured
frontal rSO; (9). In addition, surgical procedures that occlude the carotid artery may
disrupt the arterial and venous ratio, particularly if the brain hemisphere collateral
perfusion is poor. Therefore, knowledge of the child’s condition in terms of a single
ventricle after surgery is important for interpreting rSO2 measurements.

In cyanotic patients before and after surgery, we were also unable to find a
correlation between rSO2 and SO2 under all three steady ratios of SjvOz and Sa0; (Table
5). One of the reasons for this result is that cyanotic patients have cerebral arterial
vasodilation and therefore cannot have a correlation between rSO; and SO; under steady
ratios of SjvO2 and Sa0s2. This can be explained based on our previous results in a
newborn piglet model under hypoxic conditions (FiOz = 10%), in which the estimated
ratio of NIRS signal contributions from arterial and venous blood of 52:48 showed an
increased arterial signal compared with the ratio of 25:75 under normoxic conditions (17).

There are several limitations to this study. First, the small sample size of patients
with CHD limited appropriate analysis. In addition, because of the sample size and
differences in the time before and after surgery, we were unable to make comparisons
across each CHD group. The heterogeneity of each CHD group may also limit the
analyses across groups.

In conclusion, rSO: is useful for assessing cerebral oxygenation in children with
CHD, but knowledge of the form of CHD, particularly a single ventricle after surgery, is

important for interpreting rSO2 measurements on NIRS.
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Comparison of the relationship between rSO; and Hb oxygen saturation in the internal jugular vein (SjvOz),
superior vena cava (SsvcQz), inferior vena cava (SiveQz), femoral artery (Sa0z), and mean arterial blood
pressure (MABP) for all patients with CHD.
(a) Changes in Sa0;, rSO,, SjO2, and Pa0; in the artery. (b) Relationships between rSOz and SjvOa. (c)
Relationships between rSOz and SsvcO:. (d) Relationships between rSO; and SiveQa. (e) Relationships
between rSO; and Sa0s. (f) Relationships between rSO2 and MABP.
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Figure 2.

Relationships between rSO; and the reference values of SO» under steady ratios of SjvO2 and Sa0:z in (a)
all CHD patients and (b-¢) the four subgroups. (b) Double ventricles before surgery. (¢) Double ventricles
after surgery. (d) Single ventricle before surgery. () Single ventricle after surgery. The reference values
under steady SjvO2:Sa0; ratios of 0.66:0.34 were calculated as SOz (0.66:0.34) = 0.66 x SjvO2 + 0.34 x
Sa0..
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