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APPARATUS AND METHOD FOR
MONITORING RESPIRATION WITH A
PULSE OXIMETER

FIELD OF THE INVENTION

The present invention relates generally to medical diag-
nostic instruments and, more specifically, to the field of
photoplethysmography and using a plethysmographic sys-
tem to monitor secondary physiological processes based on
a plethysmographic signal.

BACKGROUND OF THE INVENTION

During many medical procedures, especially surgical
procedures, it is desirable to monitor the functioning of a
patient’s cardiopulmonary system (i.e., the heart and lungs)
to determine a patient’s current condition. Various methods
for measuring physiological functioning of the cardiopul-
monary system exist. Lung functioning may be monitored
through the frequency of a patient’s respiration using, for
example, respiration sensors based on thermistors placed in
the respiratory path in front of the mouth and/or nose or
breathing belts applied around the chest and abdomen for
mechanical pulmonary monitoring. Additionally, a patient’s
heart may also be monitored during a given procedure.
Again, numerous methods exist for monitoring a patient’s
heart rate from manually checking with a stethoscope to the
use of pressure transducers applied to the skin. A disadvan-
tage of such cardiopulmonary measurement methods is that
a measurable respiratory movement and/or heart rate is by
no means a sign of effective cardiopulmonary operation. For
example, in cases where there are obstructions in the respi-
ratory pathway or uncoordinated, out of phase chest and
abdominal respiration, a patient may be breathing and their
heart may be beating, but oxygen is not being efficiently
transferred to their bloodstream. Therefore, it is often desir-
able to monitor a patient’s blood oxygen saturation levels to
assure that effective cardiopulmonary functioning is occur-
ring.

Blood oxygen saturation (SpO,) levels of a patient’s
arterial blood may be monitored using a pulse oximeter,
which typically measures the absorption of red and infra red
light applied to a patient’s tissue by oxygenated hemoglobin
and deoxygenated hemoglobin in the blood. Pulse oximeters
commonly comprise a sensor that is releaseably attached to
a patient’s appendage, such as a finger, ear lobe or nasal
septum, for a given medical procedure. The sensor typically
includes a detector and at least one red light source and one
infrared light source that may be focused on or through a
patient’s tissue. The detector detects the light that reflects
from or passes through the patient’s tissue. This light
detector, typically a photodetector, produces what is termed
a “plethysmographic signal” indicative of the light attenu-
ation caused by the absorption, reflection and/or diffusion
due to the tissue on which the light is directed. This
measured absorption data from the plethysmographic signal
allows for the determination of the relative concentration of
de-oxyhemoglobin (RHb) and oxyhemoglobin (HbO,) and,
therefore, (Sp0,) levels, since de-oxyhemoglobin absorbs
more light than oxyhemoglobin in the red band and oxyhe-
moglobin absorbs more light than de-oxyhemoglobin in the
infrared band, and since the absorption relationship of the
two analytes in the red and infrared bands are known. See,
for example, U.S. Pat. Nos. 5,934,277 and 5,842,979.

As may be appreciated, in order to accurately monitor a
patient’s cardiopulmonary functioning, it is often necessary
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2

to use a combination of three separate monitors, a pulse
oximeter, a respiratory monitor and a heart rate monitor.

SUMMARY OF THE INVENTION

A primary objective of the present invention is to use
plethysmographic signals to monitor a secondary physi-
ological process of the patient such as respiration or heart
rate.

A related objective is to use optical signals to monitor a
patient’s respiration rate.

A further related objective is using multi-channel optical
signals transmitted through a patient’s tissue to monitor
respiration rate.

Another objective is using plethysmographic signals
obtained during a given time period to monitor both blood
oxygenation and respiration rate.

A further objective of the present invention is to provide
a practical algorithm for monitoring variations in a blood
analyte composition that are indicative of a patient’s respi-
ration.

In accordance with the above objectives, the inventor has
recognized that the signals produced by various monitoring
devices for monitoring physiological processes of the human
body typically include minor variations which are indicative
of a secondary physiological processes. In particular, the
inventor has recognized that plethysmographic signals con-
tain two components of interest which each may contain
minor variations indicative of secondary processes occur-
ring in and/or affecting the cardiopulmonary system. The
first component of interest is a low frequency or substan-
tially invariant component in relation to the time increments
considered for blood oxygen saturation calculations, some-
times termed the “DC component,” which generally corre-
sponds to the attenuation related to the non-pulsatile volume
of the perfused tissue and other matter that affects the
transmitted plethysmographic signal. The second compo-
nent sometimes termed the “AC component,” generally
corresponds to the change in attenuation due to the pulsation
of the blood. In general, the AC component represents a
varying wave form which corresponds in frequency to that
of the heartbeat. In contrast, the DC component is a more
steady baseline component, since the effective volume of the
tissue under investigation varies little or at a low frequency
if the variations caused by the pulsation of the heart are
excluded from consideration. However, the inventor has
recognized that the DC component does vary over a low
frequency and small amplitude and that this variation in the
DC component is generally attributable to changes in the
monitored tissue caused by spill-over effects of various
physiological processes of the body including cardiopulmo-
nary processes. Finally, the inventor has recognized that by
determining what causes a particular variation in the DC
component of the plethysmographic signal it may be pos-
sible to monitor a secondary physiological process such as
respiration in addition to blood oxygen levels while using a
pulse oximeter. Additionally, the inventor has realized the
advantages of being able to supply additional physiological
information regarding a patient’s health during a medical
procedure while reducing the number of monitors attached
to the patient.

One or more of the above objectives and additional
advantages are indeed realized by the present invention
where, in one aspect, an apparatus is disclosed to monitor at
least one secondary physiological process through variations
caused by that physiological process in at least a portion of
an optical signal used to calculate a value related to blood



US 6,709,402 B2

3

oxygenation levels. The apparatus comprises one or more
emitters for controllably emitting at least first and second
wavelengths of electromagnetic radiation onto or through a
portion of living tissue and a detector for detecting signals
relative to the transmitted first and second wavelengths of
electromagnetic radiation passing through or being reflected
from the tissue. The detector is further operable to produce
at least a first detector output signal indicative of the
electromagnetic radiation passing through or reflected from
the tissue. The apparatus also includes a processor which is
operative to produce a first output value related to blood
oxygen levels of the tissue through a mathematical compu-
tation using at least a portion of the detector signal corre-
sponding to each wavelength of electromagnetic radiation
applied to the tissue. Further, the processor is able to monitor
this first output related to the tissue’s blood oxygen levels
over a predetermined period to identify variations therein
that are indicative of a secondary physiological process.
Finally, the processor generates a second output signal
indicative of the secondary physiological process.

As will be appreciated, numerous physiological processes
of the human body are interrelated. In particular, the differ-
ent physiological systems of the body are often interrelated
such that a process in a first system may have a measurable
spill-over effect on a second system. These systems may
include, but are not limited to, the respiratory system, the
circulatory system, the central nervous system, the vasomo-
tor system, etc. For example, where a first physiological
process is related to the cardiovascular system, such as blood
pressure or pulse, it is common for there to be measurable
spillover effects (e.g., changes in blood pressure) in this
process caused by respiratory system processes such as
inspiration and expiration. Thus, by measuring spillover
effects caused by a second physiological process in a moni-
tored first physiological process, a second physiological
process may be simultaneously monitored.

With regard to the apparatus’ first emitter, a light emitting
diode (LED) may be used to produce first and second
wavelengths of electromagpetic radiation, or a separate LED
may be used for each separate wavelength of electromag-
netic radiation to be transmitted to the patient’s tissue. For
example, a first LED may be used to emit electromagnetic
radiation in the visible spectrum and a second LED may be
used to emit electromagnetic radiation in the infrared range.
However, it will be appreciated that the first and second
wavelengths of electromagnetic radiation may both be in or
outside of the visible spectrum so long as the wavelengths
are of sufficiently different frequencies such that absorption
rates of the tissue may be calculated.

The electromagnetic radiation applied to the tissue may
pass through the tissue to which it is applied, be reflected
back from the tissue, or in any suitable way interact with the
tissue such that the tissue modulates the signals received by
one or more detectors. These detectors will generally com-
prise one or more photodetectors which receive the electro-
magnetic radiation as an analog signal having both an AC
and DC component. The photodetector is operative to pro-
duce an output signal indicative of this electromagnetic
radiation for receipt by a processor. The output signal may
be a single multiplexed signal or a separate signal for each
wavelength of electromagnetic radiation applied to the tis-
sue. Generally the detector signal will reflect the AC and DC
components of the received analog signals. As will be
appreciated, the LED(s) and the photodetector(s) may be
incorporated into a single plethysmographic sensor which
may, for example, be attachable to a patient’s appendage
such as a finger, ear lobe, nasal septum, etc., or the sensor
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may attach to a body part such as a thigh, abdomen, etc. and
emit light into the tissue and then detect a portion of the
original signal reflected back by the tissue.

The processor of the inventive apparatus is operative to
receive the output signal(s) from the detector and use this
signal(s) to determine at least one value related to circula-
tory parameters. For example, by using a component of the
detector signal, the processor may be configured to monitor
a predetermined frequency range and determine a patient’s
pulse rate though variations in the amplitude of the signal.
In addition, by mathematically processing a first and second
portion of the detector signal corresponding to a portion of
each wavelength of electromagnetic radiation applied to the
tissue, a blood oxygen saturation level (SpO,) may be
determined using, for example, a look-up tables or appro-
priate algorithms. The processor may be further operative to
monitor this first value for variations such as periodic
increases or decreases which are caused by a secondary
cardiopulmonary process. Furthermore, the processor may
be operative to monitor these variations in a predetermined
frequency range, which may help isolate a particular sec-
ondary physiological process. For example, for respiration
where it can be expected that an adult patient will respire
between 0 and 30 times per minute a frequency range of 0
to 0.5 hertz may be monitored whereas for a newborn that
may respire 60 times or more per minute a frequency range
of 0 to 1.5 hertz may be monitored. Alternatively, the
processor may be configured such that it is able to isolate
(e.g., filter) and individually use either the AC component or
the DC component of the detector signal to perform the
above said functions such that a particular physiological
process may be better isolated.

In another aspect of the current invention, a method is
provided to monitor at least one secondary physiological
process through variations caused by that process in at least
a portion of an optical signal used to calculate a value related
to blood oxygenation levels. The method comprises the steps
of applying electromagnetic radiation of one or more known
wavelengths to a portion of tissue, detecting the intensity of
the electromagnetic radiation relative to that portion of
tissue, generating at least a first signal indicative of the
detected radiation, processing this signal(s) such that at least
a first value related to blood oxygen levels is produced, and
monitoring this first value over a predetermined time to
identify variations indicative of a secondary physiological
process. Finally, the method includes generating an output
signal indicative of the secondary physiological process.

The step of applying electromagnetic radiation may fur-
ther comprise controllably alternating one or more light
sources such that when a first light source is activated and
applied to the tissue, a second light source is deactivated and
has no effect on the tissue. Alternatively, the light sources
may be applied to the tissue simultaneously such that a
non-time division multiplexed signal will result at the detec-
tor. Additionally, the electromagnetic radiation may be
applied to the tissue in one or more ways. For example, the
electromagnetic radiation may be applied such that it travels
through a portion of the tissue (e.g., through a fingertip, ear
lobe, nasal septum, etc.) or the electromagnetic radiation
may be applied such that a portion of it is reflected from the
tissue. Accordingly, the step of detecting the electromagnetic
radiation may comprise receiving a portion of the applied
electromagnetic radiation after it passes through a portion of
the tissue or receiving a portion of the applied electromag-
netic radiation reflected from the tissue.

The step of processing may comprise using a portion of
the detected signal(s) for producing a first value related to
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blood oxygen levels. In particular, the detected signal(s) may
be filtered to isolate discrete portions of the signal. Once the
signals are filtered, values may be monitored in each of the
discrete signal portions such that a first blood oxygen related
value may be determined. Once a first value is determined,
it may be monitored for variations known to be associated
with a secondary process such as a cardiopulmonary pro-
cess. For example, in the case where the first value is a
patient’s HbO,/Hb ratio, an increase in the ratio over a
known time period may be indicative of respiration. As will
be appreciated, if a variation caused by respiration is iden-
tified in the ratio an output may be generated indicative of
respiration.

In another aspect of the present invention, an apparatus is
provided for monitoring respiration using optical signals to
identify changes caused by the respiration in values related
to blood oxygen levels. The apparatus comprises an emitter
for emitting first and second wavelengths of the electromag-
netic radiation to a portion of living tissue, a detector for
detecting the first and second wavelengths of electromag-
netic radiation as applied to the tissue and for producing a
detector signal indicative thereof, and a processor. The
processor is operative for filtering the detector signal such
that individual portions of the detector signal may be iso-
lated. The processor is configured to determine a value
related to blood oxygen levels in the monitored tissue
through mathematical computation using at least a first
portion of each filtered signal. Once the blood oxygen
related value is determined for the tissue, it may be
intermittently, periodically or substantially continuously
monitored to determine increases and decreases which are
indicative of the patient’s respiration. Finally, upon deter-
mining changes in the blood value indicative of respiration,
the processor may generate an output signal showing a
patient’s respiration frequency.

The apparatus may contain a number of electromagnetic
radiation emitting devices for emitting radiation to the
portion of living tissue. Again, these may comprise light
emitting diodes (LEDs) which may emit clectromagnetic
radiation in the visible light range and/or the near infrared
range. The radiation emitted by these emitters will generally
be detected by a photodetector capable of detecting radiation
in the applied wavelengths and further capable of producing
an output signal indicative of the electromagnetic radiation
passing through or reflected from the tissue for each wave-
length. The electromagnetic radiation passing through or
reflecting from the tissue will generally comprise an AC and
a DC component. Therefore, the signal produced by the
detector will contain an AC and a DC component.

Once the detector produces the detector output signals,
they may be received by the processor and its filtering
module such that one or more portions of each signal may
be isolated. For example, if the detection signals contain
both an AC and DC component, the filtering module may be
operable to remove and/or isolate either the AC or DC
component. Additionally, the filter may comprise a band-
pass filter which is capable of isolating portions of the
detected signals according to frequency. As will be
appreciated, the AC component is typically a higher fre-
quency component than the DC component, therefore a
high-pass filter may be used to remove the AC component
from the detected signal.

The processor is further configured to determine blood
analyte values related to the blood oxygen levels of the
monitored tissue through a mathematical computation using
at least a first portion of the first filtered signal and a first
portion of the second filtered signal. For example, the
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6

processor may be configured such that it is able to determine
values related to the Ratio of Ratios that is conventionally
used in determining oxygen saturation levels. As will be
appreciated, by using the filtered signals which may only
contain a DC or AC component, the oxygen saturation level
determined will be related only to that component. For
example, the DC component of the detected electromagnetic
signal represents the detected portion of the electromagnetic
radiation as applied to the tissue as a whole where the AC
portion represents the variation in volume in that portion of
tissue due to variation in blood volume caused by the pulse.
Therefore, by using the DC signal, the blood analyte values
in the tissue independent of the pulsatile AC component may
be determined.

Once the blood oxygen analyte related values are deter-
mined for the desired component (e.g., AC or DC) of the
detected signals, this value may be monitored for increases
and decreases indicative of respiration. For example,
increases in blood oxygen levels over a predetermined
frequency range may be correlated with known physiologi-
cal effects caused by respiration. More particularly,
increases in the ratio of oxygenated hemoglobin over deoxy-
genated hemoglobin over a frequency of 0 to 0.5 hertz may
be caused due to inspiration (breathing in), which has the
effect of lowering the amount of venous blood in the tissue
and thus increases the ratio of arterial (oxygenated) blood to
deoxygenated blood in the tissue.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a photoplethys-
mographic system in accordance with the present invention;

FIG. 2 shows an exemplary ‘raw’ photoplethysmographic
waveform for a red and infrared channel;

FIG. 3 shows a filtered DC component of a photoplethys-
mographic waveform for a red and infrared channel;

FIG. 4 is a flow chart illustrating a method in accordance
with the present invention.

DETAILED DESCRIPTION

The present invention relates to monitoring a secondary
cardiopulmonary process of the body through spillover
effects reflected in one or more signals analyzed with respect
to monitoring a first physiological parameter. More
particularly, the invention relates to monitoring a patient’s
respiration through variations caused thereby in a plethys-
mographic signal used for monitoring blood analyte con-
centrations related to blood oxygen saturation levels.

A pulse oximeter generally determines the saturation
value of blood by analyzing values related to the time-
varying signal attenuation characteristics of the blood. When
radiant energy passes through a liquid, certain wavelengths
may be selectively attenuated by the liquid. For a given path
length that the light traverses through the liquid, Beer’s Law
(the Beer-Lambert relation) indicates that a relative reduc-
tion in radiation power at a given wavelength is the inverse
logarithmic function of the concentration of the components
in the liquid that absorb that wavelength.

In general, pulse oximetry utilizes the relative difference
between the electromagnetic radiation attenuation of
de-oxyhemoglobin, RHb, and that of oxyhemoglobin,
HbO,. The electromagnetic radiation attenuation of RHb
and HbO, are characteristically tied to the wavelength of the
electromagnetic radiation traveling through them. As known
by those skilled in the art, de-oxyhemoglobin molecules
absorb more red light than oxyhemoglobin molecules and
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the absorption of infrared electromagnetic radiation is sub-
stantially unaffected by the presence of oxygen in the
hemoglobin molecules. Thus, both RHb and HbO, absorb
electromagnetic radiation having a wavelength in the infra-
red (IR) region to approximately the same degree; however,
in the visible region, the light absorption coefficient for RHb
is quite different from the light absorption coefficient of
HbO, because the HbO, absorbs significantly more light in
the visible spectrum than RHb.

In the practice of pulse oximetry, the oxygen saturation of
hemoglobin in the blood is determined by illuminating a
volume of intravascular blood with electromagnetic radia-
tion of two or more selected wavelengths, detecting the
time-varying electromagnetic radiation intensity transmitted
through or reflected by the intravascular blood, and calcu-
lating oxygen saturation values for a patient’s blood by
applying the Lambert-Beer transmittent law to the detected
transmitted or reflected electromagnetic radiation intensity
at the selected wavelength.

FIG. 1 generally illustrates a pulse oximetry system in
which the present system is implemented. In the application
of FIG. 1, a plethysmographic sensor 10 is interconnected to
a plethysmographic monitor 20 by a cable 30. In operation
of the system, the plethysmographic monitor 20 may com-
prise a processor 21 that triggers light source drivers 22 to
transmit drive signals via cable 30 to light sources 12, 14
and/or 16 comprising sensor 10. In turn, light sources 12, 14
and/or 16 emit light signals at different corresponding cen-
tered wavelengths. By way of example, in the system
application shown in FIG. 1, light sources 12 and 14 may
illuminate a patient’s tissue such as a fingertip under test.
Upon tissue illumination, a photodetector 18 comprising
sensor 10 may detect the intensity of light transmitted
through the tissue under test and provide a corresponding
output signal. Generally, in photoplethysmographic
measurements, light sources 12, 14 and/or 16 will comprise
light emitting diodes (LEDs) with at least a first LED
emitting light in a frequency in the infrared range and at least
a second LED emitting light in the red range of the visible
light spectrum. It will be appreciated that the sources 12, 14
and 16 and/or the detector may be located in the monitor 20
or within the cable 30 rather than in the sensor 10 as
illustrated.

The signal produced by the photodetector 18, typically a
multiplexed analog signal, includes portions indicative of
the intensity of the red and infrared electromagnetic radia-
tion that passed through or was reflected from the tissue.
These portions may be segregated using sampling devices,
such as a filter 23 or demodulating modules, which may be
embodied in hardware or software, so as to provide separate
signals representing the red and infrared light transmission
of the body’s structure, as will be more fully discussed
below. Additionally, the electromagnetic radiation or ‘light’
received by photodetector 18 comprises an analog signal
that includes both an AC and a DC component for each
wavelength of light emitted through the tissue. The AC
component of the received signal reflects the varying optical
absorption by the blood due to the variances in the volume
of the blood present in the tissue. As will be appreciated this
variance is caused by the pulsatile flow of the blood in the
body due to the beating of the heart. When the heart beats,
the volume of blood in a patient’s arteries and veins
increases slightly, increasing the total volume of blood and
tissue through which the emitted light must pass. This
increase in blood volume causes more of the emitted light
signal to be absorbed and thus decreases the intensity or
amplitude of the signal passing through the tissue.
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Additionally, the properties of arterial and venous blood in
the tissue vary in relation to the pulse cycle. The signal
received by the photodetector also includes a DC component
related to light absorption of the tissue, bone, venous blood,
capillary blood and no-pulsatile arterial blood (hereinafter
tissue). As will be appreciated, this tissue volume is con-
siderably larger than the varying volume of arterial blood
contained therein, therefore, the DC component of the
attenuation signal is considerably larger than the AC com-
ponent. Additionally, since the volume of the tissue in
absence of the pulsatile flow remains fairly constant the DC
component is often termed an invariant component.
However, the volume of this tissue, and therefore the DC
component of the signal does vary slightly over a low
frequency. This variance is caused by one or more physi-
ological processes independent of the pulsatile flow, as will
be discussed more fully herein. The oximeter may include a
number of additional components not illustrated including
amplifiers, an analog-to-digital converter and other compo-
nents for conditioning the signal.

FIG. 2 illustrates a red and infrared waveform represent-
ing the signals received by photodetector 18. These
waveforms, called plethysmographic waves have a pulsatile
nature and represent a ‘raw’ plethysmographic signal which
show the intensity or absorption of the light passing through
the tissue over time. In order for the monitor 20 to produce
these waveforms for the display 24, the analog signals
received by the photodetector 18 have to be converted to
digital signals. This is accomplished using an analog to
digital (A/D) converter, which produces a digital represen-
tation of the analog signals. This A/D converter 28 is
operatively disposed between the detector 18 and the pro-
cessor 21. The pulses in each of the signals represent the
rising and falling intensity or attenuation of the light trans-
mitted through or reflected by the tissue caused by the
beating of the heart. Each time the heart pulses, the amount
of blood in the tissue increases, increasing the amount of
light absorbed therein and causing a lowered intensity
reading in the plethysmographic signals. As the blood ves-
sels relax between heartbeats, the amount of blood in the
tissue is reduced and less light is absorbed. It should be
noted that since the red and infrared light pass through
substantially the same tissue the photoplethysmographic
waveforms for the red channel will be shaped nearly iden-
tical to those in the infrared channel, only the amplitude of
the red and infrared signal will significantly differ.
Additionally, as shown in FIG. 2, the plethysmographic
wave for each the red and infrared wavelength is a combi-
nation of the AC and DC component and that, as shown, a
large base portion of the DC component has been removed
such that the amplitude changes of the plethysmographic
signal may be better shown. These changes in amplitude
correspond with the pulse rate of the patient, which may be
readily determined from this raw plethysmographic signal.
The AC and DC components of each of the plethysmo-
graphic waves may be separated (i.c., filtered) from one
another such that these components may be individually
monitored.

FIG. 3 shows an infrared and red plethysmographic wave
in which the AC component has been filtered off, leaving the
DC baseline signal. As shown in FIG. 3, the amplitude of the
DC signal varies slightly over time even with the pulsatile
AC component removed from the plethysmographic signal.
This slow change in amplitude is caused by gradual changes
in the thickness of the measured tissue (for example, a
fingertip), which causes a variance in amount of light
absorbed in the tissue. Three non-pulsatile factors are known
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to cause these slow variances in the DC component of the
plethysmographic wave, namely the Maver wave,
respiration, and, to a smaller extent, temperature changes
within the tissue. Generally, variance in temperature in the
tissue occurs at such a low frequency that it is easily
distinguishable from the effects of respiration and the Mayer
wave on the plethysmographic wave. However, the Mayer
wave, as will be discussed herein, varies on a frequency
similar to that of the respiration, which makes it difficult to
isolate variances in the raw plethysmographic signal caused
solely by the Mayer wave or solely by respiration.

The Mayer Wave:

The Mayer wave is generally considered to be an isolation
of the pressure reflex control system. It is attributed mainly
to the baroreceptor reflex (i.e., a neural receptor as in the
arterial walls, sensitive to changes in pressure) and is
associated with the autonomic nervous system (ic., the
vasomotor center). The Mayer wave in general causes
variations in arterial blood pressure, heart rate and/or vaso-
constriction which cause a variation in the blood volume of
the patient’s tissue. This variation in the tissue is seen in the
plethysmographic signal as a change in the DC value due to
increased/decreased light absorption by the varying tissue
volume. The cycle of the Mayer wave is as follows: the
baroreceptors sense an increase in pressure which inhibit the
sympathetic nerve system which, in turn, reduces the pres-
sure. This pressure drop causes the baroreceptors to excite
the sympathetic system, the blood pressure rises, and the
cycle starts over again. The response of the pressure to the
reflex is not instantaneous; the period of the Mayer wave is
generally held to be between six and twenty seconds in
humans, or around 0.05 to 0.15 hertz. The Mayer wave can
affect the blood pressure within the arteries and veins by as
much as 40 milligrams of mercury (40 mm Hg.) However,
the strength of the Mayer wave varies between individuals,
generally decreases with age, and increases upon concen-
tration.

Respiration:

Respiration also causes changes in the heart rate,
vasoconstriction, arterial blood pressure and/or venous
blood pressure, which can also affect the DC component of
a plethysmographic wave by increasing or decreasing the
amount of tissue the light signals pass through. The gener-
ally accepted effect of respiration on arterial pressure is a
rise in pressure during the early part of expiration (exhaling),
and a falling pressure during the remainder of the respiratory
cycle, which can cause blood pressure to rise and fall by as
much as 20 milligrams of mercury (20 mm Hg.) Respiration
can be expected to occur between 0 and 30 times per minute
with a typical adult resting respiration cycle being between
4 and 12 breaths per minute or from 0.07 to 0.2 hertz. The
changes caused by respiration in heart rate and vasocon-
striction are generally considered to be a spillover from the
central nervous center to the vasomotor center which cause
the same effects as the Mayer wave. The frequencies of the
Mayer wave and respiration may overlap and have similar
effects on blood pressure. Therefore, the effects of the Mayer
wave and respiration on the volume of blood in the tissue
may cancel one another out leaving no indication that they
occurred at all in the raw DC waveform. For example if the
Mayer wave causes the baroreceptors to inhibit the sympa-
thetic nerve system which, in turn, reduces blood pressure
while a patient is expiring which causes an increase in
pressure, the effects of the two actions may cancel one
another out as far as changes in the volume of tissue are
concerned. Therefore it becomes difficult if not impossible
from a raw plethysmographic signal the effects caused solely
by respiration and the effect caused solely by the Mayer
wave.
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Though similar in their effects on the body, there are
differences between the effects of the Mayer wave and
respiration. In respiration, the changes in arterial blood
pressure and/or venous blood pressure are caused mainly by
thoracic pressure changes. As will be appreciated, thoracic
pressure changes are caused by the expansion and contrac-
tion of the chest cavity (i.e., thorax) during respiration.
Changes in thoracic pressure due to respiration cause accu-
mulation of blood in the vessels inside the chest wall during
inspiration (inhaling). The blood pressure change is gener-
ally considered to originate from decreased left ventricular
filling during inspiration and increased filling during expi-
ration. The venous pressure and thus the venous filling,
changes as a direct result of the sucking of blood towards the
chest during inspiration and the expulsion of blood from the
chest during expiration. This sucking of blood into the chest
causes a change in the amount of venous blood in the tissue
but does not affect the amount of arterial blood in the tissue.
Therefore, respiration causes a variation in the ratio of
arterial blood over venous blood in the tissue. In contrast the
variation in arterial blood pressure, heart rate and/or vaso-
constriction caused by the Mayer wave, has no independent
effect on venous blood in relation to arterial blood. In fact,
changes in heart rate, blood pressure, and/or vasoconstric-
tion generally affect both the arterial and venous blood in
approximately the same way, keeping their relative amounts
(i.c., ratio) more or less constant. Therefore, the Mayer wave
does not affect the ratio of arterial blood over venous blood
in the tissue. Accordingly, by monitoring this ratio for
changes over a frequency corresponding with respiration,
respiration may be monitored using a pulse oximeter.

The ratio of venous blood to arterial blood is difficult or
substantially impossible to measure from the raw plethys-
mographic signal, therefore, in order to determine this ratio
the raw signal must be processed. Assuming the oxygen
saturation of the incoming blood and oxygen consumption in
the tissue are constant, the ratio of arterial blood over venous
blood will be proportional to the oxyhemoglobin over the
de-oxyhemoglobin (HbO,/Hb) concentration ratio of the
tissue as a whole since, typically, arterial blood is oxygen
rich and venous blood is oxygen depleted. Therefore,
changes in the arterial blood over venous blood ratio can be
monitored by measuring changes in the above ratio. For
example, the HbO,/Hb ratio will rise during inspiration and
fall during expiration over a cycle frequency between 0 and
1.5 hertz.

Derivation of an Algorithm for Monitoring HbO,/Hb in
the Tissue as a Whole:

The microprocessor uses the separated DC component of
the measured signals to calculate the ratio of oxygenated
versus deoxygenated blood. By using only the DC compo-
nent of the plethysmographic signal, the oxygenated versus
de-oxygenated blood ratio will be calculated for the tissue as
awhole. Using the Lambert-Beer law, the absorption of light
with a first wavelength A, and an absorption coefficient ¢,
is as follows:

!
[10g1—} = —[@1p02(HbO2) + a1y (HD)|L
o I
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solving for the HbO,/Hb ratio:
HbO, -1 [1 1} @i @
=— " llog—| -
Ho ~ aumorli0)| °I, o 1Hb02

For a second wavelength b, and an absorption coefficient
oy
HbO, -1 [1 1} Ly 3
= llog—| -
Ho ~ awmporl(HD)| Cl, o ©2UHbO2

As will be appreciated, the length will be the same for each

equation since both wave lengths of light travel through the

same portion of tissue. Rearranging the above equation and
@2Hp

solving:
1 I
+ } / { (Log—l }
@np02 ) |\ @2mp02 I

Substituting this value into the equation (2) and reducing:

@

-1 [HbO,
LiHb) ~ | Hb

HbO,

Hb oz — Comp02Q

®)

@oppQ — U1y

Where

O=log(Ill,),.1/logU/1,)s. (0)
Allowing h, to be red light and %, to be infrared light, the
final result is:

HbO,

Hb  Creanvor — ¥irup02Q

O

iripQ ~ redtip

where:

Q=logll,),eqlogll,) ®

Practical Algorithm to Calculate HbO,/Hb in the Tissue as
a Whole:

Because I, is generally unknown, Q is not calculated
directly. Rather, to determine the ratio of oxyhemoglobin to
de-oxyhemoglobin the ratio is expressed in terms which may
be measured. A method used in arterial blood saturation (i.e.,
the AC component) calculations to solve this problem is
differential absorption. In differential absorption
calculations, another representation of Beer’ law is used:

I=l, exp(—ed)tm (9)

where € is the extinction coefficient (i.e., color) of the blood
and d is the volume of arterial blood. Again we have I,
which is unknown, however by taking the derivative of the
above equation the change in intensity over the measured
intensity can be determined:

Al (10)

~—g-Ad
1

As the change in the amount of arterial blood (Ad) is the
same for both wavelengths it will cancel out in subsequent
calculations and need never be directly measured. However,
since the DC component is used Ad is not the change in
arterial blood due to pulse, but the slow change in the tissue
volume due to respiration and the Mayer wave.
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The Ratio of Ratios is a variable used in calculating blood
oxygen saturation levels in the blood of a patient and may be
calculated using instantaneous differential values or peak-
to-trough measurements of the red and infrared waveforms.
Instantaneous differential values are determined in relation
to two or more proximate samples for each channel. Peak-
to-trough measurements are obtained by taking the natural
logarithm of the ratio of the peak value of the red plethys-
mographic signal divided by the valley measurement of the
red plethysmographic signal. The aforementioned value is
then divided by the natural logarithm of the ratio of the peak
value of the infrared plethysmographic signal divided by the
value of the valley measurement of the infrared plethysmo-
graphic signal, or vice versa. In either case, the signals may
be measured several times over a given time period and
averaged or regression analysis may be performed to obtain
the desired ratio of ratios. However, when using differential
absorption, the same Ratio of Ratios may be expressed as:

k=7, /7,

(11)

Therefore, R can be derived by taking the derivative of the
Beer Lambert Function without the use of logarithms. Plug-
ging in the differential absorption as Al/l=eAd for each
wavelength (change in volume (Ad) is the same for both
wavelengths and therefore cancels) and assuming HbO,+
Hb=1, leads to:

_ &t _ eumo2(HbO2) + e1yp(HD) (12)

R= L o S0 P00 T EwnplY]
22 £2mp02(HbOy) + £, (HD)

Rearranging and solving the equation:

HbO,  eiyp — Rea
Hb  Reampor — 1mp02

(13)

As will be appreciated, all the variables in equation (13) may
be determined by processing the plethysmographic signals
that pass through the tissue in any of several ways known to
those skilled in the art. For example, the extinction coeffi-
cients may be determined (using logarithms or derivatives)
to solve equation (9) for each wavelength as taught by Mortz
U.S. Pat. No. 5,934,277. Alternatively, the processor may
store look-up tables that contain extinction curves for RHb
and HbO, versus the center wavelengths of the light emitted
through the patient’s tissue as taught by Jarman U.S. Pat.
No. 5,842,979. The Ratio of Ratios may be calculated using
the natural logarithmic method described above using the
peaks and valleys of the DC components of the plethysmo-
graphic signals. By monitoring the resulting value of equa-
tion (13) over a predetermined time period (i.e., frequency)
for cyclical variations, it is possible to monitor respiration
using plethysmographic signals. For example, the resulting
value may be plotted versus time such that a respiratory
wave may be produced.

Referring to FIG. 4, a method of monitoring respiration
with a pulse oximeter according to the present invention is
set forth. As described above, the first step is to illuminate
(200) the tissue of the subject with a plurality of light signals
emitted at different corresponding centered wavelengths. In
order to determine the volume and/or the color of the blood
in the tissue at least two light sources having different
centered wavelengths are utilized. Preferably a first light
source will have a first wavelength in infrared range and a
second light source will have a second wavelength in the red
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range. The intensity of the light transmitted through or
reflected from the tissue under test is measured (202)
through the use one or more photodetectors which produces
a signal corresponding to the intensity of the light it receives.
This signal may comprise a single multiplexed signal which
represents the intensity of both the first and second wave-
lengths of light transmitted relative to the tissue or separate
signals for each wavelength. This intensity measurement
(i.e., detector signal), represented in an analog form, is
transmitted (204) to the plethysmographic monitor. Once
received by the monitor, the analog signal is converted (206)
into a digital equivalent using an analog to digital (A/D)
converter, which may be part of the probe interface with the
monitor. The resulting digital signal(s) is stored by the
monitor and manipulated by the processor according to
instructions stored therein. In particular, the digital signal is
filtered (208) such that the infrared and red waveforms are
separated from one another so they may be individually
monitored. Once the red and infrared waveforms are sepa-
rated from one another, the Blood Oxygen Saturation Level
of the tissue may be calculated (210) by calculating the Ratio
of Ratios from the peaks and valleys of the red and infrared
waveforms as known in the art. More preferably, the Ratio
of Ratios may be calculated based on instantaneous differ-
ential values and multiple values may be analyzed in a
regression analysis to obtain a result related to blood oxy-
genation. The red and infrared waveforms are further filtered
(212) to separate the AC and DC components contained
therein. Once the DC component of both the red and infrared
waveforms is available, the processor may begin taking
samples over predetermined time period from these wave-
forms. From these sample or data points, the processor is
able to calculate (214) the DC component Ratio of Ratios by
taking an average of the peak and valley values of the red
and infrared DC waveforms or other differential values over
a predetermined time period and performing logarithmic
computations with these values. In addition, the processor is
configured to calculate (216) the extinction coefficients for
both the red and infrared waveforms for the HbO, and the
RHD. Once a DC component Ratio of Ratios and extinction
cocfficients are calculated, the processor calculates (218) the
HbO,/Hb ratio and produces an output indicative thereof.
For example, the monitor may plot this ratio versus time
such that a respiration wave is produced. The respiration
wave in this instance will comprise a cyclical waveform
increasing and decreasing with the respiration cycle.
Accordingly each peak to peak or valley to valley measure-
ment would correspond with a full respiratory cycle that
may be easily monitored (220) along with blood oxygen
saturation levels typically taken by the pulse oximeter. It will
be appreciated that other waveform related analysis may be
utilized to obtain respiration information.

While various embodiments of the present invention and
then described in detail, is apparent to further modifications
and adaptations of the invention will occur to those skilled
in the art. However, it is to be expressly understood that such
modifications and adaptations are within spirit in scope of
the present invention.

What is claimed:

1. Amethod for monitoring a patient’s respiration through
changes in the patient’s blood concentrations, said method
comprising the steps of:

monitoring a portion of perfused tissue to obtain at least

one plethysmographic signal,

processing said at least one plethysmographic signal to

obtain pulsatile AC signal component information and
substantially non-pulsatile DC signal component
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information, wherein said non-pulsatile DC signal
compornent information reflects a variability separate
from a pulse of a patient;

determining a relative concentration of arterial blood and

venous blood in said tissue based on said DC signal
component information; and

monitoring said relative concentration of arterial and

venous blood based on said DC signal component
information over time to determine a respiration fre-
quency from increases and decreases in said relative
concentration.

2. The method of claim 1, wherein said step of monitoring
said relative concentration of venous and arterial blood is
performed non-invasively.

3. The method of claim 2, wherein said step of non-
invasively monitoring is performed photoplethysmographi-
cally.

4. The method of claim 3, wherein said step of photopl-
ethysmographically monitoring further comprises the steps
of:

applying electromagnetic radiation of at least two wave-

lengths to said portion of tissue;

detecting signals for each said wavelength applied to said

portion of tissue; and

obtaining said substantially non-pulsatile DC signal com-

ponent information for each of said at least two wave-
lengths.

5. The method of claim 1, wherein said step of determin-
ing a relative concentration further comprises:

determining a first quantitative value associated with

arterial blood in said tissue; and

determining a second quantitative value associated with

venous blood in said tissue.

6. The method of claim 5, wherein said first quantitative
value is associated with oxygenated hemoglobin (HbO,) and
said second quantitative value is associated with
de-oxygenated hemoglobin (Hb).

7. The method of claim, 6 wherein said relative concen-
tration is a ratio HbO,/Hb of said oxygenated hemoglobin
and said de-oxygenated hemoglobin.

8. The method of claim 7 wherein said ratio is calculated
using the following:

HbO, 1y — Reaup
Hb ™ Reaypor — £10p02

wherein, €, 5, and €, represent extinction coefficients of
said de-oxygenated hemoglobin for a first and second
wavelengths of said signal plethysmographic,
respectively, and €;4,0, a0d €, 550, represent extine-
tion coefficients of said oxygenated hemoglobin for
said first and second wavelengths of said plethysmo-
graphic signal, respectively, and R represent the ratio of
ration for said plethysmographic signal.

9. The method of claim 1, wherein said relative concen-
tration is monitored for said variations over a frequency
range of 0 to 1.5 hertz.

10. An apparatus for monitoring respiration, using optical
signals to identify changes in values related to blood oxygen
levels caused by said respiration, said apparatus comprising:

at least a first emitter for controllably emitting at least first
and second wavelengths of electromagnetic radiation to
a portion of living tissue;

a detector for detecting signals relative to said emitted
first and second wavelengths of said electromagnetic
radiation and producing a detector signal indicative
thereof; and
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a processor operable to receive said detector signal, said

processor further operable for:

processing said detector signal to obtain pulsatile AC
signal component information and substantially
invariant DC signal component information; and

using said DC signal component information to deter-
mine a quantitative value related to a ratio of arterial
blood to venous blood of said tissue, wherein said
non-pulsatile DC signal component information
reflects a variability separate from a pulse of a
patient;

monitoring said value to determine variations in said
ratio over a predetermined frequency range indica-
tive of respiration; and

generating an output signal indicative of respiration.

11. The apparatus of claim 10, wherein said at least a first
emitter comprises at least a first light emitting diode.

12. The apparatus of claim 11, further comprising a first
and second light emitting diode for emitting electromagnetic
radiation in the visible and infrared range respectively.

13. The apparatus of claim 10, wherein said processor
monitors said value over a predetermined time cycle for
changes in said value indicative of respiration.

14. The apparatus of claim 13, wherein said predeter-
mined time cycle is from 0 to 1.5 hz.

15. The apparatus of claim 10, wherein said quantitative
value includes a first value associated with oxygenated
hemoglobin (HbO,) and a second value associated with
de-oxygenated hemoglobin (Hb).

16. The apparatus of claim 10, wherein said ratio is
calculated using the following:

HbO;

Hb  Reapor — E1mp02

e14p — Reapp

wherein, €, 5, and €, ., represent extinction coefficients of
said de-oxygenated hemoglobin for a first and second
wavelengths of said plethysmographic signal,
respectively, and €770, and €,,0- rEPresent extine-
tion coefficients of said oxygenated hemoglobin for
said first and second wavelengths of said plethysmo-
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graphic signal, respectively, and R represent the ratio of
ration for said plethysmographic signal.
17. A method for monitoring a patient’s respiration
through changes in the patient’s blood concentrations, said
method comprising the steps of:

applying first and second optical signals to a portion of
tissue, wherein said first and second optical signals
have different wavelengths;

detecting said first and second optical signals as modu-
lated by said tissue and generating a detector signal
representative of said first and second optical signals;

processing said detector signal to obtain first and second
DC signal components corresponding with said first
and second optical signals;

determining a relative concentration of arterial and
venous blood in said tissue based on said first and
second DC signal components; and

monitoring said relative concentration to identify a varia-

tion associated with respiration.

18. The method of claim 17, wherein monitoring com-
prises monitoring said relative concentration over a prede-
termined time cycle to identify said variation.

19. The apparatus of claim 18, wherein said predeter-
mined time cycle is from 0 to 1.5 hz.

20. The method of claim 17, wherein said step of deter-
mining a relative concentration further comprises:

determining a first quantitative value associated with
arterial blood in said tissue; and

determining a second quantitative value associated with

venous blood in said tissue.

21. The method of claim 20, wherein said first quantitative
value is associated with oxygenated hemoglobin (HbO,) and
said second quantitative value is associated with
de-oxygenated hemoglobin (Hb).

22. The method of claim, 7 wherein said relative concen-
tration is a ratio, HbO,/Hb, of said of oxygenated hemoglo-
bin and said de-oxygenated hemoglobin.
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