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Signal Extraction Technology’

Introduction

Masimo SET® pulse oximetry is a new and fundamentally distinct method of acquiring,
processing and reporting arterial oxygen saturation and pulse rate. As lllustrated below, Masimo
SET technology enables the power of adaptive filters to be applied to real-time physiologic
monitoring by utilizing proprietary techniques to accurately establish a “noise reference” in the
detected physiologic signal, thus enabling the direct calculation of arterial oxygen saturation
and pulse rate. Because it is not bound by a conventional “red over infrared” ratio approach,
the Masimo SET system substantially eliminates the problems of motion artifact, low peripheral
perfusion and most low signal-to-noise situations. This greatly extends the utility of SpO, in high
motion, low signal and noise intensive environments.

The superior performance of Masimo SET pulse oximetry has been clinically validated. The table
below summarizes the results of one such study.

Motion and Low Perfusion Study

Oximeter Sp0, Sensitivity Sp0, Specificity
Wil v 4.1y 99% 97%
Philips (C1) 78% 82%
Datex Ohmeda 3900 TruTrak+ (v9/11) 60% 88%
Nellcor Oximax N-595 (v3000) 63% 73%
Novamatrix MARS (v2001) 63% 50%

S.J. Barker, S. Morgan: Department of Anesthesiology, University of Arizona, Tuscon, U.S.A. A Laboratory Comparison the
Newest "Motion-Resitant" Pulse Oximeters During Motion and Hypoxemia. Anesthesia and Analgesia 2004: 98 (S2): A6
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Conventional Filters

While pulse oximetry is readily accepted as a standard of care in the Operating Room,
Recovery Room and most Intensive Care Units’, its performance in high motion environments
or in patients with low perfusion is substantially less than ideal. The reported high incidence
of false alarms due to motion artifact? and the inability of conventional pulse oximetry systems
to provide information during times of crisis have led to its characterization as a “fair weather
friend.”™ Confronted with the problem of motion artifact, false alarms and poor "signal to noise"
environments, medical equipment manufacturers have utilized band-pass filtering in an attempt
to address these confounding clinical problems. Band-pass filters, whether in analog or digital
form, are designed to allow only a physiologic window of interest to pass while rejecting
frequencies outside the desired frequency band. With the advent of Digital Signal Processing
(Digital Filtering), the performance of band-pass filtering was improved, but was still unable to
address the problem of noise occurring within the bandwidth of interest.

Band-Pass Filtering
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To address the confounding issue of "in-band" noise, a class of filters known as adaptive

digital filters has evolved. These filters take advantage of the fact that the construction of the
filter itself is contained within the memory of the microprocessor, allowing its multiplication
coefficients, symbolized as Wy, W4,...W,,.1, to be changed in real time, hence altering the filter's
characteristic. Thus, the filter can be tuned “on the fly.” The multiplication coefficients determine
whether the frequency components of an input signal should be cancelled (e.g., multiplied by
zero) or allowed to pass (e.g., multiplied by one). Given that the filter's coefficients can be rapidly
changed, adaptive filters derive their name in their ability to change their filtering characteristics
in response to changing in-band noise.

The detected physiologic signal is generally composed of both desired signal (S) and undesired
signal (N) or noise portions. To remove the effects of the undesired signal, some knowledge of
the noise characteristics, or equivalently its noise reference (N'), must be known. The adaptive
filter will adjust its filtering characteristics, so that the noise reference input is transformed into an
estimate of the undesired signal portion () of the physiologic signal. A subtracter subsequently
removes the undesired signal from the physiologic signal to yield an estimate of the desired
signal portion (§). The combination comprising the adaptive filter and the subtracter is commonly
called an adaptive noise canceller (ANC).
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Adaptive Noise Cancellar (ANC) block diagram

This approach has been widely used in the telecommunications and aerospace industries where a suitable
noise reference is accessible. Probes are utilized to obtain a noise reference that can then be used in
conjunction with an adaptive noise canceller to extract a desired signal portion from a composite signal
containing both desired and undesired signal portions. The problem in applying this technique to physiological
monitoring is that a noise reference is rarely available. In addition, both the noise and the desired signal vary
from patient to patient and are quickly and continually changing in terms of frequency, amplitude and phase,
even within the same patient. In pulse oximetry, the noise reference signal required to make an adaptive
noise canceller work in real time was unavailable until the advent of Masimo Signal Extraction Technology.

Conventional Pulse Oximetry

The conventional "red over infrared" approach measures the differential optical density of red (0) and infrared
(i) light as projected through a vascular bed and calculates a ratio (r) of the optical densities. Utilizing the
optical density ratio, an arterial oxygen saturation (SpO,) value is empirically reported based on the ratio
obtained.
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In the presence of patient motion, the optical densities of red and infrared light contain noise
portions (N4, N;;), thereby falsely altering the optical density ratio and providing an inaccurate
saturation value. During periods of routine patient motion or low perfusion, the noise components
within the physiologic signals can be much larger than the desired signals (S,4, Si). In these
cases, the optical density ratio is primarily determined by the noise contributions. This represents
a situation whereby the noise is simply “drowning out” the desired signal.

In a large noise environment, conventional wisdom holds that pulse oximetry will yield an optical
density ratio substantially equivalent to "noise over noise" or a ratio of one. This is equivalent to
a saturation value of approximately 82% in most conventional systems.

If: N >> S,
Then: trd _ Nrd _ 45 go0, 5p0,
Iir ir

Confronted with the problems of overwhelming noise and prevented from utilizing adaptive digital
filters, pulse oximetry manufacturers have resorted to “managing” false alarms. This can include
extending averaging times or employing a decision matrix to freeze when it decides it has
detected motion. If the motion persists, it reports zero*.

Lra

r I | Decision » Report New Value
e A Matri » Freeze & Report Old Value
atrix —» Report Zero

The attempt to treat the "symptom" rather than the “core problem” does not provide clinicians
with continuous real-time information and can be unreliable in critical medical situations.

Masimo SET® Pulse Oximetry

Masimo Signal Extraction Technology rejects the conventional wisdom and begins with an
understanding that during patient motion the venous blood, being at a relatively low pressure,
is quite susceptible to the local effects of perturbation during motion. Considering the finger
for example, the venous blood in the vascular bed will be easily deformed during motion,
representing a significant source of in-band noise within the frequency bandwidth of interest.
In addition, the venous blood is a strong absorber of light. Hence, it can represent a significant
contributor to the total optical density during motion episodes. Furthermore, the venous blood
saturation is normally lower than the arterial blood saturation. This explains why saturation

values tend to drop in conventional pulse oximeter systems during episodes of patient motion.
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During routine patient motions (shivering, waving, tapping, etc.), the resulting noise can be quite substantial
and can easily overwhelm a conventional ratio based oximetry system. Having identified the venous blood as a
significant contributor to noise during motion, it follows that if the noise reference corresponding to the venous
component could be measured, then an adaptive noise canceller might be utilized to cancel its contribution.

Physiological Signal (S + N)

Y

Venous ,
Noise (N°) > Adaptive >
Noise A
Reference (S)
Arterial
Signal

Generating A Noise Reference

The detected physiologic signals in response to both red (l,4) and infrared (l;;) light consist of desired signal
portions (S,q, S;;) as well as undesired signal portions (N4, N;). It is commonly understood in pulse oximetry
that the desired signal portions are proportional to one another through the arterial optical density ratio (r,). This
suggests that one should simply subtract the product of the arterial optical density ratio and the physiologic
signal due to infrared light from the physiologic signal due to red light. The resultant is a reference signal that
contains only noise portions. This is the noise reference signal (N’)

If: Then:
O La=Sra+Nra 4= [Lir ° T3 ] = [Sra + Nra ] - [Sir Fa + Nir Fa ]
® Iir = Sir + Nir Substituting S;, r, for Srq, we get:

@ r, =&1 = [ Sir ra+ Nrd H Sir ra+ Nir 1 |
ir = Nrd - Nir | P
Srd =ra ® Sir = N’ (Noise Reference)

If the arterial optical density ratio is known, one can easily calculate the noise reference as just described.
However, if it were known, one could simply calculate the arterial oxygen saturation directly. One would not
need to utilize the adaptive noise cancellation process. How does one then use the power of adaptive filters and
noise reference signals for pulse oximetry? The answer lies in the Discrete Saturation Transform® algorithm.

Discrete Saturation Transformation®

The Discrete Saturation Transform algorithm allows one to separate and, consequently, calculate the optical
density ratios that correspond to both the arterial oxygen saturation (r,) and an estimate of the venous oxygen
saturation (r,). These optical densities are not known beforehand but are required to obtain the appropriate
reference signals for adaptive noise cancellation. Every optical density ratio, corresponding to the patient’s
physiological range (SpO, = 1% to 100%), must be considered. Therefore, the DST® algorithm not only

uses a noise reference signal, but a whole family of reference signals. Each reference signal is used in the
adaptive noise cancellation process and each yields information regarding the oxygen saturation content of the
physiological signals.
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A family of reference signals, N'(r), is generated similar to that of a noise reference signal. The
reference signal, as discussed earlier, is the difference between the physiologic signal due to red
light (I,4) and the product of an arbitrary optical density ratio (r) and the physiologic signal due to
infrared light (I,4). Although there is a family of reference signals, based on the selected optical
density ratio, there are only three distinct cases to consider. If one selects an optical density ratio
that does not correspond to either arterial or venous oxygen saturation (Case I), the reference
signal consists of a desired signal portion and an undesired signal portion. In the adaptive noise
cancellation process, such a signal will not only remove the undesired signal portions of the
physiologic signal, but also remove the desired signal portions. When an optical density ratio
that corresponds to the venous oxygen saturation is s elected (Case Il), the reference signal
only contains signal portions. Therefore, the output of the adaptive noise canceller will consist

of the undesired signal portions only. Similarly, when an optical density ratio that corresponds

to the arterial oxygen saturation is selected (Case Ill), the reference signal only contains noise
portions. Therefore, the output of the adaptive noise canceller will consist of the desired signal
portions only

Ird =Srd + Nrgs  Tir = Sir + Njr

r: optical density ratio
r,: arterial optical
density ratio

ry: venous optical
density ratio

Srd = Ta Sirs Npd = ry Njr

Reference Signal: N'(r) = I.q - r I;;.
Caseir#ry,ry, N'(r)=(ry-r) Sj + (ry - 1) Njp
Casell: r=r, N'(ry) = (ry - ry) Sip
CaseIll: r=r, N'(ry) = (ry - ry) Njp

For each selected value of the optical density ratio, the corresponding reference signal is
calculated and subsequently processed through an adaptive noise canceller.

R, O— N

La-[Iirer] =N (r) Or: L
ir

r
Sp0;=1,2,3...100%

When the selected value for the optical density ratio does not correspond to either the arterial
or the venous oxygen saturation (Case 1), the corresponding output signal will contain little
power. When the selected value for the optical density corresponds to either the venous oxygen
saturation (Case Il) or the arterial oxygen saturation (Case lll), the output signal will contain
significant output power.

The power output of the adaptive noise canceller represents the probability that the selected
optical density ratio, or its corresponding saturation value, is present in the physiologic signal.
The output power or probability value is plotted for a series of consecutive ratio values
generating the DST transform. During periods of no motion, a singular peak is generated in the
DST transform corresponding to the arterial oxygen saturation.
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The more interesting example occurs during periods of motion when multiple peaks in the DST transform may
be generated. Representative examples with sample waveform data are shown in the next section.

A

DST Plot
Typical No-Motion Data

ANC Output Power
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In summary, the procedure for determining the arterial oxygen saturation utilizing Masimo SET processing is as
follows:

1) Sweep all optical density ratios that correspond to oxygen saturations of 1% to 100%.

2) Compute the reference signal for each optical density ratio.

3) Measure the output power of the adaptive noise canceller for each reference signal.

4) Identify the appropriate peak in the DST transform that corresponds to the arterial oxygen saturation

(largest SpO, value).

| .y
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The above procedure demonstrates another important feature of Masimo SET pulse oximetry. It is able to
calculate the arterial oxygen saturation without first extracting or determining discrete pulses in the physiologic
data. For Masimo SET processing, the saturation algorithm is independent of the pulse rate algorithm. This

is a significant distinction between Masimo SET systems and conventional pulse oximetry systems where the
recognition of a clean pulse is a prerequisite for the calculation of accurate arterial oxygen saturation. Another
advantage of Masimo SET technology is that it can monitor arterial oxygen saturation and pulse rate even if the
motion starts before the pulse oximeter is turned on. It does not require clean data during instrument start-up.
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Discrete Saturation Transform Example

In Figure A, a noise cancellation process for a selected optical density ratio corresponding to an
oxygen saturation of 36% (Case 1) is shown. For an SpO, of 36%, the calculated reference signal
(shown in purple) is substantially similar to the physiologic signal due to red light (shown in red).
These signals being similar effectively cancel each other within the adaptive noise canceller,
yielding an output signal with little power content in the DST transform.
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Figure A: “During Motion” DST plot at SpO, of 36%

In Figure B, a noise cancellation process for another optical density ratio corresponding to an
oxygen saturation of 60% (Case II) is shown. As is apparent, the reference signal (shown in red)
looks quite different than the physiologic signal due to red light (shown in red). This yields an
output signal with significant power content in the DST transform since the noise portion is not
cancelled like the example in Figure A.
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Figure B: “During Motion” DST plot at SpO, of 60%
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In Figure C, a noise cancellation process for another optical density ratio corresponding to an oxygen saturation
of 95% (Case lll) is shown. In this particular instance, the reference signal is truly the noise reference. As is
apparent, the noise reference (shown in blue) looks quite different from the physiologic signal due to red light
(shown in red). This yields an output signal with significant power content in the DST transform since the signal
portion is not cancelled like the examples in Figure A.
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Figure C: “During Motion” DST plotat SpO, of 95%
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1949

Wood adds pressure capsule to squeeze
blood out of ear to obtain zero setting in
an effort to obtain absolute O, saturation
value when blood was readmitted.
Concept similar to today’s conventional
pulse oximetry but suffered due
to unstable photocells and light
sources. Not wused clinically.

1935

Matthes develops first 2-wavelength
ear O, saturation meter with red
and green filters, later switched to
red and infrared filters. First device
to measure O, saturation.

Civilization took 10 Thousand Years to Evolve...

1942 1964
Millikan develops optical blood Shaw assembles first absolute-
oxygen saturation method because reading ear oximeter by -

Air Force fighter pilots were
blacking out at high “G” forces.
Arterialized blood in ear by
heating, coined the term “oximeter”.

using eight wavelengths. " :
Commercialized by Hewlett AR Y

Packard, use was limited to —
pulmonary function and sleep

laboratories due to cost and size.




1981
In 1972, Aoyagi at Nihon Kohden
invents conventional pulse oximetry

using the ratio of red to infrared
light absorption of pulsating

components at the A
measuring site. It was &

commercialized by
BIOX/ Ohmeda in 1981
and Nellcor in 1983.
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Pulse Oximetry took only 60

In 1989, Diab and Kiani at Masimo Corporation

1998 invent Signal Extraction Pulse Oximetry which
' M ' enables the use of many breakthrough technologies,
v ASlMO SH- including parallel engines, adaptive filters, Discrete
° Saturation Transform, and Fast Saturation Transform,

to separate the arterial signal from the non-arterial noise (e.g. venous blood
movement during motion). The result was a pulse oximetry technology that has been
scientifically and clinically proven to be accurate during patient motion, and low
perfusion. In 1998, Masimo unveiled this breakthrough technology to clinicians. As
of today, more than 70% of the world’s pulse oximetry manufacturers have licensed
Masimo SET technology to make Signal Extraction Pulse Oximetry available to
clinicians worldwide.




Instruments and sensors containing Masimo SET technology are identified with the
Masimo SET logo. Look for the Masimo SET designation on both the tM \ SH’
sensors and monitors to ensure accurate pulse oximetry when needed most. \' AS'MO .
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