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1.2.1 Inspiration

As discussed previously, the brain stem excites motor neurons in the spinal cord,
which, in turn, causes the contraction of the diaphragm, the pectoral muscles, and
intercostal muscles, located between the ribs. The contraction of the diaphragm
causes the flattening and lengthening of the thoracic cavity. The intercostal
muscles and pectoral muscles pull the ribcage up and out. Both of these sets of
muscles work to expand the lungs. This means that pressure will be reduced
within the lungs, since the air present will have a greater volume to expand in.
This will create a pressure differential between the air outside the body and the
air inside the body. Thus, air flows into the body (see figure 1.1(a)).

(a) Inspiration (b) Expiration

Air drawn into lungs Air forced out of lungs

Pectoralis minor e Pectoralis minor
muscles contract muscles relax

Lungs expand

Intercostal
muscles ~ muscles
contract relax

/&- ¢
Diaphragm contracts Diaphragm relaxes
and flattens and moves up

Figure 1.1 During inspiration, (a), the diaphragm, intercostal muscles and pectoralis minor
muscles contract, causing the lungs to expand and air to enter the lungs. As the diaphragm,
intercostal muscles and pectoralis minor relax, the lungs contract, causing air to leave the lungs (b),
which is referred to as expiration (from Microsoft Encarta).

Air travels through the nasal cavity. Cilia are microscopic hairs within the
nasal cavity that act to eliminate pollutants from entering the respiratory tract.
Air and food both go through the pharynx. When food is swallowed, the
epiglottis (part of the larynx), pharynx, and mouth cavity work together to shut
off the opening to the trachea to avoid the entry of food particles into the lungs.

The larynx is commonly referred to as the voice box. Besides assisting with
separation of food particles from air, the larynx contains the cricoid cartilage
which reinforces the airway and assists in keeping it open. The larynx also
contains the vocal cords. As air vibrates over the vocal cords, a sound is
produced. The variation in elasticity and tension of the vocal cords determines the
pitch of the sound.

The trachea is composed of ribbed cartilage which extends 10 cm to the
bronchi. The trachea also contain cilia which act to filter out further pollutants.
Two bronchi provide a path to each lung (see figure 1.2).

Each bronchus divides into even narrower bronchioles. Each bronchiole has
five or more alveolar ducts at the end, which, in turn, end in alveolar sacs. Each
alveolar sac contain several alveoli (see figure 1.3). Alveoli are the site of gas
exchange.
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Bronchioles

Figure 1.2 Air travels through the nasal cavity, into the pharynx, trachea, bronchi, and finally the
lungs. The bronchi, bronchioles, alveolar ducts and alveoli compose the pulmonary tree with its
branch like system (adapted from Corel Corporation).

Alveolar dudt

Alveolar sac—

Figure 1.3 Ten or more alveoli are in one alveolar sac (adapted from Corel Corporation).

1.2.2 Expiration

Neurons in the brain stem cyclically inhibit the motor neurons in the spinal cord
that cause muscle contraction in the diaphragm, the pectoral muscles, and
intercostal muscles. The muscles then relax, causing the rib cage to contract,
decreasing the amount of air space. This causes air to flow out of the lungs when
the pressure inside the lungs is greater than the pressure outside the lungs (see
figure 1.1(b)). Usually only 10% of the total lung volume is exchanged in normal
breathing. With deeper, more rapid breathing, the turbulence of the air flow
increases, causing greater resistance to airflow.
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1.3 DIFFUSION TO BLOOD

The process of ventilation provides a continuous supply of fresh air in the lungs.
After oxygenated blood has been circulated through the body, it is brought back
to the lungs through arterial capillaries to exchange gases, receiving oxygen and
ridding itself of carbon dioxide. Blood is reoxygenated and is then recirculated
through the body.

Gas exchange occurs through the process of diffusion. Diffusion is the net
movement of particles from an area of higher partial pressure to a region of
lower partial pressure through a process of random motion. The actual gas
exchange to the blood takes place through the process of diffusion in the alveoli.

1.3.1 The alveoli

The alveoli are surrounded by large pulmonary capillary beds. Since diffusion
can only occur over a distance of 1 mm, the gas exchange takes between the two
cells between the capillary and the alveolus, a distance of only 0.5 um. The 600
million alveoli each adult has provide 70 m2 of surface area for gas exchange
(Curtis and Barnes 1989).

1.3.2 Gas exchange

Air in the alveoli has a higher partial pressure of oxygen and a lower partial
pressure of carbon dioxide than the aortic blood. The pressure gradient causes
diffusion to occur. The net movement of carbon dioxide will be towards the
alveoli and the net movement of oxygen towards the blood (see figure 1.4). The
blood then returns to the heart via a pulmonary venule to be pumped out to the
rest of the body. Other gases may diffuse as a result of the partial pressure
gradient between the air in the alveoli and the pulmonary arterial blood.

Alveoli
Air enters

alveoli

diffusion

Oxygen
diffusion network

Figure 1.4 The capillaries surround the alveoli, providing the close proximity necessary for
diffusion. Carbon dioxide diffuses from the capillary into the alveoli and oxygen diffuses into the
blood (from Microsoft Encarta).

The partial pressure gradient of arterial (a) versus alveolar (A) pressure is
affected by the concentration of carbon dioxide and water in the alveoli. The
alveolar partial pressure of oxygen is
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Oxygenated hemoglobin

Deoxygenated hemoglobin

Red blood cell

Figure 1.5 Hemoglobin molecules are contained within red blood cells. Each red blood cell
contains approximately 265 million molecules of hemoglobin.

After a completely deoxygenated hemoglobin molecule combines with one
oxygen molecule, it has a greater affinity for the second oxygen molecule. This is
true for each additional oxygen molecule. The reverse process is also true. After
the first oxygen molecule is released from the hemoglobin molecule, it is more
likely to release the second oxygen molecule. Therefore, the oxyhemoglobin
dissociation curve, which relates to the partial pressure of oxygen in the blood, is
not a straight line, but a sigmoid.

1.4.2 Oxyhemoglobin dissociation curves

The oxyhemoglobin dissociation curve is the relationship between the partial
pressure of oxygen in the blood and the percentage of oxygen bound to
hemoglobin compared to the maximum (see figure 1.6). Factors such as
decreasing carbon dioxide concentration, increasing pH, and decreasing
temperature will shift the curve toward the left. A left-shifted curve implies that
the hemoglobin molecules will be more saturated at a lower partial pressure of

oxygen.
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Figure 1.6 Increasing pH causes the oxyhemoglobin dissociation curve to shift to the left at a
constant temperature of 37 °C.
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figure 1.7
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figure 1.8
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heart rate (HR). The cardiac index (CI) is the cardiac output normalized by body
surface area (BSA). A typical CI is in the range of 3 to 3.4 L/(min m2).
Normalization of the cardiac output allows comparisons related to circulation of
people of varying sizes.

) Pulmonary
Common carotid artery
artery
Superior vena
cava
Pulmonary
vein

Inferior vena
cava

Figure 1.8 The right atrium receives blood from two veins, the superior vena cava and the
inferior vena cava. The right ventricle pumps blood through the pulmonary artery, which sends the
blood to the lungs to be oxygenated. The oxygenated blood returns to the heart via the pulmonary
veins, where it pumped by the left ventricle to be distributed to the rest of the body (adapted from
Corel Corporation).

1.7 DIFFUSION TO TISSUE

Diffusion occurs over a distance of about 1 mm. Thus, once blood is oxygenated,
although it may pass through oxygen depleted tissue, oxygen does not diffuse
until it reaches the capillaries with one cell thickness in the wall. Oxygen diffuses
into the interstitial fluid and into the cells.
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performed. After calibration, period zero subroutine is executed which includes
five states, zero through four (figure 9.6).
Period zero subroutine is responsible for normal sampling

State O: Initialize parameters

State 1: Set drive current

State 2: Set offsets

State 3: Set gains

State 4: Normal data acquisition state.

Probe set-up operations are performed during the states zero to three of this
subroutine. During these states probe parameters including the amplifier gain A
and offset voltage Vg are initialized, provided that a finger is present in the
probe. State 4 of the interrupt period zero subroutine is the normal data
acquisition state. The signals produced in response to light at each wavelength are
then compared with the desired operating ranges to determine whether
modifications of the driver currents and voltage offsets are required. Finally state
4 of the period zero subroutine updates the displays of the oximeter. Sequential
processing returns to state O whenever the conditions required for a particular
state are violated (Cheung et al 1989).

Figure 9.5 A graphical representation of the possible ranges of digitized signal, showing the
desired response of the /O circuit and microcomputer at each of the various possible ranges
(Cheung et al 1989).

9.5 TRANSIENT CONDITIONS

The relative oxygen content of a patient’s arterial pulses and the average
background absorbance remain about the same from pulse to pulse. Therefore,
the red and infrared light that is transmitted through the pulsatile flow produces a
regularly modulated waveform with periodic pulses of comparable shape and
amplitude and a steady state background transmittance. This regularity in shape
helps in accurate determination of the oxygen saturation of the blood based on the
maximum and minimum transmittance of the red and infrared light.

Changes in a patient’s local blood volume at the probe site due to motion
artifact or ventilatory artifact affect the absorbance of light. These localized
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Light path
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Wedge movement
-

Constant absorber

Figure 10.4 Block diagram of a wedge system as proposed by Yount (1989).

0% oxygenated blood Light path

\ v 100% oxygenated blood
Constant absorber

Figure 10.5 Block diagram of the dual wedge system as proposed by Yount (1989).

10.2.1.5 Bulb device. Volgyesi (1989) proposed a simple mechanical design to
simulate a pulsing finger. Figure 10.7 shows the tube and bulb type device. It
requires a 0.5 to 1 mL blood sample for each saturation level to be tested. A
piece of silicone rubber tubing is placed inside a disposable plastic test tube which
contains a blood specimen. The operator then manually squeezes the bulb at
regular intervals which causes the silicone rubber tubing and the blood in the
annular space between the silicone rubber tubing and the test tube to deform or
pulse. Samples of heparinized blood are externally altered to different saturation
levels so different levels of oxygen saturation can be tested. With a variety of
oxygen saturation level samples prepared in individual test tubes, the pulse
oximeter can be applied to the device. After the operator is able to rhythmically
squeeze the bulb for a consistent plethysmograph ¢rate and amplitude), a reading
is recorded from the pulse oximeter and the sample is sent to a CO-oximeter for
a comparison reading. The main advantage of this system is its simple
implementation. The disadvantage is that the pulsatile nature of the system is
operator dependent and samples of known oxygen saturation levels of blood need
to be prepared.
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among the length of time that different models store trend display. In the Biox
3700 from Ohmeda, the length of the trend can be selected between 20 and 60
min, by pressing a key in the front panel, as shown in figure 12.2. The model N-
3000 from Nellcor has three different ways of recording data for trend analysis.
In the first two modes, the unit stores the average of oxygen saturation and heart
rate measured over a period of 5 or 10 s, with a total duration of 12 or 24 h
respectively. In the third mode, the unit stores the maximum and minimum values
obtained over a period of 20 s, with a total duration of 32 h. The length of the
recording also changes with presentation. The Propaq models from Protocol
Systems, Inc. can display a total of 5 h on the screen and 8 h on a printer with a
resolution of 2 min. The data can be presented in graphical or tabular form.

Figure 12.2 Front panel of Ohmeda Biox 3700 pulse oximeter (Courtesy of Ohmeda). The
display at the left side shows real-time waveforms and pulse strength, while the display at the right
side is used for alarm settings.

In some units, for example the model 504 from Criticare, the memory in
which the trend data are being stored is not erasable on power-off. When trend
data that contain periods of time in which the unit was turned off are displayed,
the time during which the unit was turned off is shown as special characters so
that the operator can be aware of this situation. This feature allows us to follow a
patient during a long duration in which constant monitoring is not required. The
drawback of this feature is that it can acquire the trend from the wrong patient if
the previous data are not erased before starting to monitor a new patient. The
trend display also marks times during which alarm set points have been exceeded
or the pulse has been lost.
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green LEDs for oxygen saturation display and smaller red LEDs for heart rate
display. The pulse strength in all the units with numerical output is displayed
using a LED bargraph.

12.3 FUNCTION CONTROLS

Function controls carry out communication from the healthcare professionals to
the pulse oximeter to achieve the proper monitoring and care for the patient.
Function controls are basically used to operate alarms (set alarm values, activate,
deactivate and silence alarms) and displace the cursors along the graphical screen
in those units with this feature.

It is possible to distinguish three different function controls: switches,
turning knobs and keys. They do not all need to exist in the same unit.

The main function of switches is to turn the device on or off. In some units
switches are replaced by keys. Since this is the most basic function in a pulse
oximeter, it is important that it cannot be turned off accidentally. For this reason,
some units have the main power switch or key in a lateral panel where it is
unlikely to turn the power off by accident.

There are few units that incorporate turning knobs. The model N-200 shown
in figure 12.3 and model N-3000 from Nellcor use turning knobs as an intuitive
and quick way to increase or decrease the alarm settings. The turning knobs are
placed on the front panel or on the top of the unit, where they are large and thus
are easier to manipulate without affecting other controls. A function that uses
turning knobs for control has to be designed so that a movement upwards, to the
right or in a clockwise direction increases the control function (ASTM 1992).

Figure 12.3 Nellcor Puritan Bennett N-200 pulse oximeter (Reprinted by permission of Nelicor
Puritan Bennett, Pleasanton, California).

The majority of pulse oximeters use keys as input devices to control the
instrument. We can distinguish between units that use touch panel keys and units
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situations, except the models 8500 and 9500 from Nonin Medical, Inc. These
units have been designed not for a bedside monitoring situation in a hospital
where the alarms are used to attract the operator’s attention, but in a one-on-one
working situation where a healthcare professional is always present with the
patient, using the pulse oximeter to measure the oxygen saturation, for example,
during ambulance transport.

The 9500 unit, shown in figure 12.5, is the smallest available in the market.
With a weight of only 36 g without batteries and an extremely small size, just
slightly larger than most of the reusable finger probes, it displays heart rate and
oxygen saturation. The unit 8500 is a hand-held puise oximeter that has been
designed to provide 100 h of continuous operation with batteries. Both units have
been designed for evacuation situations. They both comply with the USAF
vibration standards for helicopter flight use, can operate at temperatures below
freezing, and the manufacturer stresses their use in helicopter evacuation.

Figure 12.5 A small Nonin model 9500 pulse oximeter designed for emergency evacuation
purposes (courtesy of Nonin Medical Inc.).

The visual and acoustic characteristics of the alarms are also regulated by the
ASTM Standards, as shown in table 12.1. The ASTM differentiates three kinds of
alarms based on their priority, assigning different colors and flashing frequency
to each one.
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Table 12,1 Alarm characteristics for pulse oximeters (ASTM 1992).

low priority

medium priority

The current ASTM Standard specifies neither the frequency nor the volume
of the acoustic alarm sounds. Good practice suggests that the frequency of
warning sounds should be between 150 Hz and 1000 Hz. It should have at least
four frequency components in order to avoid masking from environmental noise.
The acoustic level recommended is 15 dB to 16 dB above the masked threshold
for signals that are triggered by situations that require a rapid response, and
levels between 6 dB and 10 dB above the masked threshold for all other kinds of
signals, to achieve 100% detectability in controlled situations. In all cases, the
level should be less than 30 dB above the masked threshold to minimize operator
annoyance and disruption of communications (Salvendy 1987).

The alarms in a pulse oximeter can be disconnected or silenced. Temporary
silencing should be used when the operator has been alerted of the potentially
dangerous situation and has taken steps in order to solve the problem. The
Standard specifies that if this feature is provided in the pulse oximeter, it should
not exceed 120 s, and a visual condition of the alarm has to remain on until the
condition that triggered the alarm is corrected (ASTM 1992). The reason pulse
oximeters incorporate a permanent silencing alarm is to avoid nuisance noise
when the device and probe are being connected to the patient. The permanent
alarm silencing activation must be designed in such a way that it requires a
deliberate action for deactivation by the operator to be sure that it is not done in
error. It also requires a visual indication of this condition.

As most of the pulse oximeters monitor heart rate from the
plethysmographic waveform, they also incorporate alarms in case the pulse is
lost. This increases security for the patient by monitoring more vital signs, but it
also triggers false alarms, in particular due to motion artifacts. To avoid this
problem, Nellcor has developed what they call Oxismart, which, for loss of pulse,
aims to distinguish between a real clinical condition and a motion artifact. This
feature is incorporated in the latest models, such as the N-3000.

Motion artifacts are detected by processing the plethysmographic waveform
and before validating a pulse, requiring three different steps. Only the signals that
pass all the steps are used to calculate S,0, (Nellcor 1995). To differentiate
between a loss of pulse due to motion artifact from a loss of pulse due to a
clinical condition, the system assumes that if the pulse is lost, but the patient is
moving, the patient has pulse and the loss is due to a motion artifact. Figure 12.6
illustrates this fact. If the pulse oximeter fails to detect at least one pulse in 10 s,
it enters into pulse search mode. The operator is aware of this situation because
the PULSE SEARCH indicator lights, and the display alternates between data and
dashes. In this condition, the pulse oximeter enters an evaluation period of 50 s.
If the patient is moving, each time that the pulse oximeter detects a valid pulse,
readings for heart rate and oxygen saturation are validated. The device returns to

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



table 12.1

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



figure 1.7

figure 13.1

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Figure 13.2

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



figure 13.3

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Chapter 1

Figure 13.4

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Figure 13.5

Figure 13.6

Figure 13.7

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Figure 13.8

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



chapter 1

Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954



Copyright © 1997 IOP Publishing Ltd

MASIMO 2035
Soterav. Masimo
| PR2020-00954





