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Abstract. Objectives: To compare peripheral fractional oxygen extraction (FOE), as measured by near infrared spectroscopy
(NIRS), with conventional indicators of tissue perfusion in haemodynamically stable and unstable children after cardiopul-
monary bypass.Design: Observational study.Setting: Paediatric Intensive Care Unit of a large teaching hospital.Patients: 17
children immediately after cardiopulmonary bypass. Male : female= 9 : 8, median age 7 months (range, newborn to 16 years).
Methods: On admission, children were classified as “stable” or “unstable” based on the haemodynamic support they needed.
Peripheral venous oxyhaemoglobin saturation (SvO2) was measured non-invasively using NIRS with venous occlusion. FOE
was calculated from SvO2 and arterial saturation measured by pulse oximetry. Repeated measurements of peripheral SvO2

were made for up to 8 hours. In 5 children who had pulmonary artery catheters, simultaneous mixed SvO2 measurements
were recorded.Results: Median FOE was 7.9% higher in the unstable group than in the stable group (p = 0.013). Peripheral
SvO2 and mixed SvO2 were correlated (R2 = 0.65,p < 0.0001).Conclusions: Peripheral FOE is higher in unstable children.
Changes in peripheral SvO2 are related to changes in mixed SvO2. These measurements may provide useful information about
haemodynamic status in critically ill children. Further evaluation of the technique is warranted.
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1. Introduction

Supplying adequate oxygen to the tissues is of central importance during the care of critically ill
patients. Although the supply of oxygen has such relevance physiologically, currently physicians have to
base treatment decisions predominantly on subjective clinical observations.

Objective data about venous oxygenation provides useful information about the adequacy of tissue
oxygenation, since it is a function of the relationship between the rate of oxygen delivery to the tissues
and the consumption of oxygen by the tissues. From the venous oxygen saturation, the fractional oxy-

1Work performed at Paediatric Intensive Care Unit, British Columbia’s Children’s Hospital, Vancouver, British Columbia,
Canada.
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gen extraction (FOE), the ratio of the oxygen delivered to the tissues to the amount consumed, can be
calculated. FOE can be calculated from:

FOE= (CaO2 − CvO2)/CaO2,

where CaO2 = arterial oxygen content and CvO2 = venous oxygen content. As, under normal phys-
iological oxygen tensions, most of the oxygen in blood is bound to haemoglobin this equation can be
simplified to:

FOE= (SaO2 − SvO2)/SaO2,

where SaO2 = arterial oxyhaemoglobin saturation and SvO2 = venous oxyhaemoglobin saturation.
Fibre-optic pulmonary artery catheters use the principle of FOE and can therefore be used to monitor-

ing mixed venous oxyhaemoglobin saturation [1]. However, such monitoring is highly invasive, techni-
cally difficult and has potentially serious complications.

An alternative approach is to monitor blood flow in peripheral vascular beds because, when the cir-
culation is impaired, there is redistribution of blood flow away from the gut (splanchnic bed) and pe-
ripheral circulation to the heart and brain to maintain myocardial and cerebral oxygenation. Therefore,
we hypothesized that monitoring the oxygenation of peripheral tissues would be a sensitive method for
detecting adequacy of systemic oxygenation. This hypothesis is supported by studies that have moni-
tored subcutaneous or muscle oxygen tension invasively. These studies have shown that oxygenation in
peripheral tissues declines early during the course of shock and recovers late during resuscitation [2,
4,10]. We developed a method for the non-invasive measurement of SvO2 in the peripheral circulation
using near infrared spectroscopy (NIRS) with venous occlusion that has proved to be a useful method for
monitoring oxygenation in haemodynamically unstable and anaemic patients [13,14,16].

Near infrared spectroscopy is a non-invasive optical technique that uses the absorption of near infrared
light transmitted through the tissues to calculate changes in tissue concentrations of oxyhaemoglobin
(HbO2) and deoxyhaemoglobin (Hb) [5]. When venous blood flow is occluded, NIRS shows a rise in
tissue haemoglobin concentration due to venous engorgement. The rise in tissue haemoglobin content
comprises an HbO2 component and a Hb component. Since the increase in tissue haemoglobin con-
centration is solely due to an increase in the amount of venous blood, SvO2 can be calculated from the
increase in HbO2 as a proportion of the total increase in haemoglobin concentration (HbO2+Hb = THb).
Usually one of the limitations of measurements made with NIRS is that the optical pathlength is required
to calculate absolute values, and pathlength is not measured by currently-available NIRS equipment.
Because our technique relies on the ratio of the change in HbO2 concentration to the change in THb
concentration during venous engorgement, absolute quantification of the changes is not required, and
therefore SvO2 can be measured without reference to optical pathlength.

2. Materials and methods

This project was approved by the Clinical Screening Committee for Research Involving Human Sub-
jects at the University of British Columbia and the Research Review Committee of the hospital. Informed
consent was obtained from the parents of each child.
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Subjects were 17 children who underwent cardiopulmonary bypass for surgical treatment of congenital
heart disease, 7 males and 8 females, median age 7 months, range newborn to 16 years. Four patients had
repair of a secundum atrial septal defect, 2 had repair of a ventricular septal defect, 1 had repair of an
endocardial cushion defect, 5 had modified Fontan procedures for treatment of complex cyanotic cardiac
defects, 3 had arterial switch procedures for treatment of transposition of the great arteries 1 had an
aortic valve replacement and 1 had a Norwood procedure for repair of hypoplastic left heart syndrome.
Six children had fibre-optic pulmonary catheters positioned during by-pass for post-operative monitoring
(Oximetrix 3, Abbott Laboratories, Chicago, IL, USA).

NIRS measurement method: NIRS optodes (the light emitter and receiver at the ends of the fibre optic
cables) were placed over the muscles of the forearm and covered with a light-occluding blanket. In
infants less than three months old the optodes were positioned on the front and back of the forearm.
In older children, optodes were positioned along the long axis of the forearm, on the flexor surface,
3 cm apart. The NIRS equipment used was a NIRO 500 (Hamamatsu Photonics, Hamamatsu K.K.). This
system uses previously published absorption spectra and algorithms to calculate changes in haemoglobin
concentration from light absorbance [15]. Sample interval was set to 0.5 seconds. Venous occlusion was
achieved by low pressure (20 to 30 mmHg) inflation of a sphygmomanometer cuff about the upper arm for
5 seconds. Arterial saturation was measured by a pulse oximeter (Nellcor N-200, Nellcor Inc. Hayward,
CA, USA) modified for 0.5 second collection. The NIRS and pulse oximetry data were recorded in real
time in computer files for later analysis using software developed by us for this project. This software was
validated by comparing the results on one data set with that obtained using a QuattroPro 6.0 spreadsheet
analysis (the usual method) on the same data set.

Method: Measurements of peripheral FOE were begun immediately following transfer to the paediatric
intensive care unit from the operating room. At the time of admission, subjects were classified as stable
(receiving one or no inotropic agents to support blood pressure and not requiring blood transfusion) or
unstable (receiving two or more inotropic agents and/or receiving blood transfusion).

Measurements of peripheral SvO2 were repeated at 15-minute intervals until the patient reached
haemodynamic stability, as determined by the patient’s attending physician, or for up to 8 hours. Mixed
SvO2 was also recorded every 15 minutes in the patients with pulmonary artery catheters. One patient
who had pulmonary artery monitoring had a residual ventricular septal defect so the data were unsuitable
for comparison.

Heart rate, mean arterial blood pressure and arterial oxygen saturation were recorded continuously
on all subjects. Drugs administered and their infusion rates, as well as the timing and rate of blood or
colloid infusion were recorded. Data were also obtained from standard clinical monitoring, including
core-peripheral temperature gradient, central venous pressure, pulmonary artery pressure or left atrial
pressure, haemoglobin concentration and blood gas measurements.

Statistical analysis: The stable and unstable groups were compared based on their FOE on admission
using a Mann–WhitneyU test. The relationship between mixed SvO2 and peripheral SvO2 was assessed
using analysis of covariance [3] using SPSS for Windows 6.1 statistical analysis package.

3. Results

A satisfactory NIRS signal could not be obtained in two of the 17 subjects: one subject was extubated
immediately and was uncooperative; one was a very poorly perfused older subject (aged 16), in whom
there was marked noise in the NIRS signal.
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Fig. 1. Fractional oxygen extraction (FOE) on admission for each subject, by group.

Fig. 2. Peripheral SvO2 plotted against Mixed SvO2 for the five subjects who had relevant pulmonary artery catheter data. Each
subject is represented by a different marker.

Median SvO2 for the remaining 15 subjects on admission was 64.3% (range 36.8 to 72.7%). Median
FOE for all subjects on admission was 33.2% (range 26.1 to 62.8%). FOE for each subject by group is
shown in Fig. 1. FOE was higher in the unstable group, with a difference in the median values between
the two groups of 7.9% (95% confidence interval 26.8 to 0.6%),p = 0.013.

Figure 2 shows a plot of peripheral SvO2 against mixed SvO2 for the five subjects with pulmonary
artery catheter data. The analysis of variance for each patient is shown in Table 1. There was a significant
positive relationship between peripheral and mixed SvO2 (adjustedR2 = 0.65,p < 0.001).

Two sets of data, one from a haemodynamically stable patient and one with a period of instability, are
presented in Figs 3 and 4.

4. Discussion

SvO2 and FOE can be measured non-invasively in the peripheral circulation of haemodynamically
unstable children. The measurements of FOE made on admission to the intensive care unit after car-
diopulmonary bypass showed that higher values were seen in the unstable group. The difference in FOE
between the two groups is due to a “tail” of measurements with an FOE greater than 35% in the un-
stable group. These tended to be the sickest individuals and included a child who died in the first hour
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Fig. 3. Changes in peripheral SvO2 and mixed SvO2 (� = Mixed SvO2,✥ = Peripheral SvO2) in one subject who had a steady
rise in mixed SvO2, indicating sustained improvement in haemodynamic status. Peripheral SvO2 showed the same steady rise.

Fig. 4. Changes in peripheral SvO2 and mixed SvO2 (� = Mixed SvO2,✥ = Peripheral SvO2) in one subject who was stable
initially but had a pulmonary hypertensive crisis at 2 hours. There was a fall in mixed SvO2 at this time, with an increase as the
patient was stabilised over the subsequent 2 hours. Peripheral SvO2 showed the same dramatic fall with a subsequent rise.

(FOE= 59.5%). A higher FOE implies that a greater proportion of the oxygen being delivered to the
tissues is being consumed by tissue metabolism. It is likely that following surgery involving cardiopul-
monary bypass a higher FOE was seen in the unstable group because ongoing circulatory impairment
was restricting oxygen delivery to the peripheral tissues.

Analysis of the relationship between peripheral SvO2 and mixed SvO2 showed a significant positive
correlation. Trends seen in the mixed SvO2 data with time were also seen in the peripheral SvO2 data. Too
few subjects in this study had oximetric pulmonary artery cathers for statistical analysis to be performed
on this observation. The implication of these observations is that non-invasive monitoring of peripheral
SvO2 may provide qualitative information about the adequacy of tissue oxygenation that is of similar
value to that obtained with invasive measurements made in the pulmonary artery. The clinical role of
pulmonary artery oximetry in intensive care is widely debated and has been questioned by several groups
[8,9], particularly in view of its invasive nature and recognized risks. Some believe that mixed SvO2

monitoring does not contribute to clinical decision-making, but these opinions are based on studies in a
population for which information from invasive monitoring was also available to the clinicians. Because
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of the non-invasive nature of peripheral SvO2 measurement, this form of monitoring can probably be
applied more widely than invasive monitoring is currently. Consequently, there may be more opportunity
for the data provided to contribute to important clinical decision making, with little risk to the patient.

This is a small data set but the results suggest that non-invasive monitoring of peripheral SvO2 mon-
itoring may provide clinically useful information, predominantly about tissue oxygenation in children.
Our data also support the impressions of other investigators who have used NIRS to assess adequacy of
perfusion during resuscitation from shock. Rhee et al. showed, in a rabbit model of haemorrhagic shock,
that cellular oxygenation as measured by NIRS, was not uniformly restored, in spite of normalization of
traditional resuscitation parameters [12]. Fortune et al. compared tissue oxygenation indices of cerebral
and splanchnic tissue to detect splanchnic ischaemia in newborn infants [7]. Cohn et al. used direct mea-
surement of tissue oxygen saturation using a side-illuminating NIRS gastric probe to monitor change in
splanchnic perfusion in swine following experimentally-induced haemorrhage [6]. Rasmussen et al. used
NIRS to monitor liver and splanchnic blood flow during progressive haemorrhage in pigs [11]. In studies
evaluating the medical management of preterm infants with hypotension, FOE remained unchanged [14].
However, in anaemic preterm infants FOE values were higher in babies with symptomatic anaemia than
those with asymptomatic anaemia, and the high FOE values among symptomatic babies decreased after
transfusion [13].

5. Conclusion

Peripheral FOE is higher in unstable children. Changes in peripheral SvO2 are related to changes in
mixed SvO2. These measurements may provide useful information about haemodynamic status in criti-
cally ill children. Overall, further evaluation of near infrared spectroscopy as a means of non-invasively
assessing the adequacy of resuscitation and perfusion in human subjects appears to be warranted.
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