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Abstract We evaluated the relationship between
regional cerebral oxygen saturation (rSO;) measured
by near-infrared spectroscopy (NIRS) cerebral oxime-
ter with superior vena cava (SVC), inferior vena cava
(IVC), right atrium (RA), and pulmonary artery (PA)
saturation measured on room air and 100% inspired
oxygen administered via a non-rebreather mask (NRB)
in children. Twenty nine pediatric post-orthotopic
heart transplant patients undergoing an annual myo-
cardial biopsy were studied. We found a statistically
significant correlation between rSO, and SVC satura-
tions at room air and 100% inspired oxygen concen-
tration via NRB (r = 0.67, p = 0.0002 on room air;
r=0.44, p = 0.02 on NRB), RA saturation (r = 0.56, p =
0.002; r = 0.56, p = 0.002), and PA saturation (r = 0.67,
p < 0.001; r = 0.4, p = 0.03). A significant correlation
also existed between rSO, and measured cardiac index
(r=0.45, p = 0.01) and hemoglobin levels (r = 041, p =
0.02). The concordance correlations were fair to
moderate. Bias and precision of rSO, compared to
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PA saturations on room air were —0.8 and 13.9%, and
they were 2.1 and 15.6% on NRB. A stepwise linear
regression analysis showed that rSO, saturations were
the best predictor of PA saturations on both room air
(p = 0.0001) and NRB (p = 0.012). In children with
biventricular anatomy, rSO, readings do correlate with
mixed venous saturation.
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Introduction

Jobsis [15] was the first to describe the use of near-
infrared spectroscopy (NIRS) technology in humans
when he detected transmission of photons through the
brain tissue. Since then, the NIRS-based technology
has found diverse applications in monitoring of deltoid
muscle oxygen supply to guide resuscitation [30],
monitoring of splanchnic circulation in neonates with
acute abdomen [10, 43, 47], and in measuring regional
blood supply in skeletal muscles to assess the effects of
exercise [5, 8].

However, the most common application of this
technology has been in assessing regional cerebral
saturation. This application stems from multiple
studies that have shown a positive correlation between
cerebral oxygenation as measured by NIRS and jugular
venous saturation (SjVO,) [1, 2, 12, 19, 28, 29, 35, 36,
38]. Clinical studies in adults have suggested that a
decline in regional cerebral oxygen saturation (rSO,)
values of >20% from baseline or absolute values of less
than 50 are associated with decreased cognitive
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function and prolonged intensive care unit (ICU) stay
[6, 31]. Such a sharp decline from a baseline measure-
ment or a low absolute value may affect long-term
neurological outcome.

As many as 50% of neonatal patients undergoing
cardiac surgery on cardiopulmonary bypass (CPB) are
at risk for developing mild ischemic lesions, primarily
in the form of Periventricular Leukomatacia (PVL),
postoperatively [26]. Therefore, a monitor that allows
clinicians to follow trends in cerebral oxygenation
could identify critical periods associated with inade-
quate oxygenation [1, 2, 33], which in turn could lead to
early interventions to minimize such periods. After
initially being utilized in operating rooms [3], it is now
increasingly being used as a non-invasive method to
monitor regional oxygen saturation during the postop-
erative period after cardiac surgery [32, 46], and some
authors have suggested that rSO, should be routinely
used to guide therapy to minimize periods of low
oxygen delivery [13].

However, previously published studies show a cor-
relation between rSO, and mixed venous saturation
(SmVO,) in patients with a variety of congenital heart
diseases with different anatomy and physiology, surgi-
cal course, postoperative respiratory and hemodynam-
ic support, and measurement sites for mixed venous
saturations. Thus, the results from these studies cannot
be generalized to other clinical settings.

In order to minimize some of this variability, we
designed a prospective study to examine the relation-
ship between rSO, and saturations measured in the
superior vena cava (SVC) and right atrium (RA) (also
known as central venous saturations or ScVO,) and
pulmonary artery (PA) (SmVQO,), both on room air
and on 100% inspired oxygen administered via a non-
rebreather mask. Our study population included
patients with biventricular anatomy who were under-
going routine cardiac catheterization for annual biop-
sies after orthotopic heart transplant.

Materials and Methods
Study Population

Twenty-nine pediatric patients who had previously
undergone an orthotopic heart transplant and were
undergoing cardiac catheterization for a routine annual
myocardial biopsy or for hemodynamic measurement
were recruited for this study prospectively. The insti-
tutional review board of the University of Arkansas for
Medical Sciences approved this study. The study was
performed in the cardiac catheterization laboratory at

Arkansas Children’s Hospital. Informed consent was
obtained from the patients’ legal guardians and patient
assent from children older than 7 years.

Cerebral Oximeter

The continuous, non-invasive cerebral oximeter uses
NIRS technology to measure regional changes in
oxygenated and deoxygenated hemoglobin in the brain.
It does this by emitting light of two different wave-
lengths (730 and 810 nm), which corresponds to the
spectral absorption of oxygenated and deoxygenated
hemoglobin. Light in the visible spectrum (400-700 nm)
is highly absorbed and can penetrate only go a few
millimeters into tissue [8]. Light in the near infrared
spectrum (700-1100 nm) undergoes the least amount of
absorption and scattering and can thus travel for long
distances through biological materials [15]. Deoxygen-
ated hemoglobin absorbs light in the range of 760 nm or
lower, whereas both deoxygenated and oxygenated
hemoglobin absorb light at 800 nm [27]. Thus, the
passage of light of two different wavelengths can allow
the opportunity to assess the quantitative changes in the
concentrations of these molecules.

The INVOS 5100B cerebral oximeter (Somanetics,
Troy, MI, USA) was purchased for use in this study
through an intramural grant. The sensors were placed
on each side of the patient’s forehead, with the lower
edge above the patient’s eyebrows and the medial edge
of the sensor in the midline as per the manufacturer’s
specifications. No data obtained by this device were
used for making clinical decisions.

Data Collection

During these routine cardiac catheterizations, blood
samples were collected in capillary tubes from the SVC,
inferior vena cava (IVC), RA, and PA to measure
oxygen saturations and hemoglobin while the patient
was breathing room air using the GEM OPL oximeter
(Instrumentation Laboratory, Lexington, MA, USA).
In addition, thermodilution measurements to assess the
cardiac index (CI) were performed. We also obtained
the saturation measurements from sites previously
mentioned on 100% fractional inspired oxygen (FiO,)
administered through a non-rebreather mask (NRB).
Measurements were taken after patients had been on
oxygen for 5 minutes. This was done to assess whether
the NIRS monitor continues to have a good correlation
under hyperoxic conditions. The blood samples for
measurements of oxygen saturations were obtained
from the same anatomical site in each of the patients
when sampling the IVC, SVC, RA, and PA.
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Data were collected by the primary investigator (PI)
or a co-investigator. Data collected included baseline
SO, values and rSO; values every 2 minutes on room
air and 100% FiO, via NRB mask. In addition,
simultaneous rSO, values and oxygen saturation from
the sites mentioned previously were collected. The CI
was determined by thermodilution method. We col-
lected other information, including patient age, sex,
weight, height, medical diagnoses, baseline vital signs,
and vital signs every 2 minutes during the procedure
(heart rate, respiratory rate, blood pressure, and
systemic oxygen saturations).

Data were entered in a Microsoft Excel spreadsheet
designed for this study. This spreadsheet was only
accessible to the PI or the co-investigators.

Statistical Analysis

Descriptive statistics were performed on the demo-
graphic data. We calculated the Pearson’s correlation
between the rSO, values and the measured saturations
at the same time points. Statistical significance was set
at p values of <0.05. We also calculated Pearson’s
correlation, which tests whether the line of fit has a
slope different from zero, and Lin’s concordance
correlation, which tests whether the line of fit has a
slope different from identity (line of perfect agree-
ment). Bland-Altman plots, which illustrate the dif-
ference versus the average of the two methods [4],
were used to estimate the precision and bias of the
study variables.

In addition, a linear regression analysis with step-
wise variable selection was performed. Dependent
variables included the SVC, IVC, RA, and PA satu-
rations, whereas the independent variables included
age, sex, systolic blood pressure percentile (adjusted
for height), hemoglobin, pulse oximeter values, rSO,
and cardiac index. A p value of 0.2 was used to enter
the model, and a 0.1 cut off was used to be removed
from the model.

Data were analyzed using SAS version 8.2.

Results

Of 29 patients, 13 (45%) were female and 16 (55%)
were male. Twenty-two patients (76% ) were Caucasian
and 7 non-Caucasian. The mean age was 8 years,
7 months, with a range of 15 months to 17 years, 6
months. The mean weight was 28 kg (range, 8.2-70 kg).

Using Pearson’s correlation, we found a statistically
significant correlation between rSO, and the SVC
saturation (r = 0.65, p = 0.0003 on room air; r = 0.44,
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Table 1 Pearson’s correlations and Lin’s concordance correla-
tions calculated between PA and IVC, rSO, SVC, and RA
saturation on room air and NRB mask

Pearson’s Pearson’s
PA n correlation p value Concordance
Room air
1IvC 23 0.50 0.0144 0.37
SO, 28 0.67 0.0001 0.53
SvC 26 0.85 <0.0001 0.73
RA 27 0.86 <0.0001 0.82
NRB mask
1vC 22 0.35 0.1101 0.28
rSO, 28 0.40 0.0330 0.35
SvC 26 0.69 <0.0001 0.66
RA 27 0.84 <0.0001 0.79

IVC, inferior vena cava; NRB, non-rebreather mask; PA, pul-
monary artery; RA, right atrium; rSO,, regional cerebral oxygen
saturation; SVC, superior vena cava

p = 0.02 on NRB mask), RA (r = 0.56, p = 0.002; RA
r=0.57, p =0.002), and PA (r =0.67, p < 0.001, r = 0.4,
p = 0.03) at room air and NRB mask, respectively.
A significant correlation also existed between rSO, and
measured cardiac index (CI) (r = 0.45, p = 0.01) and
hemoglobin (r = 0.41, p = 0.02). No statistically
significant correlation was found between rSO, and
IVC saturation (r = 0.32, p = 0.13 on room air;
r =-0.32, p = 0.14 on NRB mask). The Pearson’s and
Lin’s correlations between PA and SVC, RA, and IVC
on room air and NRB are shown in Table 1.

The Lin’s concordance correlation coefficients for
SVC, IVC, RA, and PA saturation measurements with
rSO;, on room air and oxygen are shown in Fig. 1.
Using the scale proposed by Landis and Koch [24], the
strength of agreement ranges between fair to moder-
ate. The Bland-Altman plots showing the bias and
precision are shown in Fig. 2.

The stepwise linear regression analysis was per-
formed to examine the variables that best predict PA
saturations. Age, sex, systolic blood pressure percentile
(adjusted for height), hemoglobin, pulse oximeter
values, rSO,, and cardiac index were used in the
model. The best predictor of PA saturation was rSO,
on both room air (p = 0.001) and NRB (p = 0.012). The
only other statistically significant predictor of PA
saturation on room air was pulse oximeter value (p =
0.03), whereas hemoglobin level was the only other
significant predictor on NRB (p = 0.04).

Discussion

Our study shows that the NIRS cerebral oximeter
readings do correlate with SmVO, both on room air
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Fig. 1 (A) Lin’s concordance correlation A"
calculated on room air for superior vena cava
(SVC) saturation compared to rSO, was 0.55
(95% CI 0.28-0.74); the concordance 80
correlation for right atrium (RA) saturation

was 0.49 (95% CI 0.2-0.7) that for interior 7
vena cava (IVC) saturation was 0.31 (95% -
CI 0.09-0.63), and that for pulmonary artery

(PA) saturation was 0.53 (95% CI 0.31-0.69). >
(B) Lin’s concordance correlation calculated 55
on 100% oxygen administered via a
non-rebreather mask for SVC saturation 55
compared to rSO, was 0.38 (95% CI
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and on 100% inspired oxygen administered via NRB
mask. Although the absolute SO, values are different
from SmVO, because of the regional nature of
monitoring, the mix of arterial and venous blood being
monitored, and the physical properties of near infrared
light, they trend in the same direction as the ScVO,
and SmVO,. We show a fair to moderate agreement of
SO, values with ScVO, and SmVO, on both room air
and 100% inspired oxygen delivered via NRB mask in
postcardiac transplant patients with no intracardiac
shunting. However, the correlation between rSO, and
SmVQO, is better on room air than on NRB, and
variance in mixed venous saturation accounted for the
largest source of variance in rSO,. Furthermore, the
bias and precision of rSO, values compared to SmVO,
and ScVO, in our study (see Fig. 2) were similar to the
measurements obtained in other studies [19, 46]. The
bias between SO, and SmVO, in our study is small,
signifying that the difference between the averages of
rSO, values and the measured values was small,
whereas the large precision signifies the variability
between the rSO, readings, which can result from
changes in physiological states or changes in the
measuring instrument.

The results of our study confirm findings of other
published studies on postoperative patients. Tortoriello
et al. [46] reported a Spearman’s correlation of 0.67
between rSO, and SmVO, measured in the SVC or
PA. They published a study of 20 patients with a
variety of congenital cardiac lesions who underwent
biventricular repair or single ventricle palliation. Nag-
dyman et al. [32] compared rSO, values with satura-
tions measured in the RA in children who underwent
repair of noncyanotic congenital heart lesions and
found a significant correlation (r = 0.52) between rSO,
and SvO,. However, these investigators did not mea-
sure saturations at any other site or under varying
conditions of inspired oxygen.

SmVO, reflects a global balance between oxygen
delivery and tissue oxygen demands. A decrease in
SmVO, reflects either a decrease in oxygen delivery or
an increase in tissue oxygen demands. Current contin-
uous SmVO, monitors use infrared oximetery to detect
oxygenated hemoglobin. However, these monitors are
placed invasively in the pulmonary artery, which limits
their clinical application in children. As an alternative,
central venous oxygen saturation measured via cathe-
ters placed in the SVC or RA is often used. This
technique, although invasive, is more easily achieved
due to routine placement of central venous catheters in
ICU patients. Rivers et al. [40] have summarized the
numerous studies done to evaluate the correlation
between ScVO, and SmVO, and concluded that

@ Springer

ScVO, is a satisfactory substitute for SmVO,.
Although the absolute values of ScVO, and SmVO,
may differ, they track each other closely under both
physiologic and pathologic conditions [25, 39]. When
SmVO, remains persistently low, tissue hypoxia and
lactic acidosis develop [17, 40]. SmVO, monitoring is
used extensively in a multitude of clinical scenarios in
both adults and children to monitor the relationship
between oxygen delivery and tissue oxygen demand [7,
14, 18, 20-22, 34, 37, 41, 42].

Multiple studies have shown that SmVO, values do
not correlate well with IVC saturations in children
[9, 44, 45]. Our study results also confirm the findings
from these prior investigations.

The limitations of NIRS technology include absorp-
tion of 10-15% of the emitted light by extralcranial
tissue and skull [11, 15, 27]. However, the degree of
absorption of emitted light by the extracranial tissue
and skull may vary with patient age. In infants and
younger children, this light absorption may be smaller
because the light can penetrate into deeper tissues
compared to older children. Photons get absorbed in
larger blood vessels, whereas light passing through
small vessels is absorbed to a very small degree.
Therefore, NIRS predominantly detects changes in
tissue oxygenation at the level of capillaries, venules,
arterioles, and the intracellular compartment [27]. The
biologic variations in transcranial optical path length
and cerebral hemoglobin concentration between sub-
jects may also introduce potential sources of error and
variability [23].

The validity of comparing rSO, and SjVO, has been
questioned by some investigators [38] because SjVO,
measures saturation in the venous compartment,
whereas rSO, measures saturation in arteries, capillar-
ies, and veins. The rSO; values displayed are based on
the assumption that cerebral tissue contains arterial
and venous blood distributed in a 1:3 ratio. Watzman
et al. [48] have shown that the contribution of arterial
and venous blood may vary between 40:60 and 0:100,
respectively. However, blood in the venous compart-
ment does account for the majority of the hemoglobin
measured by NIRS technology. rSO, values do change
appropriately with changes in inspired oxygen concen-
tration. A decrease in arterial and venous saturations
was seen in studies on healthy volunteers who were
administered a hypoxic gas mixture [28, 35].

Our investigation is limited to studying only two
different clinical conditions (room air and NRB mask).
We did not perform our study over a range of varying
FiO, concentrations. We found that the correlation
and agreement between rSO, and PA were higher on
room air and worsened on NRB mask. This was true
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Fig. 2 (A) The bias and precision (twice the
standard deviation of the error) of rSO, when
compared on room air with superior vena cava
(SVC) saturation were 1.9 and and 14.4%; the
bias and precision in comparison with right
atrium (RA) saturation were 0.48 and 14.7%
those in comparison with interior vena cava
(IVC) saturation -0.9 and 22%, and those in

comparison with pulmonary artery (PA)

saturation were —0.8 and 13.9%. (B) The bias
and precision (twice the standard deviation of
the error) of rSO, when compared on 100%
oxygen administered via a non-rebreather mask
with SVC saturation were 3.9 and 15.7%; the

bias and precision in comparison with RA
saturation were 3.5 and 13.9%, those in

comparison with IVC saturation were 1.6 and

32%, and those in comparison with PA
saturation were 2.1 and 15.6%
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for the relationship between the PA and ScVO, as
well. Hemoglobin concentration becomes more signif-
icant as a predictor of rSO, when breathing inspired
oxygen. It is possible that the increased FiO, delivered
via NRB mask may have altered the distribution ratio
of blood between the venous and arterial compart-
ments in the cerebral circulation. This may have led to
a decrease in correlation and agreement between rSO,
and SmVO, in our study [48]. Another limitation of
our study is that we did not measure PaCO, levels,
which can significantly alter cerebral blood flow
[16, 36], or investigate the effects of hyper or hypo
ventilation on rSO, and the effects on correlation with
various measured saturation values in our study sub-
jects. We assumed that for the duration of the
procedure, the PaCQO, values would remain un-
changed. Our study population did not include neo-
nates and infants.

Conclusions

In children with no intracardiac shunts, who have no
obvious cerebral injury or evidence of inadequate
systemic oxygen delivery, continuous rSO, measured
using the noninvasive NIRS monitor shows correlation
and agreement with mixed venous saturations. This
agreement is stronger on room air than on 100%
inspired oxygen. Therefore, rSO, measurements can be
used as a monitor for trends in mixed venous satura-
tions. However, this should be used keeping in mind
the limitations of this technique.
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