KNOWING YOUR PULSE
OXIMETRY MONITORS

The widespread use of puise oximelers to continuously manitor oxygen saturation of artenal
hemoglobin is recognized wordwide. Pulse oximetry is now cansidered a standard of care in
anesthesiology and has significantly reduced anesthesia related cardiac deaths.' In the United
Slates along it is estimated that there are 300,000 puise oximeters presently in use. A typical hospital
may use several different makes and modeis of pulse oximeter, depending on the location and
application. The 1994 Medical Device Register lists more than 35 companies that manuraciure ang
distnbute puise oximeters in North America alone. Since the introduction of the first commerciaily
viable pulse oximeter in 1983, for use in anesthesiclogy, the only practical way for a cfinicat enginesr
or biomedical technician to venfy the germormance of these devicas was fo use it on themseives.
Whiie there have been test methods avariaple, until recently many of these test metheds and
apparatus were not practical? With the tocls now available, it is possible to verify and comoare he
performance of most pulse oximeters.
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A cypical pulse oximeter finger probe has
two LEDs. one that transmits infrared light
at a wavelength of approximately 940 nm
and the other transmitting light at approxi-
mately 660 nm. The absorption of these
select wavelengths of light through living
tissues is significantly different for Oxy-
genated Hemoglobin (HbO,; and reduced
Hemogicbin {Hb). Itis thisknown relation-
ship that makes it possible ¢ calculate
(HbO.). The photo sensor shown in Figure
1 measures the absorption of the selected
wavelengths of light passed through liv-
ing tissue.

The pulse oximeter probe is a critical
part of the measurement system and has
been identified as the source of occasional
measurement inaccuracies. Probes may be
reusable or disposable, used on different
body parts (ear, finger, scalp, etc.;, and come
in a variety of forms. A new development
‘from Medical Taping Systems) is the possi-
ble reuse of disposable probes. A patented
technology has been deveioped to madify
select commonly used disposable probes by
deveioping a sterile shieid and new adhe-
sives for continued reuse. The purpose of
this product is %0 reduce the cost to the
healthecare institution through the ex-
tended life of lower cost disposable probes.
This product recently received an FDA
510(k). If accepted and generally used, it
will be important to verify that the modified
probes work according to their original
specifications throughout their life.

PULSING SCHEMES

The red and infrared LEDs within a par-
ticular probe are driven in different ways.
depending on :he manufacturer. Most
probes have a single pirotodetector, so the
light sources are generally sequenced on
and off. Figure 2 shows an example of a
typicai pulsing scheme. To compensate for
ambient light during the time when both
LEDs are off, the iight ievel is measured
and then subtracted ‘rom each light chan-
nel between cycies. This minimizes the ef-
fects due to ambient conditions whnich may
vary during moenitoring.

Depending on the make and modei of
nulse oximeter, the drive currents of LED
pulse widths, off and on cycles between
puises, and cycle times can all vary. Wide
variations in pulsing schemes used by the
various manufacturers optimize individuai
performance and avoid patent litigation.
These design differences also lead o vary-
ing performance between models.

ABSORPTION

The output of the pnotodicde in a typical
probe will have a raw signal that is repre-
sented in Figure 3. There will de one signal
that represents the absorption of red light
and one that represents infrared. The
AC signal is due to the pulsing of arterial
blood while the DC signal is due to all th.e
non-pulsing absorbers in tissue. SpO:is
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estimated from the ratio (R) of pulse-added |
red absorbance at 660 nm to the puise- '
added infrared absorbances at 940 nm. |

AC 660/CC 660

R =73C 940/0C 940

R-CURVES

i . . Photasensor '
The typical R-curve calibration of a ' '

pulse oximeter is shown in Figure 4. an

R-curve is a collection of R value coefficients FGURE 1. A typical puise oximeter probe. .
that range from approximately .4 t0 3.5 that |
the pulse oximeter will display as an SpO. Cycle Time '
(0-100%) reading based on the calculated R ;

of 0%, while an R value of 1.00 is an SpO.
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reading of 85% and an R value of 4 is an
SpO. reading of 100%. All R value and SpO.
relationships are approximate.
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MANUFACTURERS' ALGCRITHMS AND
CALIBRATICN METHODS

Photodiode Current

There are several ways in which the
pulse oximeter designer can obtain data for
the caiibration of the pulse oximeter. Tra-
ditionally, data ‘or the calibration was ob-
tained empirically through in-vivo exper:- !
ments on human subjects. This produceda - Time
product that was clinically acceptable but
comparison between manufacturers and
even a manufracturer’s own modeis revealed |
differences. The second method is the in- | j
vitro test system which is closer to a “goid | .
standard” than other methods. ‘
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. FiGURE 2. Typical puising of red and infrared L.ECs oy 3
:} oulse oximeter. :

IN-VIVO EXPERIMENTS

[n-vivo experiments consist of lowering ‘ s o= Ahgornr ke

a live patient’s saturation level and simul-
taneously comparing an arterial blood sam-
ple on a co-oximeter to a pulse oximeter
attached to the patient. These experiments
are good for obtaining data on a patient
from 100% to 80% SpQ., yet it is difficult to
generate sufficient clinical data en a patient
helow 30%. Therefore, manufacturers us-
ing in-vivo test results might be forced to !
extrapolate their calibration curves below |
80%. This creates the potential ‘or satura- {
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sion inaccuracies below 80%.

{N-VITRQ TEST SYSTEMS

Iﬁ-vitro test systems are quite elaborate
systems that require whole blood, but ulti-
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a series of tubing that transfers whole blood L5548
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i FIGURE 4. Typical R-curve catibraticn of a pulse oximeter.
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: FIGURE 5. In-vitro test system for verifying pulse

oximeters.

g4 +—— puise oximeter

to a “model” finger. The puise oximeter to
be tested or calibrated is connected to the
finger model. The blood within the system
is pulsed using a blood pressure waveform
simulator. The blood within the system is
oxygenated using an external gas mixture
of Qs, N,,CO;, and a membrane or disk type
oxygenater. This system allows the user to
change the shape of the pressure waveform
and vary the heart rate. The reading on the
pulse oximeter is recorded and simuitane- .
ously a sample of blood from within the
system is analyzed by a co-oximeter and
compared with the reading on the puise
oximeter. This system yields a pulse oxime-
ter calibration that is accurate down to 50%
SpQ. and lower. Most pulse oximeters have
no specified accuracy helow 50%.

WAVELENGTH OF LEDs

The R-curve or calibration of a pulse
oximeter can be shifted or affected by the
wavelength of the LEDs used in making the
probe. LEDs of the same type from :he
same manufacturer can vary as much as
+15 nm in waveiength. Certain manufac-
rurers of pulse oximeters buy LEDs already
screened to =1 nm. For the manufacturers
that use LEDs with a =15 nm variation in
wavelength, each probe is manufactured
with 2 unique identifier. When these
probes are plugged into a pulse oximeter, it
identifies the probe and modifies the cali-
hration factor. There can be as many as 30
different proves for a single manufacturer.
The manufacturers of probes with tight tol-
erance LEDs don’t face this problem. [
should be realized that a puise oximeter
cannot detect a shift in wavelength in an
LED.

Clinical studies clearly show significant
performance differences between makes,
especially below 80% or during profound
hypoxia. As the manufacturer strives to
improve performance in updated versions,
users need to realize older products may
s5till be in use.

ACCURACY AND PERFORMANCE
OF PULSE OXIMETERS IN
DIFFERENT CLINICAL SETTINGS

Puise oximeters measure the presence of
oxyhemoglobin (HbO.) and reduced hemo-
globin (Hb) only. Increased amounts of car-
boxyhemoglobin {HbCO) and methemoglo-
bin (MetHb) will cause the pulse oximeter
readings to be different than one produced
by laboratory equipment or 2 co-oximeter.



Due to these differences, SpO, is now the
abbreviation used for the measurement of
SaQ; by a two-wavelength pulse oximeter.

Some pulse oximeters handle HhCO and
MetHb in their calibration in one of two
ways. Some subtract 2% for these factors,
others do not. This has led to the terms
“fractional” and “functional” measurements
of SpO,. Fractional SpQ, measurements
are 2% lower than functional measure-
ments. Clinicians should consider this if
changing SpO. monitors when transferring
patients, which is common practice. Both
functional and fractional SpO, measure-
ments produce reliable.trending in the
range of 80% to 100%, and a tolerance of 2%
ig acceptable performance.

From the AANA (American Association
of Nurse Anesthetists) journal Puise Oxim-
etry: Accuracy and Clinical Performance in
Different Practice Settings, “The inherent
value of monitoring trends in oxygenation
takes precedence over arguments about ab-
solute accuracy, because laboratory analy-
sis of blood gases :s always warranted dur-
ing crisis or doubt.”

TEST METHODS FOR MONITQRING
PULSE OXIMETERS

Technician’s finger: Since the eariy 1980s.
when pulse oximeters bhecame commonly
used, clinical engineers and biomedica!
technicians had no other way to verify a
pulse oximeter but to use their own finger.
Obviously, an individuai’s own heart rate
and SpQO, level is not stable enough ‘o be
considered a calibration standard or capa-
ole of detecting a change in monitor per-
formance. Pulse oximeters have an SpO.
range from 50% 0 100% and a heart rate
range of 30 BPM to 250 BPM.

Electronic simulators: Some manufacturers
of pulse oximeters offer electronic simuia-
tors that are specific to their puise oxime-
ter. The majority of hospitals own and use
several different makes of pulse oximeters.
These electronic simulators bypass the
probe, the weakest iink in the measure-
ment system. In addition, they may oniy
check the electronics of a pulse oximeter
over a few SpQ. simulations and heart
rates, not over a complete range.

In-vitro test systems: Ag previously dis-
cussed, an in-vitro test system is quite sla-
borate and not practical for hospital per-
sonnel to0 use for routine tasting. This is a
lab setup that is not portable and requires
oxygenated whole blood. However, this is a

FGURE 8. Crto-alectranic simulater INCEX.

“gold standard” ‘or calibrating and testing
a pulse oximeter over its compiete range.

Opto-electronic simulators: Consistent with
the universai acceptance of pulse oximetry
monmitors is a new generation of opto-elec-
tronic simulators that will allow verifica-
tion of a puise oximeter and probe over a
compiete range of 3p0, and heart rate set-
tings. Many anesthesiologists rely on the
variable-pitch puise oximeters to detect a
change in oxygen saturation during a pro-
cedure, making it ‘mportant to be able to
verify the pulse oximeters used in the OR
over a complete range of saturations and
accompanying pitch changes. More impor-
tantly, since the more advanced simuia-
tors have on-board microcomputers, they
are capable of simulating a wide range of
patient conditions: weak pulses, and differ-
ant skin pigmentations and tissue thick-
nesses. Preset patient conditions can help
identify previously undetectable oroblems
with pulse oximeters returned for routine
service. When making prepurchase evalu-
ation decisions :hese devices can aid :he
user by providing artifacts such as 50/60Hz
fluorescent lights, sunlight, motion arzi-
facts, and irregular-shaped puises. Auto-
matic test sequences and communication
ports aid in documenting testing to help
meet JCAHQ (Joint Commission on Ac-
creditation of Healthcare Organizations,
requirements.



CONCLUSIONS

The importance and universal applica-

tion of pulse oximetry monitoring is clear
and uncontested. While the technology it-
self is relatively well understood, each
manufacturer’'s product has utilized the
common fundamentals differently. These
differences include probe variations, unique
pulsing schemes, and proprietary algo-
rithm and calibration methods. Recent re-
ports from the FDA have shown measure-
ment irregularities in the presence of mo-
tion artifact. Other irregularities such as
pulse strength and ambient light have
been shown to affect puise oximeter results.

With the advent of opto-electronic simu-

lators. fleld-based biomedical and clinical
engineers can now adequately compare
products under a wide variety of conditions.
In addition, since the entire system can be
tested, electronic versus probe problems
can be segregated. Finally, documentation,
preventative maintenance and quality as-
surance testing can be performed as pre-
scribed. C

AVAILABLE STANDARDS
FOR PULSE CXIMETERS

Guidelines and standards availabie “or

pulse oximeters are iisted below. In addi-
tion. over 300 articies have been published
on various issues reiated to puise oxime-
ters.

L

American Society of Anesthesiologists. Stand-
ards for Basic¢ I[ntra-Operative Monitoring,
1986 10696-ASA).

American Society of Anesthesioiogists, Stand-
ards for Post-Anesthesia Care, 1989 (0697-ASA),

American Society ‘or Testing & Materials. Speci-
fications ‘or Puise Oxameters, 1992 (F1415).

[nternational Organization for Standardization,
Pulse Oximeters for Medicai Use — Require-
ments, 1992 (ISQ9919).
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