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ABSTRACT. Transmission pulse oximetry is used for
monitoring in many clinical settings. However, for fetal
monitoring during labor and in situations with poor periph-
eral perfusion, transmission pulse oximetry cannot be used.
Therefore, we developed a reflectance pulse oximeter,
which uses the relative intensity changes of the reflected
red and infrared light (red/infrared ratio) to measure the
arterial oxygen saturation. The performance of the reflec-
tance pulse oximeter was studied in acute experiments in
fetal lambs. By stepwise reduction of the inspired oxygen
concentration of the ewe, measurements were done at the
fetal scalp at various arterial oxygen saturation levels (17-
82%). Reflectance pulse oximeter readings were averaged
over periods of 15 s and compared with simultaneously
taken fetal arterial blood samples. A calibration curve for
the relationship between red/infrared ratio and arterial
oxygen saturation was obtained from 53 measurements in
four fetal lambs, by linear regression analysis [red/infrared
= 4.088 — (0.038-Sa0,), r = 0.96]. In these experiments,
the pulse oximeter showed a precision of 4.7% oxygen
saturation around the calibration curve, with a 95% confi-
dence interval of £9.4%. (Pediatr Res 31: 266-269, 1992)

Abbreviations

R/IR, red/infrared

Sao0,, arterial oxygen saturation
LED, light-emitting diode

Fio,, fraction of inspired oxygen
Pao,, arterial oxygen pressure

Pulse oximetry provides continuous, noninvasive monitoring
of Sa0; (1, 2). The method uses the pulsatile changes of red and
infrared light transmitted through tissue to estimate arterial
oxygenation. In adults, light transmission is usually measured
through the finger, toe, ear, or nose. In newborns, light transmit-
ted through the hand or foot is used for pulse oximetry. Limita-
tions in accessible measurement sites due to circulatory problems
and artefacts caused by motion impair the use of transmission
pulse oximetry. With the fetal head as the presenting part, light
transmission cannot be used for fetal pulse oximetry during labor.
For this purpose a pulse oximeter that measures reflected light is
required. This can be achieved by modifying commercially avail-
able transmission probes into reflectance probes, which have
been used recently for studies in the human fetus during labor
3, 4).

In healthy adults, most pulse oximeters provide reliable and
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accurate estimates of Sao,. However, it remains to be seen if
pulse oximetry in the fetus is as accurate as in the adult. First,
the influence of scattering is much more pronounced in the
reflectance mode than it is in transmission (5-7). Second, the
currently available pulse oximeters show a considerable decrease
in accuracy at Sao, below 70% (8), which is the predominant
range in the fetus during labor. Finally, previous studies have
shown that fetal scalp blood flow is markedly reduced in the
course of labor (9-11). As a consequence, the pulse wave is likely
to diminish, decreasing the signal to noise ratio, which causes a
decrease in accuracy. For these reasons, we developed a reflec-
tance pulse oximeter that has a well-defined geometry of the
probe and displays directly the relative changes in R/IR ratio.

In the human fetus, it is practically impossible to compare
Sao, as estimated by pulse oximetry with values determined in
arterial blood samples. Therefore, a study was undertaken in the
ovine fetus to evaluate the performance of a reflectance pulse
oximeter system developed in our department. Fetal Sao, was
measured over a wide range, from 17 to 82%, and compared
with the reflectance pulse oximetry readings.

MATERIALS AND METHODS

Animal preparation. Five ewes (mixed breed) with a gestational
age of 124-134 d were used for this investigation. Guidelines for
the care and use of animals approved by the local institution
were followed. Food, but not water, was withheld for 24 h before
operation. Anesthesia was induced by diazepam 2 mg/kg, 0.2
mg glycopyrrolate, and ketamine 10 mg/kg, i.v. The ewe was
intubated and mechanically ventilated with an N,O/O, mixture,
with positive end-expiratory pressure when necessary. Anesthesia
was maintained with 0.5% halothane inhalation and ketamine
infusion, 3 mg/min. A catheter was placed in the maternal pedal
artery for continuous measurement of blood pressure and for
blood sampling. The intraabdominal temperature of the ewe was
continuously measured and was kept near 39.5°C by means of a
thermostatted heating blanket underneath the animal.

The ewe was placed in dorsal position, and the uterus was
exposed by a paramedian abdominal incision. The fetal head
and right forelimb were delivered through a small uterine inci-
sion. An arterial catheter was advanced via the right axillary
artery into the thoracic aorta proximal to the ductus arteriosus;
thereafter, the limb was replaced in utero. The probe of the
reflectance pulse oximeter was applied onto the fetal scalp by
means of a probe holder (Fig. 1), which was glued on the partly
shaven scalp with cyanoacrylate. During the experiment, the fetal
head was covered with a silver swaddle to prevent it from cooling.

Reflectance pulse oximeter. The reflectance pulse oximeter
developed in our department determines Sao, by comparing
light intensity changes after reflectance in tissue. The ratio of the
relative changes of the intensities at 660 nm (red) and 940 nm
(infrared), R/IR, is used to determine the Sa0.

The probe contains two light sources (LED, Cerled types CR
10 SR and CR 10 IR; Electronic Consulting Services, Pfaffen-
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Fig. 1. A schematic drawing of the probe and the probeholder when
applied on the skin.
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Fig. 2. Reflectance pulse oximeter probe: a schematic drawing.

hofen, Germany) on one side of an optical barrier and a detector,
a photodiode (BPX 90, Siemens, Miinchen, Germany), on the
opposite side of the optical barrier. Direct illumination of the
photodiode by the LED (light shunting) is prevented by an optical
barrier within the probe and by painting the inside of the probe
and the surroundings of the detector black. Because the probe is
applied in good contact with the skin by the probeholder, light
shunting is also opposed. The distance between the LED and the
photodiode is 7.5 mm. A schematic drawing of the probe is
shown in Figure 2.

Both LED illuminate the skin alternately during 20 us pulses,
with a repetition rate of 1 kHz. The signals are processed every
40 ms and converted to 12-bit digital values. Further processing
is performed with a personal computer. Red and infrared signals
are recorded for a period of 15 s. Each measurement over a 15-
s epoch results in 2 mean R/IR value with an SD. The SD of the

mean value reflects the quality of the measurement. If the SD

exceeded 10% of the mean, measurements were not included.

Experimental procedures. Approximately 1 h after induction
of anesthesia, measurements started. The Fio, of the ewe (O,
monitor IL 408; Instrumentation Laboratory Inc., Lexington,
MA) was elevated to 100% to obtain the higher fetal Sao, levels.
By stepwise reduction of Fio,, a steady state was achieved for 5
min at various levels of fetal Sao,. During these periods, the red
and infrared signals were recorded for 15 s and, simultaneously,
a fetal arterial blood sample was taken. When measurements at
the lowest saturation levels were obtained, maternal Fio, was
again elevated to 100% to permit recovery of the animals. In
each experiment, three to four runs were carried out.

The heparinized blood samples were introduced within 2 min
into a blood-gas analyzer (ABL 330; Radiometer, Copenhagen,
Denmark) for the measurement of pH, Po,, and Pco,, corrected
for the maternal body temperature. Sao, was measured within 5
min, using a two-wavelength hemoximeter (OSM2; Radiometer)
calibrated for blood of lambs, assuming only oxyhemoglobin
and deoxyhemoglobin to be present. Sao, was measured in
duplicate, and the average value is reported. A small number of
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blood samples could not be analyzed immediately; these were
stored on ice and analyzed within half an hour.

Statistics. The R/IR values from the reflectance pulse oximeter
were related to the measured Sao, by means of linear regression
analysis, which gave the estimated slope and the intercept of the
regression line. The regression line was used as a calibration
curve to transform R/IR values to saturation values in a linear
way (predicted Sao,). By comparing two saturation values, the
predicted value and the measured Sao,, it is possible to calculate
the precision.

To compare two methods, Altman (12, 13) recommends cal-
culation of the mean and the SD of the difference. The mean of
the difference is called “bias” or “accuracy.” It shows a systemic
overestimation or underestimation of one method relative to the
other. The bias calculated for the comparison of the reflectance
pulse oximeter saturation with the arterial blood samples has no
value in our study, inasmuch as we used the same data to obtain
the calibration curve. The SD of the difference is often referred
to as “precision” and will represent the “variability” or “random
error” (2). The precision is meaningful in our study because it
describes the random error of the instrument.

RESULTS

In one of the five sheep studied, mechanical ventilation caused
large artefacts in the pulse oximetry recordings; therefore, the R/
IR values of this animal could not be used.

From the remaining four fetal lambs, 58 measurements were
obtained. Five measurements were excluded because the SD of
the mean R/IR ratio over the 15-s measurement period exceeded
10% of the mean. Thus, 53 data pairs were left for comparison.
Sao, was varied over a wide range, from 17 to 82%. For the
pooled data of all experiments, the relationship between pulse
oximeter readings (R/IR ratio) and Sao, of the arterial blood
samples was determined by linear regression analysis (Fig. 3).
The equation for the best fitted linear regression line was R/IR
= 4.088 — (0.038-Sa0;) (%). The regression analysis revealed a
high degree of correlation (r = 0.96) and a standard error of the
y estimate of 0.18.

To make comparison with other pulse oximeter studies possi-
ble, the R/IR values were transformed to predicted Sao, values.
With the regression line, predicted oxygen saturation values of
the reflectance pulse oximeter were calculated (Fig. 4). The pulse
oximeter showed a precision of 4.7% oxygen saturation around
the calibration curve, with a 95% confidence interval of £9.4%.
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Fig. 3. Comparison of Sao, of blood samples (OSM2) (x axis) and
the R/IR ratios measured by the reflectance pulse oximeter (y axis) in
four fetal lambs. y = 4.088 — 0.0388x, r = 0.96, standard error of the
estimate = 0.179; n = 53. The solid line represents the linear regression
line, whereas the dotted lines represent the 95% confidence interval (c.i.).
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Fig. 4. Oxygen saturation values derived from measurements with
the reflectance pulse oximeter (RPO) at the fetal scalp (y axis) vs Sao
from blood samples (OSM2) (x axis).

DISCUSSION

Monitoring of fetal oxygenation by continuous measurement
of transcutaneous oxygen tensions (Pa0,) during labor has severe
limitations (14). Changes in blood oxygen concentration, over
the steep portion of the fetal oxygen dissociation curve, are more
precisely reflected by Sao, than by Pao, (15). Therefore, meas-
uring Sao;, instead of Pao, has several advantages. In the human
fetus, pulse oximetry has been attempted by using a transmission
pulse oximeter with an adapted probe for reflectance measure-
ments at the fetal scalp (3, 4, 11), but comparison with Sao,
measured in arterial blood samples was not possible in those
studies. Therefore, we decided to investigate the performance of
reflection pulse oximetry in the fetal lamb.

The fetal sheep provides a good model for pulse oximetry
studies because light absorption by Hb in the range of spectra
used in pulse oximetry is hardly different among mammals. The
scatter characteristics of sheep erythrocytes, however, may differ
from human erythrocytes because of dissimilarity in size and
shape. Skin properties of fetal sheep also will be different from
those of human fetuses. The results, therefore, might not be
directly applicable to the human situation.

The influence of scattering is much more pronounced in
reflectance pulse oximetry than in transmission pulse oximetry
(5-7). As a consequence, commercially available transmission
pulse oximeters with adapted probes for reflectance measure-
ments are expected to estimate Sao, less accurately. Moreover,
these pulse oximeters are not calibrated for in vivo measurements
below Sao, measurements <50%. Therefore, we developed a
reflectance pulse oximeter that has a well-defined geometry of
light sources and detector in the probe and displays directly the
relative changes in R/IR ratio.

In the present study, pulse oximeter values were omitted when,
during a 15-s measurement period, the SD differed more than
10% from the mean value. This occurred in five of the 58 pulse
oximetry measurements. Theoretically, this might be explained
by real variability of Sao,. However, a more detailed analysis of
the signals indicates that this is unlikely. The relatively high SD
in these cases appeared mainly when signal strength was low and
when slow blood volume fluctuations synchronous with maternal
ventilation were present. The results of an entire experiment
were unsuitable because of such ventilation effects. Because a
pulse oximeter analyzes any pulsatile absorber, it is obvious that
fluctuations in venous filling disturb pulse oximetry measure-
ments (16-18). :

In the remaining cases, a weak pulse wave causing an extremely
low signal to noise ratio seemed responsible for the increased
variability. As the light intensity fluctuations caused by the pulse
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amplitude become smaller, electronic and physiologic noises
become more significant. Most commercially available transmis-
sion pulse oximeters stop readings or give the sign “low-quality
signal” when the fluctuating part of the infrared pulse size
becomes less than 0.2% of the detected light intensity (19). In
the present study, signals are obtained from measurements with
a low pulse size (mean 0.14%, range 0.05-0.35%), with 79% of"
the data having a pulse size below 0.2%.

A decrease in scalp perfusion because of vasoconstriction
caused by the hypoxic stress or resulting from cooling of the skin
could well explain the occasional poor pulse wave recordings. It
is not yet known if the considerable reduction in scalp blood
flow that usually occurs in the human fetus during the course of
labor will permit reliable pulse oximetry monitoring (9-11).

Figure 3 shows that linear regression adequately describes the
relation between the Sao, and the R/IR ratio of the present data
measured with our reflectance pulse oximeter. Mendelson et al.
(20) also used linear regression to find the relation between these
parameters in reflectance pulse oximetry. For transmission pulse
oximeters, however, Wukitsch et al. (19) applied a nonlinear
relationship between the R/IR ratio and Sao, measurements.

The precision of our measurements was 4.7% Sa0,. This is not
as good as the reported values of commercially available trans-
mission pulse oximeters at higher oxygen saturations (70-100%),
which are 1.5 to 3% in adults (19). For oxygen saturations <50%,
the precision is not reported; most pulse oximeters do not even
display a saturation value. Experimental studies have demon-
strated that when Sao, becomes less than 60%, pulse oximetry
becomes less accurate (21, 22). This is partly explained by the
calibration curves in the pulse oximeters used being derived from
studies in healthy adult volunteers and extrapolated to the lower
oxygen saturation range. The reliability of pulse oximetry at low
levels of oxygen saturation is essential if the technique will be of
value for fetal monitoring (23).

The results of these experimental studies indicate that reflec-
tance pulse oximeter measurements at the fetal scalp show a
precision that is promising, even at low Sao; levels, despite low
pulse amplitudes. Improved data processing is likely to result in
more accurate measurements of fetal Sao,.
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First International Workshop
“Jodine Deficiency in Europe: A Continuing Concern”

The First International Workshop “lodine Deficiency in Europe: A Continuing Concern” will be held in
Brussels, Belgium, April 24-28, 1992. Topics will include thyroid growth in iodine deficiency and excess;
epidemiologic approaches to the evaluation of iodine nutrition in developed countries; an update of the iodine
nutrition status in European countries, including the former “Eastern block”; consequences of iodine deficiency
in pregnant women and their offspring; comparison of Europe and iodine-replete areas; iodine deficiency and
nuclear hazards; and prophylaxis of iodine deficiency in Europe: action at the governmental level. For information,
contact the Secretariat: F. Delange, Department of Radioisotopes, Hospital Saint-Pierre, 322, eu Haute, 1000-
Brussels, Belgium, phone: 32 2 535 45 63 or 535 45 64, FAX: 32 2 535 40 06.
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