
224 Design of pulse oximeters
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Figure 13.5 Placement of fetal probe within the uterus (Chung and MeNamara 1993). The
sensor rests on the infant' s temple when the physician's fingers reach the saggital suture of the
fetus's head.
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Figure 13.6 Fetal pulse oximetry apparatus with the LEDs located outside of the uterus and
transmitted via optical fiber (Jogeph and Guzman 1995).

13.5 NEONATAL AND PEDIATRIC CARE

A fetus generally has an Sa02 of about 50%. Within the first 15 min after birth,
it normally rises to 90% (Oliver et al 1961). It is important to monitor the
progress of this process and provide ventilatory aid if needed. Infants who
experience problematic births are especially vulnerable. For example, infants
delivered by cesarean section may be desaturated due to complications which
made this type of delivery necessary. Premature infants sometimes develop
retinoparhy due to hyperoxia . High levels of retinal oxygen cause spam of the
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Applications of pulse oximetry 225

developing vasculature, leading to ischemia and blindness (Moyle 1994). Pulse
oximeters are often used by new parents in the home as a precaution to prevent
sudden infant death syndrome.
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Figure 13.7 Close up cross sectional view of the sensor, showing the helical termination of the
optical fiber which is inserted in the fetus's scalp (adapted from Joseph and Guzman 1995),

4
Determining alarm limits for pulse oximetry in neonatal care can be

difficult. Figure 13.8 shows that during the weeks following birth, fetal
hemoglobin is replaced by adult hemoglobin. Since the oxyhemoglobin
dissociation curve of a fetus is to the left of that of the mother, the curve moves
towards the right as the transition to adult hemoglobin takes place. This means
that oxygen saturation levels considered safe may correspond to unsafe PA
levels and cause hypoxia. Paky and Koeck (1995) detennined limits for detecting
hypoxemia and hyperoxemia in neonates and found that limits to maintain an
oxygen tension of 40 to 90 mmHg could only be established with less than 90%
reliability. Attempting to obtain better reliability resulted in a SpO2 alarm limit
for hypoxemia which was greater than that for hyperoxemia. This is obviously
clinically unacceptable. However, with 85% reliability the range was only 92.5%
to 95%. Deckardt and Steward (1984) determined that infant Sa02 levels between
80% and 95% are acceptable. Fanconi (1988) found detecting hypoxia in infants
problematic due to inaccuracies in pulse oximeters at arterial oxygen saturations
less than 65%.

Morozoff et al (1993) developed a system which uses a pulse oximeter as a
controller to automatically adjust the air-oxygen mixture received by a neonate.
The analog signal (plethysmographic waveform) measured by the pulse oximeter
is input into a controller for a motorized gas blender. The blender adjusts the
infant's inspired air-oxygen mixture, replacing the need for constant manual
adjustment by an attending nurse. The benefits of this system are that it increases
the amount of time the infant spends at normal Sa02 levels, reduces the need for
human intervention, and reduces hospital costs by promoting early removal of
oxygen therapy.
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226 Design of pulse oxoneters
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Figure 13.8 Mean oxyhemoglobin dissociation curves of infants ranging from i day old to 11
months, From Delivoria-Papadopoulous ct /1 (1971).

The Sa02 controller operates according to the following algorithm. A
patient's oxygen saturation is measured with a pulse oximeter. The signal is
converted to a digital representation and low-pass filtered. The corner frequency
of the filter is determined by the user and sets the sensitivity of the controller.
The observed SpO2 minus the desired Sa02 is denoted as the error. The signs of
the error's magnitude, velocity, and acceleration are input into a state machine.
The state machine determines the trend of the Sa02 error. It analyzes the signs of
the three inputs and determines if the neonate's Sa02 is on target, above the
target, or be]ow the target. If it is off target, the state machine goes on to
determine if it is accelerating, decelerating, moving at a constant velocity, or not
changing. If it is moving, it determines if the movement is toward or away from
the target. Once the trend is identified by the state machine, it adjusts the 602
mixture relative to the current mixture. There is also a delay so that the system
can react to the adjustment made. Alarms were added for mechanical or electrical
failure as well as for Sa02 and FjO2 limits. Manual intervention can override the
controller at all times.

Smaller probes are needed for both neonatal and pediatric care. Infants and
children are much less willing to accept the application of a probe and remain
still. Probe displacement and motion artifacts due to ill fitting probes can be a big
problem. Ear probes made for adults can squeeze the softer newborn tissue too
tightly. After a short time they can occlude the artery and have to be moved to
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Applications of pulse oximetry 227

regain a signal. Howell et al (1993) developed a modified probe design for
children which uses a 5 ml syringe barrel cut in half to house the sensor. The
probe is secured to the syringe and can be slipped onto the child's finger.
Disposable probes with adhesive bandages are often the best for neonatal and
pediatric application. The LEDs and photodiode are attached to the bandage with
the proper spacing so that they are positioned correctly when the adhesive is
wrapped around the infant or child's finger or toe. Meier-Stauss et al (1990)
studied the use of pulse oximetry during the first 17 min of life and determined
that signal detection occurs faster when a probe is applied to an infant's hand as
opposed to its foot. They also found that saturation values from the hand were
always higher than those from the foot. This observation suggests that pulse
oximetry can be used to document right-to-left shunting in newboms during the
first few minutes of life (Meier-Stauss er al 1990). This is the passage of blood
from the right to the left side of the heart or from pulmonary circulation to
systemic circulation.

1-

1 - State -. Blender -. PatientE-1 machine
Target I d/dt
Sa02

LP filter -•---~ ADC ~ 1 Pulse
oximeter

Figure 13.9 Block diagram of SA controller. Adapted from Morozoff et al (1993)

13.6 SLEEP STUDIES AND PHYSICAL STRESS TESTING

Many people are able to maintain normal oxygen saturation levels while pursuing
1normal daily activities, but become desaturated during sleep or heavy exercise.

The most common cause of desaturation during sleep is due to a disorder known
as sleep apnea. Desaturation can occur duririg heavy exercise due to such things as
poor ventilation or chronic obstructive pulmonary disease (COPD). The use of
pulse oxiinetry during sleep and exercise aids in the diagnosis of these respiratory
problems.

13.6.1 Sleep

Pulse oximetry monitoring is used during sleep to diagnose sleep disorders which
cause desaturation. Sleep is composed of several stages with different
characteristics. The first stage is when the person is still awake, but is drowsy and 1
less in tune to stimuli. Two other stages which alternate throughout the night are
REM (rapid eye movement) sleep and non-REM or quiet sleep. During REM
sleep, rapid changes in metabolic rate do not seem to affect respiration . Sleep
apnea is the most common sleep disorder which causes desaturation. It is defined
as the cessation in breathing due to the relaxation of upper airway musculature.
There are three types of sleep apnea: obstructive, central, and mixed. Obstructive
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228 Design of pulse oximeters
,1

sleep apnea is the most common type and is (,ften caused by anati,mical
abnormalities such as a nasal obstruction, enlarged tonsils or adenoids, or an
abnormal bone structure (Hauri 1992). Patients with obstructive sleep apnea often
snore and are obese. They often experience bradycardia and cardiac arrhythmias
and are at risk of sudden death during sleep. Central apneas are characterized by
the absence „f respiratory effort due to a neurological or cardiac problem. As
described in chapter 1, respiratory muscles are controlled by neurons in the
brainstem as well as chemoreceptors and mechanoreceptors. In patients with
central sleep apnea, these neurons cease to provide control during sleep. As the
muscles relax, the airway shrinks. The pressures associated with inhalation cause
the airway to collapse and become completely closed off. Once breathing has
stopped. the patient's oxygen saturation begins to fall. The lack of oxygen is soon
detected by chemoreceptors which cause the patient to wake up, renewing control
by neurons in the brainstem. The airway muscles become firm again and allow
breathing to resume. However, once the patient falls asleep, the airway muscles
will relax again. This cycle affects heniod.vnumics, autonomic tone, and arterial
blood gas tensions (Davies and Stradling 1993).

Poly.vom,fography is the standard for diagnosing sleep apnea. It measures and
records the EEG, EMG, ECG, che,1 wall plethysmogram, airway flow, and
arterial oxygen saturation. However, it is both expensive and of limited
availability. Pulse oximetry is easy to use and widely available. Not all
desaturation during sleep is indicative of sleep apnea. It could be due to hypopnea
labnormal. shallow breathing), artifact, hypoventilation, or ventilation/perfusion
imbalance.

Siem et at ( 1995) used a pulse oximeter in conjunction with a
polysomnograph and determined particular patterns of desaturation to be
associated with sleep apnea, They divided desaturation patterns into three
categories: periodic, cluster, and isolated. Periodic consisted of a minimum of
four events with a fall in Sp02 of 2% or more with less than 2 min between
events. A cluster consisted ot 3 or more events with a fall in SpO2 of 3% or more
and 2 to 10 min between events. Isolated events were separated from any other
event by more than 10 min. They found that all periodic patterns were associated
with sleep apnea, 65% of clusters were associated with sleep apnea, and none of
the isolated events were associated with sleep apnea. Therefore, identifying
patterns of desaturation with a pulse oximeter can help to identify sleep apnea.

Lynn (1995) patented a method and apparatus for specifically diagnosing
moderate to severe sleep apnea using only a pulse oximeter (no polysomnograph).
His method involved analyzing the slopes of the desaturation and resaturation
events throughout the night, where an event was defined if the oxygen saturation
fell below a specified level for a specified period of time. During an apneic event,
the initial fall in arterial oxygen saturation is a function of the oxygen saturation
of mixed venous blood and oxygen uptake from residual in the lungs. Then it
continues to fall as a function of oxygen consumption and global oxygen stores.
Oxygen stores exist first in the lungs, then arleries, tissue, and veins in that order.
During apnea. oxygen depletion occurs first in the tissue, then the veins, lungs,
and arteries. Therefore, desaturation of arterial blood occurs only after
desaturation in other areas. The slope of the desaturation of an event must be
within a certain range to be characteristic of sleep apnea. If the slope is too big
(rapid desaturation) it is considered an artifact, and if the slope is to small (slow
desaturation) it is considered to be due to either hypoventilation,
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