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(57) ABSTRACT

Detector signals in a pulse oximeter are analyzed to deter-
mine a quality of the signals in relation to desired informa-
tion content or artifact content. The analysis involves per-
forming a transform on a signal to obtain frequency related
information and analyzing the frequency related information
to obtain a value independent of a shape and waveform of a
spectrum of the time-based signal. The analysis involves
consideration of the relative phase of the fundamental and
harmonic components of a signal. Signals including desired
physiological information can be distinguished from artifact
affected signals. Based on this analysis, signals can be
validated or an appropriate processing algorithm can be
selected.
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RELATIVE PHASE ESTIMATION OF HARMONIC
FREQUENCY COMPONENT OF A
PLETHYSMOGRAPHIC WAVEFORM

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from U.S. Patent
Application No. 60/583,764, which was filed on Jun. 28,
2004 and is entitled VALIDATING PULSE OXIMETRY
SIGNALS IN THE POTENTIAL PRESENCE OF ARTI-
FACT. The entire disclosure of U.S. Patent Application No.
60/583,764 is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to improv-
ing the identification and use of pulse oximetry signals in the
presence of interfering content or artifact and, in particular,
to processes and associated structure for distinguishing
useful physiological information from artifact (from a physi-
ological or other source), and processing of such useful
information to obtain parameter information, such as oxygen
saturation, pulse rate and/or a plethysmographic waveform.
The invention includes processes and associated structure
for assessing the validity or otherwise assessing a signal
quality of received signals independent of the shape and
waveform of a spectrum, for example, using fundamental
and harmonic phase information, red and infrared spectral
energy information (e.g., tracked over time) and combina-
tions of the above.

BACKGROUND OF THE INVENTION

[0003] Current pulse oximeters generally at least obtain
two signals derived from the attenuation of red and infrared
light signals as they are passed through or reflected from a
patient tissue site, typically a finger, nasal septum or ear
lobe. A number of processing methods have been developed
in the industry in both time and frequency domains to obtain
both pulse rate information and the oxygen content (SpO2)
level of the arterial blood from the attenuated red and
infrared light signals. The attenuated red and infrared signals
show a pulsing waveform that is related to the heart rate of
the patient. These time domain signals, usually after some
filtering, are used for display of the pulse cycle and are
known as plethysmographic signals.

[0004] Measurement artifact including motion artifact and
other noise as well as certain information of physiological
origin, can interfere with accurate identification and mea-
surement of a pleth and, therefore, with accurate determi-
nation of pulse rate, arterial oxygen saturation and other
parameters. A number of approaches have been developed to
address such measurement artifact. Early approaches in this
regard attempted to compensate for measurement artifact to
a large extent without removing artifact from the signal
under analysis. For example, such approaches included
certain averaging techniques that damped measurement
spikes associated with noise episodes. Later approaches
involved weighted averaging whereby individual measure-
ments were weighted in accordance with an objective con-
fidence level related to the likely presence or absence of
artifact. These approaches reduced, to some degree, the
effects of artifact, but also had limitations, especially in the
cases of low perfusion and certain motion conditions.
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[0005] More recent approaches have attempted to reject
motion rather than compensate for motion in the calcula-
tions. These approaches generally involve identifying some
basis for distinguishing the pleth from measurement artifact
and then controlling a filter in accordance with this basis.
These approaches include saturation based filtering and
cardiac based filtering.

[0006] Saturation based approaches generally assume that
motion can be distinguished from instantaneous arterial
absorption changes without knowing the patient’s heart rate.
For example, it may be assumed, in accordance with a
saturation based approach that motion artifact is associated
with the movement of venous blood and, as a result, certain
correlation relationships between the red and infrared chan-
nel signals can be used to directly model and remove motion
artifact.

[0007] Cardiac based approaches generally assume that
artifact is random in spectral content or at least occurs to a
significant extent in frequency bands separate from the
patient’s heart rate. Therefore, if heart rate can be accurately
tracked, artifact can be addressed by filtering around the
heart rate and, perhaps, one or more harmonics thereof.

[0008] Additionally, some oximeter systems are designed
to process signals differently during motion episodes than
during periods of little or no motion. Such systems monitor
certain parameters believed to distinguish motion episodes
from periods of clean signals. That is, the signal is analyzed
to estimate a magnitude of artifact present. In this manner,
specialized motion processing can be tailored to periods of
potential motion. For example, motion processing may be
omitted during periods of little or no motion. In this regard,
periods of clean signals may be processed without concern
that good information will be lost due to motion processing.
In one system, implemented by Datex-Ohmeda, Inc., a
further distinction is made between clinical and severe
motion for optimized motion processing. Specifically, the
pulsatile or AC portion of the signal is used for oxygen
saturation calculations where motion is deemed low or
clinical, but the slowly varying offset or DC portion of the
signal is used, together with previously calculated values,
for severe motion environments.

[0009] Another proposed motion solution makes multiple
alternative calculations of the oxygen saturation and then
arbitrates between the resulting values to select a value
deemed best. Specifically, one calculation of arterial oxygen
saturation is obtained in conventional fashion using substan-
tially unfiltered data, and another is obtained by employing
frequency based filtering for discriminating between the
desired pleth and motion artifact. Certain assumptions are
then used to select between the candidate values.

SUMMARY OF THE INVENTION

[0010] Tt has been recognized that, due to the difficult
nature of perceiving photoplethysmographic signals through
artifact, it is useful to identify and characterize artifact
environments and to employ processing techniques depen-
dent on such artifact environments. In particular, in some
such environments, it may be preferred to process a current
AC portion of the signal to obtain the desired parameter
information whereas, in other environments, it may be
preferred to process a filtered AC portion of the signal or to
process a DC portion of the signal, to use previously
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obtained signal portions or to otherwise employ information
in place of or in addition to the current AC information.
Also, different processing domains or algorithms may be
employed depending on the artifact environment. In this
regard, the signal may be analyzed to characterize the signal
as likely including useful physiological information or likely
including substantial interfering content, and to quantify or
otherwise analyze such characteristics. Such an analysis
may be conducted, for example, to validate a signal for
further processing, to select a processing regime, to isolate
a signal portion of interest from artifact, to generate a
confidence factor, to modify the signal or filtering/process-
ing parameters, to generate an oximeter output or other
purposes.

[0011] In accordance with the present invention, informa-
tion independent of a shape and waveform of a spectrum of
a pulse oximeter signal is used to selectively process the
signal. A number of processing techniques have heretofore
been proposed or implemented for analyzing pulse oximeter
signals with respect to distinguishing desired physiological
signals from artifact. These have often involved analyzing
the shape or waveform of a power spectrum or spectra. For
example, the detector signal of the pulse oximeter is gen-
erally separated into red and infrared channels. These time-
based channel signals are then typically transformed into the
frequency domain and power spectra are generated. Param-
eters related to the shape of one or both of these spectra have
been utilized to distinguish useful physiological components
of interest from interfering information.

[0012] For example, the shape and/or spacing of spectral
peaks may be used to determine whether a signal under
analysis is likely a clean signal or an artifact affected signal.
Different processing may be used depending on the result of
this analysis. In other systems, the red and infrared spectra
have been analyzed to determine parameters related to the
correlation of the signals. Such analyses are, in effect,
comparative analyses of the shapes or waveforms of the
spectra. The result may be used, for example, to detect
probe-off conditions, to selectively filter artifact from a
desired pulsatile signal, or otherwise to identify and/or
discriminate artifact.

[0013] However, distinguishing useful physiological
information from interfering information based on spectral
shape or waveform information can be problematic for a
number of reasons. First, certain artifact can have significant
power in frequency bands that overlap the physiological
signal. As a result, associated spectral shape or waveform
algorithms may fail to distinguish useful information from
interfering information in a manner that results in overin-
clusion of interfering information or artifact affected signals.
Moreover, certain physiological conditions, such as a rap-
idly changing pulse or arrhythmia, may mimic interfering
effects as viewed in the spectral domain. Consequently,
associated spectral shape or waveform algorithms may fail
to distinguish useful physiological information from inter-
fering information in a manner that results in underinclusion
of useful physiological information. It will be appreciated
that other difficulties exist in this regard.

[0014] Thus, in accordance with one aspect of the present
invention, a method and apparatus (“utility”) is provided for
distinguishing useful physiological information from inter-
fering information independent of the shape and waveform
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of a spectrum. The utility involves: obtaining a time-based
signal representative of optical signals potentially including
physiological information based on interaction with a
patient; performing a transform on the time-based signal to
obtain frequency-related information; performing an analy-
sis on the frequency related information to obtain a value
independent of a shape and waveform of a spectrum of the
time-based signal; and using the value to determine a quality
of the signal in relation to physiological information content
and/or artifact content.

[0015] For example, the step of obtaining a time-based
signal may involve operating a processor to receive digital
information corresponding to the red and infrared channels
of a detector of a pulse oximeter system. In this regard, the
detector signal may be amplified, filtered, converted to
digital form and otherwise conditioned upstream from the
processor or certain of these functions may be performed in
whole or in part in the logic of the digital processing unit. It
will be appreciated that the time-based signal is generally a
timed series of values corresponding to the detected inten-
sity of the optical signals. The transform may be a Fast
Fourier Transform or the like for converting a time-based
signal into the frequency domain. Depending on the imple-
mentation, a power spectrum may be computed or the
transform frequency domain information may be used with-
out computing a power spectrum, e.g., to retain phase
information.

[0016] Various types of analyses may be performed in
accordance with the present invention including various
multi-component analyses. In one implementation, such
multiple components include relative amplitude or power
measures of the red and infrared spectra. For example, the
ratio of the amplitude of the fundamental peak in the red
spectrum and the amplitude of the fundamental peak in the
infrared spectrum may be tracked over time. It has been
observed that this ratio remains relatively constant in the
case of useful physiological information, but tends to be
more erratic in the case of interfering information. Thus, by
tracking such a ratio or related values, a reliable indication
can be obtained that the signal includes useful physiological
information even though the shape or waveform of the
spectrum may vary, for example, due to changing pulse rate
or arrhythmia. Thus, the corresponding signal can be vali-
dated for use in particular processing regimes for calculating
physiological parameters of interest.

[0017] Alternatively, the multi-component analysis may
involve consideration of the phase of the fundamental and
harmonic components. Specifically, the transform frequency
information can be utilized without computing a power
spectrum to retain phase information. The phase of the first
harmonic component can then be measured in relation to the
fundamental frequency to obtain relative phase information.
Such phase information can be used to distinguish signals
that likely include useful physiological information from
signals that may be artifact affected. Additionally or alter-
natively, such relative phase information may be used to
more accurately display a plethysmographic waveform gen-
erated using information that has been filtered by a bandpass
filter to selectively pass the fundamental frequency of the
detector signal. It will be appreciated that other uses are
possible for such phase information.
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[0018] The quality of the signal may be used to implement
appropriate artifact processing analysis and frequency

[0019] This may involve, for example, selecting a data set
for processing and/or a processing regime. With regard to
data sets, as noted above, it may be desired to process the
current AC signal or to employ DC tracking to determine an
oxygen saturation value. The decision as to which data set to
employ in this regard may be based on an analysis of the
quality of the AC signal in relation to artifact or physiologi-
cal content. For example, a signal under analysis may be
validated for AC processing or invalidated resulting in a DC
tracking output. The signal may further be validated for one
of various AC processing regimes based on the signal
quality. In either or both events, a signal quality analysis,
e.g., including a multi-component analysis may be per-
formed as described above.

[0020] With regard to different processing regimes, it has
been recognized that measurement artifact including motion
artifact is manifested in a variety of artifact types and that
the assumptions underlying various motion processing tech-
niques may be more or less valid depending on the particular
type of artifact under consideration. For example, the
assumptions underlying cardiac based motion rejection,
including the assumption that motion artifact will occur to a
significant degree outside of the frequency band of the
patient’s pulse, may not yield the desired level of motion
rejection under certain motion conditions such as certain
periodic or tapping motions by the patient. Similarly, the
assumptions underlying saturation based motion, including
the assumptions regarding certain correlation relationships
between signal components, may not yield the desired level
of motion rejection performance under certain circum-
stances. Rather, different types of artifact processing may be
indicated for different types of measurement artifact.

[0021] Moreover, it has been recognized that, in certain
cases, frequency domain harmonic phase information can be
used to differentiate between artifact and desired informa-
tion. Tt has also been recognized that, in certain cases,
spectral domain peak information can also be used to
differentiate between signals indicative of patient artifact
and those actually indicative of patient physiology. There-
fore, in accordance with the present invention, AC compo-
nent validity can be evaluated using such harmonic phase
information and/or such relative spectral domain peak infor-
mation.

[0022] Various types of physiological information may be
determined based on this analysis. The physiological infor-
mation may include, for example, pulse rate information, a
pulsatility index, arterial blood oxygen saturation informa-
tion, a plethysmographic waveform, respiration rate infor-
mation, Mayer Wave related information and/or blood pres-
sure/volume related information. Such information is
preferably obtained noninvasively, e.g., via a pulse oximeter.
The measurement artifact may be any of various noise or
other undesired components that potentially interfere with
such measurements including, for example, motion artifact
relating to movement by or of the patient and irregular
cardiac activity (e.g., arrhythmia).

[0023] In accordance with another aspect of the present
invention, phase-related information for a pulse oximeter
signal is used to determine a quality of the signal in relation
to desired content or artifact content. In this regard, it has
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been recognized that certain phase relationships are reflected
in good plethysmographic (“pleth”) signals and these phase
relationships can assist in identifying or validating such
pleth signals. For example, the pleth waveform for healthy
patients generally includes a dichrotic notch within a certain
range of positions relative to the pleth waveform corre-
sponding to a certain range of relative phase between a
fundamental frequency and a harmonic frequency of a pleth
spectrum. The relevant phase information may thus be
obtained at least from time-based analysis or frequency-
based analysis. With regard to frequency-based analysis, the
relevant phase information may be obtained at least from the
relative phase of the fundamental frequency and the first
harmonic frequency.

[0024] A corresponding utility involves obtaining an input
signal and analyzing the input signal to identify first and
second information relating to first and second portions of
the signal, where the first and second signal portions corre-
spond to first and second waveform features respectively.
The input signal, which may be a digital electronic signal, is
representative of an optical signal (e.g., including at least red
and infrared channels) potentially including physiological
information based on interaction with a patient (e.g., trans-
mission through or reflection from patient tissue). The first
and second information is used to determine a phase-related
value (“phase quality measure”) which, in turn, is used to
determine a quality (“phase quality measure”) of the input
signal in relation to desired information or artifact content.
For example, the input signal may be transformed into the
frequency domain so as to obtain phase information for a
fundamental frequency and a first harmonic frequency. The
relative phase of these frequencies can be compared to an
expected range for pleths of healthy patients to, for example,
distinguish pleth information from artifact information. In
accordance with yet another aspect of the present invention,
the relative energy of an oximeter signal component at
different wavelengths is monitored over time to determine a
quality of the signal in relation to desired content or artifact
content. An associated utility involves determining first
information regarding an energy-related parameter for a first
signal component in a first signal channel and determining
second information regarding an energy-related parameter
for the first signal component in a second signal channel
different than the first channel. For example, the first and
second channels may correspond to red and infrared optical
signals of the oximeter. The first component may correspond
to a fundamental peak of associated spectra and/or one or
more harmonics thereof. The energy-related parameters may
correspond to peak amplitudes, areas defined by a peak or
other values determined, for example, based on a time
domain or frequency domain analysis. The first and second
information is used to determine a quality (“energy quality
measure”) of the input signal in relation to desired informa-
tion or artifact content. For example, the energy quality
measure, which may be expressed as a ratio of the channel
energies, may be monitored over time to, for example,
distinguish pleth information from artifact information.

[0025] 1In accordance with a still further aspect of the
present invention, a multiple domain analysis is used to
determine a quality of the input signal in relation to a desired
content or artifact content. The associated utility involves
providing an optical signal generation device to generate
two or more optical signals of differing wavelength, receiv-
ing, by an optical signal detection device, the generated
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optical signals after they have been transmitted through
tissue of a patient, and using a signal processing module to
determine whether the detected optical signal is indicative of
measured artifact or desired patient physiology. The signal
processing module may include a first processor for filtering
a first input based on an analysis (e.g., of the first input) in
a first domain (e.g., time or frequency domain) and a second
processor for filtering a second input, the same as or
different from said first input, based on an analysis in a
second domain. Additionally or alternatively, the signal
processing module may include processors for compensat-
ing in the physiological parameter calculations for artifact
(e.g., involving an artifact compensation factor) selecting
between alternative data sets (e.g., AC and DC components),
and/or compensating for a time difference or DC component
variation between a measurement time and calculation time.

[0026] The detected optical signals may be processed by
the signal processing module in any of various ways to
determine whether the signal is indicative of artifact of
physiology. For example, the output may be analyzed in one
or more of multiple domains to identify characteristics
indicative of a particular type of artifact or physiology such
as, for example, the phase quality measure and/or energy
quality measures noted above. Values of one or more of
these characteristics may be indexed to stored artifact or
physiology types or associated algorithms. In this regard,
such characteristics may define a recognizable pattern that is
associated with an artifact or physiology type. Identification
and recognition of such patterns may be accomplished with
the aid of a heuristic engine employing fuzzy logic. The
artifact or physiology types may include various motion
categories such as tapping motion or certain defined catego-
ries of infant motion, or may be associated with unusual
cardiac activity such as an irregular heartbeat (e.g., arrhyth-
mia).

[0027] The physiological condition of the patient may, for
example, be associated with the patient’s SPO2 level. In this
regard, the DC component of the first and second power
spectrums may be determined, the AC component of the first
and second time domain plethysmographic signals may be
determined from the identified peaks in the first and second
spectrums and/or cepstrums (e.g., a logarithmic transforma-
tion of the frequency domain followed by a second Fourier
transform), and a value correlated with a blood analyte level
(e.g., SPO2 level) of the patient may be computed from the
DC component of the first and second power spectrums and
the AC component of the first and second time domain
plethysmographic signals.

[0028] According to one more aspect of the present inven-
tion, a pulse oximeter includes first and second optical signal
sources operable to emit optical signals characterized by first
and second wavelengths (e.g., red and infrared), respec-
tively. The pulse oximeter also includes a drive system, a
detector, a digital sampler (e.g., an analog-to-digital con-
verter), and a signal processing module. The drive system is
operable to cause operation of the first and second optical
signal sources such that each optical signal source emits first
and second optical signals, respectively, in accordance with
a multiplexing method, such as time division multiplexing,
frequency division multiplexing and/or code division mul-
tiplexing. The detector is operable to receive the first and
second optical signals after the first and second optical
signals are attenuated by a patient tissue site of a patient. The
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detector is also operable to provide an analog detector output
signal representative of the attenuated first and second
optical signals. The digital sampler is operable to sample the
analog detector output signal at a desired sampling rate and
output a digital signal having a series of sample values
representative of the attenuated first and second optical
signals. The signal processing module is enabled to demul-
tiplex the series of sample values into first and second time
domain plethysmographic signals, transform the first and
second time domain plethysmographic signals into first and
second frequency domain signals and examine one or more
of the spectral and frequency domain signals to determine
whether such signal is indicative of patient artifact or actual
physiology.

[0029] In one implementation, the present invention
involves processing of plethysmographic signals via one or
more domains to enhance the determination of patient
physiological condition related information, such as SPO2
level information from plethysmographic signals, especially
when motion artifact is present in the plethysmographic
signals. In accordance with the present invention, plethys-
mographic signals (e.g., attenuated red and infrared signals)
are sampled and transformed into the frequency domain, via,
for example, a Fourier transform. The conversion of data
from the time domain to the frequency domain can be
accomplished using Fourier transforms (e.g., discrete (DFT)
and fast Fourier transforms (FFT)). The transformed signals
can then be used, for example, to provide a phase quality
measure or energy quality measure as discussed above.

[0030] 1In accordance with another aspect of the present
invention, a utility is provided for differentiating between
artifact and arrhythmia. As noted, in some circumstances
known techniques are properly able to distinguish between
patient artifact and patient physiology, but not in others. One
particular circumstance in which difficulty arises is when a
patient has arrhythmia. Often arrhythmia presents such that
known pulse oximetry methods determine that arrhythmia
signal component is artifact when, in fact, it includes useful
information. It has been found that using phase a validity
measure, an energy quality measure, or a combination of the
two can help distinguish between arrhythmia and artifact.
Therefore, in one embodiment of the present invention a
method is provided for differentiating between artifact and
arrhythmia by placing a pulse oximeter in optical commu-
nication with the tissue of a patient, transmitting first and
second optical signals of different wavelength through the
tissue of a patient, detecting the transmitted first and second
optical signals over a period of time, and evaluating whether
the detected optical signals are indicative of artifact or
arrhythmia using an arrhythmia determination model. In a
preferred embodiment, the arrhythmia determination model
is one of the above described phase quality measure, energy
quality measure or a combination thereof.

[0031] In yet another embodiment of the present inven-
tion, an apparatus (e.g., a pulse oximeter) is provided to
determine the phase quality measure, energy quality mea-
sure or combination of the two. According to the present
embodiment, the pulse oximeter includes first and second
optical signal sources operable to emit optical signals char-
acterized by first and second wavelengths (e.g., red and
infrared), respectively. The pulse oximeter also includes a
drive system, a detector, a digital sampler (e.g., an analog-
to-digital converter), and a signal processing module. The
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drive system is operable to cause operation of the first and
second optical signal sources such that the sources emit first
and second optical signals in accordance with a multiplexing
method, such as time division multiplexing, frequency divi-
sion multiplexing and/or code division multiplexing. The
detector is operable to receive the first and second optical
signals after the first and second optical signals are attenu-
ated by a patient tissue site of a patient. The detector is also
operable to provide an analog detector output signal repre-
sentative of the attenuated first and second optical signals.
The digital sampler is operable to sample the analog detector
output signal at a desired sampling rate and output a digital
signal having a series of sample values representative of the
attenuated first and second optical signals. The signal pro-
cessing module is enabled to demultiplex the series of
sample values into first and second time domain plethys-
mographic signals, transform the first and second time
domain plethysmographic signals into first and second fre-
quency domain signals and examine one or more of the
frequency domain plethysmographic signals to obtain a
phase quality measure and/or an energy quality measure.
Such measures can then be used solely, or in combination,
to determine a quality of the signal in relation to desired
information or artifact content.

[0032] These and other aspects and advantages of the
present invention will be apparent upon review of the
following Detailed Description when taken in conjunction
with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] For a more complete understanding of the present
invention and further advantages thereof, reference is now
made to the following Detailed Description, taken in con-
Junction with the drawings, in which:

[0034] FIG. 1 is a block diagram of one embodiment of a
pulse oximeter in which a plethysmographic signal process-
ing method in accordance with the present invention may be
implemented;

[0035] FIG. 2 is a block diagram showing one embodi-
ment of a method for processing plethysmographic signals
in accordance with the present invention;

[0036] FIG. 3A is a plot showing typical red and infrared
time domain plethysmographic input signals to be processed
in accordance with FIG. 2;

[0037] FIG. 3B is a plot showing the Spectrum and
Cepstrum for the red plethysmographic input signal of FIG.
3A after processing in accordance with the steps of FIG. 2;

[0038] FIG. 3C is a plot showing the Spectrum and
Cepstrum for the infrared plethysmographic input signal of
FIG. 3A after processing in accordance with FIG. 2;

[0039] FIG. 3D is a plot showing a typical infrared time
domain plethysmographic input signal wherein the pulse
oximeter probe is not transmitting properly through a patient
tissue site (e.g., where the probe is removed from the
patient’s finger),

[0040] FIG. 3E is a plot showing the Spectrum and
Cepstrum for the infrared plethysmographic signal of FIG.
3D after processing in accordance with FIG. 2;

[0041] FIG. 4 is a block diagram showing another
embodiment of a method for processing plethysmographic
signals in accordance with the present invention;
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[0042] FIG. 5A is a plot showing typical red and infrared
time dormain plethysmographic input signals to be processed
in accordance with FIG. 4;

[0043] FIG. 5B is a plot showing differentiated wave-
forms obtained from the typical red and infrared time
domain plethysmographic input signals shown in FIG. 5A;

[0044] FIG. 5C is a plot showing red and infrared energy
spectra corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 5A;

[0045] FIG. 5D is a plot showing red and infrared log
spectra corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 5A,;

[0046] FIG. SE is a plot showing red and infrared cep-
strums corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 5A;

[0047] FIG. SF is a plot showing frequency domain
filtered red and infrared plethysmographic waveforms cor-
responding to the typical red and infrared time domain
plethysmographic input signals shown in FIG. 5A;

[0048] FIG. 6A is a plot showing typical red and infrared
time domain plethysmographic input signals to be processed
in accordance with the steps of FIG. 4 that include motion
induced noise components at a main motion frequency of
about 200 bpm;

[0049] FIG. 6B is a plot showing differentiated wave-
forms obtained from the typical red and infrared time
domain plethysmographic input signals shown in FIG. 6A;

[0050] FIG. 6C is a plot showing red and infrared energy
spectra corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 6A,;

[0051] FIG. 6D is a plot showing red and infrared log
spectra corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 6A,;

[0052] FIG. 6E is a plot showing red and infrared cep-
strums corresponding to the typical red and infrared time
domain plethysmographic input signals shown in FIG. 6A;

[0053] FIG. 6F is a plot showing frequency domain
filtered red and infrared plethysmographic waveforms cor-
responding to the typical red and infrared time domain
plethysmographic input signals shown in FIG. 6A;

[0054] FIG. 7 is a block diagram showing another
embodiment of a method for processing plethysmographic
signals in accordance with the present invention;

[0055] FIG. 8 is a plot showing typical red and infrared
time domain plethysmographic input signals to be processed
in accordance with the steps of FIG. 7,

[0056] FIGS. 9A-9B are plots of an energy spectrum and
a cepstrum corresponding to an exemplary plethysmo-

graphic signal;
[0057] FIGS. 10A-10B are plots of exemplary time

domain, spectral domain, cepstral domain, and DC tracking
based SPO2 estimates over a period of time;

[0058] FIGS. 11A-11B are plots of showing successive
frames of exemplary spectrums and cepstrums correspond-
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ing to a plethysmographic signal in which various levels of
motion are present over the time periods covered by the
successive frames;

[0059] FIG. 12 is a flowchart illustrating a process for
tailoring signal processing based on an artifact classification
in accordance with the present invention;

[0060] FIG. 13 is a block diagram showing a system for
implementing the process of FIG. 12;

[0061] FIG. 14 is a schematic diagram showing further
details of the system of FIG. 13;

[0062] FIGS. 15A-15B illustrate red and infrared spectra
of useful physiological signals and interfering signals,
respectively, as observed in accordance with the present
invention;

[0063] FIGS. 16A-16B illustrate observed R-ratio pat-
terns that can be distinguished in accordance with the
present invention; and

[0064] FIGS. 17-18 are flowcharts illustrating processes
for distinguishing between useful physiological information
and in accordance with the present invention.

DETAILED DESCRIPTION

[0065] In the following description, a pulse oximetry
system is first described, followed by certain motion pro-
cessing. Thereafter, specific functionality for distinguishing
useful physiological information from artifact based on
analyses substantially independent of spectral shape or
waveform is described.

[0066] Referring now to FIG. 1, there is shown a block
diagram of one embodiment of a pulse oximeter 10 in which
a plethysmographic signal processing method in accordance
with the present invention may be implemented. The pulse
oximeter 10 is configured for use in determining the pulse
rate of a patient as well as one or more blood analyte levels
in the patient, such as an SPO2 level. It should be appreci-
ated that a plethysmographic signal processing method in
accordance with the present invention may be implemented
in pulse oximeters that are configured differently from the
pulse oximeter depicted in FIG. 1 as well as in other
environments wherein plethysmographic signals are pro-
cessed in order to obtain desired information relating to
patient physiological conditions from the plethysmographic
signals.

[0067] The pulse oximeter 10 includes a pair of optical
signal sources 20a, 205 for emitting a corresponding pair of
light signals 30a, 305 centered at different predetermined
center wavelengths A,, A, through a suitable tissue site of a
patient and on to a detector 40 (e.g., a photo-sensitive diode).
The optical signal sources 20a, 205 and detector 40 may be
included in a positioning device 50, or probe, to facilitate
alignment of the light signals 30a, 305 with the detector 40.
For example, the positioning device 50 may be of clip-type
or flexible strip configuration adapted for selective attach-
ment to a suitable patient tissue site (e.g., a finger, an ear
lobe, a foot, or the nose of the patient). The center wave-
lengths A, A, required depend upon the blood analyte level
to be determined. For example, in order to determine an
SPO2 level, A; may be in the red wavelength range and A,
may be in the infrared wavelength range. It should be
appreciated that the pulse oximeter 10 may be readily
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implemented with more optical signal sources (e.g., four)
depending, for example, upon the number of different blood
analyte levels to be measured.

[0068] The optical signal sources 20a, 205 are activated
by a corresponding plurality of drive signals 60a, 605 to
emit the light signals 30a, 305. The drive signals 60a, 605
are supplied to the optical signal sources 20a, 205 by a
corresponding plurality of drive signal sources 70a, 705.
The drive signal sources 70a, 705 may be connected with a
digital processor 80, which is driven with a clock signal 90
from a master clock 100. The digital processor 80 may be
programmed to define modulation waveforms, or drive
patterns, for each of the optical signal sources 20a, 206.
More particularly, the digital processor 80 may provide
separate digital trigger signals 110q, 1105 to the drive signal
sources 70a-d, which in turn generate the drive signals 60q,
605. In this regard, the digital trigger signals 10a, 1056 may
be configured to provide for multiplexing of the drive
signals 60a, 605, and in turn the light signals 30q. 305, in
accordance with a multiplexing scheme (e.g., time division,
frequency division, and/or code division multiplexing).

[0069] The drive signal sources 70a, 704, processor 80
and clock 100 may all be housed in a monitor unit 120.
While the illustrated embodiment shows the optical signal
sources 20a, 205 physically interconnected with the posi-
tioning device 50 (e.g., mounted within the positioning
device 50 or mounted within a connector end of a cable that
1s selectively connectable with the positioning device 50), 1t
should be appreciated that the optical signal sources 20q,
205 may also be disposed within the monitor unit 120. In the
latter case, the light signals 30a, 306 emitted from the optical
signal sources 20a, 2056 may be directed from the monitor
unit 120 via one or more optical fibers to the positioning
device 50 for transmission through the tissue site. Further-
more, the drive signal sources 70a, 706 may comprise a
single drive signal generator unit that supplies each of the
drive signals 60a, 605 to the optical signal sources 20a, 205.

[0070] Transmitted light signals 130a, 1305 (i.e., the por-
tions of light signals 30a, 305 exiting the tissue) are detected
by the detector 40. The detector 40 detects the intensities of
the transmitted signals 130a, 1305 and outputs a current
signal 140 wherein the current level is indicative of the
intensities of the transmitted signals 130a, 130%. As may be
appreciated, the current signal 140 output by the detector 40
comprises a multiplexed signal in the sense that it is a
composite signal including information about the intensity
of each of the transmitted signals 130a, 1305. Depending
upon the nature of the drive signals 60a, 605, the current
signal 140 may, for example, be time division multiplexed,
wavelength division multiplexed, and/or code division mul-
tiplexed.

[0071] The current signal 140 is directed to an amplifier
150, which may be housed in the monitor unit 120 as is
shown. As an alternative, the amplifier 150 may instead be
included in a probe/cable unit that is selectively connectable
with the monitor unit 120. The amplifier 150 converts the
current signal 140 to a voltage signal 160 wherein a voltage
level is indicative of the intensities of the transmitted signals
130a, 130b. The amplifier 150 may also be configured to
filter the current signal 140 from the detector 40 to reduce
noise and aliasing. By way of example, the amplifier 150
may include a bandpass filter to attenuate signal components



US 2006/0122476 Al

outside of a predetermined frequency range encompassing
modulation frequencies of the drive signals 60a, 605.

[0072] Since the current signal 140 output by the detector
40 is a multiplexed signal, the voltage signal 160 is also a
multiplexed signal, and thus, the voltage signal 160 is
demultiplexed in order to obtain signal portions correspond-
ing with the intensities of the transmitted light signals 130aq,
1305. In this regard, the digital processor 80 may be pro-
vided with demodulation software for demultiplexing the
voltage signal 160. In order for the digital processor 80 to
demodulate the voltage signal 160, it is converted from
analog to digital. Conversion of the analog voltage signal
160 is accomplished with an analog-to-digital (A/D) con-
verter 170, which may also be included in the monitor unit
120. The A/D converter 170 receives the analog voltage
signal 160 from the amplifier 150, samples the voltage signal
160, and converts the samples into a series of digital words
180 (e.g., eight, sixteen or thirty-two bit words), wherein
each digital word is representative of the level of the voltage
signal 160 (and hence the intensities of the transmitted light
signals 130qa, 130b) at a particular sample instance. In this
regard, the A/D converter 170 should provide for sampling
of the voltage signal 160 at a rate sufficient to provide for
accurate tracking of the shape of the various signal portions
comprising the analog voltage signal 160 being converted.
For example; the A/D converter 170 may provide for a
sampling frequency at least twice the frequency of the
highest frequency drive signal 60a, 605, and typically at an
even greater sampling rate in order to more accurately
represent the analog voltage signal.

[0073] The series of digital words 180 is provided by the
A/D converter 170 to the processor 80 to be demultiplexed.
More particularly, the processor 80 may periodically send an
interrupt signal 190 (e.g., once per every eight, sixteen or
thirty-two clock cycles) to the A/D converter 170 that causes
the A/D converter 170 to transmit one digital word 180 to the
processor 80. The demodulation software may then demul-
tiplex the series of digital words 180 in accordance with an
appropriate method (e.g., time, frequency and/or code) to
obtain digital signal portions indicative of the intensities of
each of the transmitted light signals 130a, 1305. In this
regard, the demultiplexed digital signal portions comprise
time domain plethysmographic signals corresponding to the
center wavelengths A, A, (e.g., red and infrared) of the
optical signal sources 20a, 20b. The red and infrared time
domain plethysmographic signals may then be processed by
the processor 80 to obtain desired patient physiological
condition related information therefrom such as the patient’s
pulse rate and SPO2 level.

[0074] As noted above, significant advantages can be
achieved by optimizing signal processing based on substan-
tially current artifact conditions including patient motion
conditions. FIG. 12 illustrates a process 1200 for analyzing
and classifying potential artifact such that appropriate pro-
cessing may be implemented. The process 1200 is initiated
by receiving (1202) the detector signal, typically a multi-
plexed signal including at least red and infrared channels
where oxygen saturation calculations are desired. In the
illustrated process, the detector signal is then filtered, e.g.,
band-pass filtered (1204), to remove undesired components
outside of frequency range of interest for the desired physi-
ological parameter, amplified, converted to digital form and
otherwise conditioned for subsequent processing.
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[0075] The conditioned signal is then demultiplexed
(1206A-C) to obtain differentiated channel information. In
this regard, the detector signal may be time division multi-
plexed, frequency division multiplexed and/or code division
multiplexed and an appropriate demultiplexing signal may
be utilized to deconvolve the channel components. It will be
appreciated that hybrid multiplexing arrangements may be
utilized in this regard. For example, the sources may be
pulsed in a nonperiodic fashion to define coded pulses and
those codes may be selected such that the sources are not
pulsed at the same time so as to provide time division
multiplexing.

[0076] One or more of the channel signals may then be
processed (1208) to identify artifact characteristics. Artifact
can be identified and analyzed in a variety of different ways.
For example, in the time domain, artifact may be reflected by
distortion or obfuscation of the plethysmographic waveform
(“pleth”). Excessive roughness of the pleth or spurious
peaks may be observed in this regard. In the spectral and
cepstral domains, artifact may be reflected, for example, as
broadened peaks and/or peaks not associated with the fun-
damental frequency of the pleth and harmonics thereof.
Examples of parameters that may be measured or tracked in
this regard include variance of time domain data from a
regression line over a sampling time window, the shapes of
the pleths and variation thereof, variation of the ratio of the
slopes of the red and infrared pleths in the time domain,
correlation of the red and infrared signals, width of spectral
or cepstral peaks, movement of the spectral or cepstral
peaks, the presence, number and/or magnitude of spectral or
cepstral peaks not associated with the fundamental fre-
quency of the pleth or harmonics thereof, the relative powers
of such peaks or of such peaks in relation to the fundamental
peak and/or harmonics, information obtained from DC com-
ponent analysis or other instrumentation, and relationships
among such parameters. As described below, such param-
eters may also include a phase quality measure and/or an
energy quality measure. Such parameters can be measured to
provide a fingerprint for the artifact environment.

[0077] Based on this information, the artifact can be
classified (1210). This is preferably a clinically based deci-
sion. That is, the artifact characteristics can be compared to
known artifact conditions observed in a clinical environment
to associate the artifact characteristics with a particular
known artifact condition, e.g., on a closest match basis such
as by scoring. In this regard, the known artifact conditions
may include tapping motion, irregular cardiac activity, and
various types of characteristic infant motion. Many of these
artifact conditions may have a cognizable fingerprint as
reflected in some artifact parameter set. This matching
process may be based on fixed algorithms established based
on clinical data or may be guided by a heuristic engine
employing fuzzy logic for optimized pattern recognition.

[0078] This classification is then utilized to select (1212)
an appropriate artifact processor in the illustrated process
1200. Fach of the processors may be, for example, a
software module for executing a particular processing algo-
rithm. Examples of different processors that may be utilized
include processors for: determining a pulse rate based on an
analysis of the time domain signal and using the pulse rate
to tune an adaptive filter such as a single or multiple
bandpass or notch filter; determining a pulse rate based on
an analysis of the spectral or cepstral domain signal and
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using the pulse rate to tune an adaptive filter; applying an
artifact compensation factor to a physiological component
value determined from the detector signal substantially
without artifact rejection within the relevant frequency
range; selecting a set of DC component information for use
in calculating a physiological parameter value; selecting a
recent value of the desired physiological parameter and
scaling the parameter based on DC tracking information;
and selecting a sampling window position and size or an
averaging filter time constant.

[0079] Thus, using a processor (1214A-C) a processor
may entail accessing a selected data set for further process-
ing, executing a selected algorithm for artifact rejection or
compensation, employing a selected filter type. and/or
employing selected filter coefficients. All of this may be
based on theoretical and/or empirical considerations and,
preferably, results in selection and use of a processor that
provides desired results in relation to clinical data under
similar artifact conditions. As shown, the selected artifact
processor can be used in conjunction with an appropriate
physiological parameter processor to calculate (1216A-C) a
value for a physiological parameter such as SpO2, pulse rate
or perfusion index.

[0080] The artifact analysis is may be performed on a
“raw” detector signal, i.e., prior to frequency based filtering
within the frequency range of interest or other processing
that may reject artifact components. In many cases, the
physiological parameter calculation is performed on pro-
cessed data resulting from processing by one of the artifact
processors (1214A-C). In other cases, the raw pleth signals
may be used, for example, with a motion compensation
factor associated with an artifact processor (1214A-C).
Thus, the artifact processors (1214A-C) may operate before,
after or in parallel with the physiological parameter calcu-
lation modules. Additionally, as shown, only the selected
artifact processor (1214A-C) is utilized to provide the
desired output. However, as a matter of expediency, all or at
least multiple ones of the processors (1214A-C) may process
particular pleth data in parallel, e.g., concurrent with iden-
tification (1208) and classification (1210) of the artifact. For
example, such parallel processing may be desirable to
reduce display latency even though only one of the proces-
sors will provide the information used for a particular
displayed result. This is readily contrasted to post calcula-
tion analysis, such as comparing candidate values of the
physiological parameter, which require analysis of com-
pleted physiological parameter calculations to select a result
deemed to be less affected by artifact.

[0081] FIG. 13. is a component diagram of a signal
processor 1300 for implementing the process of FIG. 12.
The processor 1300 includes a digitizer and demodulator
13024, 1302B or 1302C depending on the signal modula-
tion scheme employed. In this regard, the illustrated pro-
cessor may include unit 1302A in the case of time division
multiplex implementations, unit 1302B in the case of fre-
quency division multiplex implementations or unit 1302C in
the case of code division multiplex implementations. The
resulting digitized channel information, generally including
both and red and infrared channel information, is provided
both to motion classifier 1304 and processor 1308. The
motion classifier 1304 analyzes the digital data as described
above to identify artifact characteristics and classify the
artifact, in this case, classifying motion artifact. The pro-
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cessor 1308 processes the intensity signal for each of the
channels to provide the inputs required by the artifact
processors 1310A-C. For example, certain artifact proces-
sors may require determination of a pulse rate or artifact
frequency value for tuning a filter. Processor 1308 may
perform a variety of calculations in this regard. The proces-
sors 1310A-C then process the channel signals for artifact
rejection or compensation as discussed above. As illustrated
graphically by switch 1312, a selected one of the artifact
processors 1310A, 1310B or 1310C is used in conjunction
a physiological parameter calculation module 1314 to pro-
vide the desired output.

[0082] Further details of this implementation are illus-
trated in the schematic diagram of FIG. 14. As shown, the
sensor 1402, which includes the LED sources and a detector,
provides an input to a fast analog-to-digital converter 1404.
The converter 1404 outputs a digital waveform, for example,
at a sampling rate of approximately 46,000 to 52,000 points
per second. This digital waveform is provided to a demodu-
lator 1408 that may execute time, frequency and/or code
division demultiplexing. The converter 1404 and demodu-
lator 1408 define low perfusion circuitry 1409. It will be
appreciated that the fast analog-to-digital converter in con-
Junction with certain demodulation schemes for improved
noise rejection and signal identification provide enhanced
results for patients with low perfusion.

[0083] The resulting channel signals may be separated into
AC and DC components by channel processing module
1410 and various values may be calculated from this raw
signal for use in further analysis. The channel signals may
then be provided to processors 1412A-C for time domain,
spectral domain and cepstral domain processing. Such pro-
cessing may be utilized both for artifact classification and
for motion rejection or compensation. The output from the
processors 1412A-C is provided to a motion estimation
engine 1414 and an adaptive filter 1418 in the illustrated
implementation. The motion estimation engine measures
and classifies motion artifact and provides a filter control
output 1416 A, that operates in conjunction with filter control
information 1416B from processors 1412A-C, to tune the
adaptive filters 1418, for example, via appropriate filter
coeflicient selection. In this regard, the adaptive filters may
include a multiple bandpass filter that can be tuned to the
patient’s pulse rate. Such filtering can provide a pleth
waveform with substantial motion rejection which can be
used for improved pulse rate, SpO2 perfusion index and
other calculations. In addition to setting filter coefficients,
the filter control outputs 1416A and B may be used to select
the placement and size of sample windows as well as
provide weighting values based on motion levels.

[0084] The output from the adaptive filters 1418 can then
be used by physiological component module 1420 to cal-
culate SpO2 or other parameter values and provide an
optimized pleth waveform. Additionally or alternatively,
module 1420 may calculate values based on the DC com-
ponents of the pleth or based on a recently calculated
physiological parameter value as corrected based on DC
tracking. Such an additional or alternative DC tracking
calculation is disclosed. for example, in U.S. Pat. No.
6,839,582 entitled “Pulse Oximetry Method and System
with Improved Motion Correction,” which is incorporated
herein by reference. In cases of extreme motion, the module
1420 may determine that physiological parameter values
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cannot be reliably calculated and may cause the display to be
dashed. The output from module 1420 is provided to an
averaging post processor 1422. The averaging post proces-
sor averages physiological parameter values over a time
window to prevent excessive display flicker. The resulting
average value is then provided to the saturation display
1424.

[0085] A multi-domain analysis, for example, including a
cepstral domain analysis may be used for optimized artifact
processing. Referring now to FIG. 2 there is shown a block
diagram illustrating one implementation of a method (200)
for processing the red and infrared time domain plethysmo-
graphic signals via the cepstral domain to obtain desired
information relating to patient physiological conditions such
as patient pulse rate and blood analyte level (e.g., SPO2)
information. The cepstral domain plethysmographic signal
processing method (200) begins with obtaining (210) two
digitized time domain plethysmographic signals such as red
and infrared plethysmographic signals. In this regard, typical
red and infrared time domain plethysmographic signals that
have been sampled at 50 Hz are shown in FIG. 3A. The
cepstral domain processing method (200) is particularly
suited for implementation in software executable by the
digital processor 80 of a pulse oximeter 10 such as described
above in connection with FIG. 1. In other embodiments, the
cepstral domain processing method (200) may be configured
for processing non-digitized plethysmographic signals and
may be implemented in appropriate hardware components.
Furthermore, the cepstral domain processing method (200)
may be configured for simultaneously processing more than
two plethysmographic signals.

[0086] A suitable smoothing window function (e.g., Han-
ning, Hamming, Kaiser) is applied (220) to the digitized
time domain plethysmographic signals to smooth the sig-
nals. Smoothing the digitized time domain plethysmo-
graphic signals achieves improved frequency estimation.
After the signals are smoothed, a first Fourier transformation
operation is performed (230) on the signals to transform the
red and infrared plethysmographic signals from the time
domain to the frequency domain. Since there are two pri-
mary signals (the red and infrared inputs), it is convenient to
perform the first Fourier transformation of the signals in
parallel using a complex Fast Fourier Transform (FFT)
procedure. If desired, the results of the FFT calculations may
be appropriately scaled (e.g., by dividing by the number of
points used in the FFT calculations) to help prevent floating
point overflow errors in subsequent computations. The fre-
quency domain information may be further processed to
obtain phase-related information for a phase quality measure
as described fellow. For other analyses, after the first stage
FFT is performed, respective power spectrums are computed
(240) from the frequency domain red and infrared plethys-
mographic signals. In this regard, the power spectrums may
be computed (240) by squaring and summing the appropri-
ate real and imaginary frequency components of the red and
infrared frequency domain plethysmographic signals. Power
spectrums of the typical red and infrared plethysmographic
signals after the first stage FFT are shown in FIGS. 3B and
3C, respectively.

[0087] After the power spectrums are computed, a log-like
or companding function is applied (250) to the red and
infrared power spectrums. Application of the log-like or
companding function suppresses smaller noise components
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and emphasizes the prominent harmonics so that periodicity
in the spectrum is more easily extracted. A second Fourier
transformation operation is then performed (260) on the log
transformed power spectrums to transform the signals to the
cepstral domain. In this regard, it is convenient to perform
the second-stage Fourier transformation of the log scaled
power spectrums in parallel using a complex Fast Fourier
Transform (FFT) procedure. If desired, the results of the
second-stage FFT calculations may be appropriately scaled
in a manner similar to scaling done on the results of the
first-stage FFT calculations. The cepstrums of the typical red
and infrared plethysmographic signals obtained after the
second stage FFT are also shown in FIGS. 3B and 3C,
respectively.

[0088] Once the red and infrared cepstrums are obtained,
the separate red and infrared cepstrums are then examined
(270) for peaks associated with the pulse rate of the patient.
In this regard, the most prominent (i.e., largest amplitude)
peak in each cepstrum may be identified. The location of the
most prominent peak in each cepstrum provides an indica-
tion of the fundamental frequency of the plethysmographic
waveform from which the cepstrum is obtained. Since the
fundamental frequency of a plethysmographic waveform is
proportional to the patient’s pulse rate, the pulse rate of the
patient may be estimated (280) from one or both of the
cepstrums. For example, the most prominent peak in the red
cepstrum of FIG. 3B occurs at around the 20th bin of the
FFT spectrum corresponding to a cepstral based pulse rate
estimate of approximately 65 beats-per-minute. It should be
noted that this estimate differs slightly from a conventional
time domain based estimate obtained from the time domain
red plethysmographic waveform shown in FIG. 3A of 61
beats-per-minute. Pulse-rate estimates may be obtained from
one or both the red and infrared cepstrums and one of the
separate estimates may be selected, e.g., based on artifact
related rules, in order to obtain a single estimate of the
patient’s pulse rate. Further, while it is possible to estimate
the patient’s pulse rate based only on information from one
or both of the cepstrums, a time domain based estimate of
the patient’s pulse rate may be used in certain artifact
environments or for initial identification purposes and to
support subsequent tracking of the cepstral peak (Que-
frency) associated with the pulse rate.

[0089] In some cases, there may not be a prominent peak
in one or both of the cepstrums. For example, FIG. 3D
shows an infrared time domain plethysmographic signal
typical of the situation where there is no physiological signal
condition (e.g., where the plethysmographic probe has been
removed from the patient’s finger), and FIG. 3E shows the
infrared power spectrum and cepstrum obtained for the
infrared time domain plethysmographic signal of FIG. 3D.
While the power spectrum of FIG. 3E differs somewhat
from a power spectrum that is typical of a patient physi-
ological signal condition such as the power spectrums
shown in FIGS. 3B and 3C, the lack of a patient physi-
ological signal condition is particularly apparent from
examination of the cepstrum since there is no prominent
peak present in the cepstrum of FIG. 3E as compared with
the quite prominent cepstral peaks in FIGS. 3B and 3C.
Such an analysis may be used to identify probe-off condi-
tions and provide appropriate alarms.

[0090] In addition to examining the cepstrums for peaks
associated with patient pulse rate, in step (270) the red and
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infrared cepstrums may be examined for peaks associated
with motion artifact. Typically, peaks in the red and infrared
cepstrums that are associated motion artifact will be less
prominent than the peaks associated with the patient pulse
rate. The location(s) of less prominent peaks in each cep-
strum provide an indication regarding motion artifact
present in the plethysmographic waveform from which the
cepstrum is obtained, and based on this information the
frequencies and classification of motion artifact present in
the red and infrared plethysmographic signals may be esti-
mated (290).

[0091] Once an estimate of the pulse rate is obtained, the
pulse rate information may be used to tune a filter to remove
noise and motion artifact from the input red and infrared
signals. This may be done via an adaptive bandpass filter
applied in the time domain to the red and infrared signals
where the cut off frequencies are determined by the pulse
frequency which is identified, for example, in the spectral or
cepstral domain. Alternatively, as is shown in the embodi-
ment of FIG. 2, the frequency domain red and infrared
plethysmographic signals may be filtered (300) in the fre-
quency domain after the first stage FFT with a frequency
domain filter constructed using the pulse frequency infor-
mation obtained from the cepstral domain. An inverse fast
Fourier transform (IFFT) operation may be performed (310)
on the filtered frequency domain signals to obtain filtered
time domain red and infrared plethysmographic signals for
use in subsequent measures such as a regression based SPO2
estimation which may use the time domain version of the red
and infrared inputs signals. Noise removal from the red and
infrared signals improves subsequent measures such as
regression based SPO2 estimation.

[0092] Additionally, the information in the spectral and
cepstral domains may be selectively used to derive an SPO2
measure. The overall DC levels of the red and infrared
plethysmographic signals can be determined from the first
stage spectrums and the relative magnitudes of the cepstral
peaks corresponding to the pulse rate frequency may be used
to obtain a measure of the AC levels of the red and infrared
plethysmographic signals. In this regard, the following com-
putation may be utilized

R=A4C(cepstral-red)y DC(spectral-red )/ AC(cepstral-
IR)/DC(spectral-IR)

or, expressed in an alternative manner:

R=A4C(cepstral-red)/DC(spectral-red)* DC(spectral-

IR)/AC(cepstral-IR)
where AC(cepstral-red) is the AC level of the red plethys-
mographic signal obtained from the red cepstrum, DC(spec-
tral-red) is the DC level of the red plethysmographic signal
obtained from the red spectrum, AC(cepstral-IR) is the AC
level of the infrared plethysmographic signal obtained from
the infrared cepstrum, and DC(spectral-IR) is the DC level
of the infrared plethysmographic signal obtained from the
infrared spectrum. The derived measure R' may then be used
to estimate (320) the patient’s SPO2 level in a manner
similar to known regression techniques where AC and DC
estimates are obtained from the time domain red and infra-
red signals. An example of such a known regression tech-
nique is described in U.S. Pat. No. 5,934,277 entitled
“SYSTEM FOR PULSE OXIMETRY SPO2 DETERMI-
NATION”, the entire disclosure of which is incorporated
herein.
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[0093] Referring now to FIG. 4 there is shown a block
diagram illustrating another implementation of a method
(400) for processing the red and infrared time domain
plethysmographic signals via multiple domains to obtain
desired information relating to patient physiological condi-
tions such as patient pulse rate and blood analyte level (e.g.,
SPO2) information. In this case, inputs from a selected one
of multiple domains may be used to tune a bandpass filter
based on the artifact environment. The cepstral domain
plethysmographic signal processing method (400) shown in
FIG. 4 proceeds in a manner similar to the method (200)
shown in FIG. 2. In this regard, two continuous time domain
plethysmographic signals such as red and infrared plethys-
mographic signals are digitized (410) by sampling the
signals at a suitable frequency. Typical red and infrared time
domain plethysmographic signals that have been sampled at
50 Hz are shown in FIGS. 5A and 6A, with the signals of
FIG. 6 A including motion artifact. As with the method (200)
of FIG. 2, the multi-domain processing method (400) is
particularly suited for implementation in software execut-
able by the digital processor 80 of a pulse oximeter 10 such
as described above in connection with FIG. 1, and in other
embodiments, the multi-domain processing method (400)
may be configured for processing non-digitized plethysmo-
graphic signals and may be implemented in appropriate
hardware components. Furthermore, the multi-domain pro-
cessing method (400) may be configured for simultaneously
processing more than two plethysmographic signals.

[0094] The digitized time domain red and infrared plethys-
mographic signals are smoothed (420) via a suitable smooth-
ing window (e.g. Hanning, Hamming, or Kaiser) and are
then processed in parallel via a complex FFT (430). The
output from the first stage FFT is then decoded and the
separate red and infrared energy spectra and log power
spectra are computed and stored (440, 450). Plots of red and
infrared energy spectra and log spectra obtained for the red
and infrared signals of FIGS. 5A and 6A are shown in
FIGS. 5C and 5D, respectively, and in FIGS. 6C and 6D,
respectively. A second stage FFT (460) is then applied to the
log power spectra to obtain red and infrared cepstra (470)
therefrom. If desired, the results of the first and second stage
FFT calculations may be scaled to help prevent floating
point errors in subsequent computations. Plots of the red and
infrared cepstra obtained for the red and infrared signals of
FIGS. 5A and 6A are shown in FIGS. 5E and 6E. Peaks in
the cepstra (which has the dimension of Queftrency) are
examined (480) and transformed to provide an estimate of
pulse frequency. A similar analysis is performed with regard
to the spectral signal.

[0095] The cepstral based pulse rate estimate is provided
to a pulse selection module (490). The pulse selector module
(490) also receives estimates of the patient’s pulse rate based
on examination of peaks in the energy spectra and log power
spectra. Additionally, a time-domain pulse rate estimate is
extracted (500) from the digitized time domain red and
infrared plethysmographic signals via a conventional tech-
nique such as differentiation, thresholding and picking the
most commonly found interval. Plots of the differentiated
waveforms obtained from the time domain red and infrared
plethysmographic signals of FIGS. 5A and 6A are shown in
FIGS. 5B and 6B. The time domain based pulse rate
estimate is also provided as an input to the pulse arbitration
module (490).
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[0096] Information relating to the peaks of the energy
spectra and the cepstra are input to a motion classification
and motion strength estimation module (510). Phase quality
measures and energy quality measures may also be used in
this regard as described below. The motion classification and
motion strength estimation module (510) can use one or
more of the amplitude, relative position and spacing of the
respective peaks in the red and infrared energy spectra
and/or cepstra to make motion classification and strength
judgments. A simple measure classification and motion
estimation can be derived by the number and spacing of
cepstral peaks. In this regard, a relatively clean plethysmo-
graphic signal will typically produce one major cepstral
peak. As the number and size of the cepstral peaks increases,
sizable motion components as well as a motion classification
can be inferred. Information from the motion classification
and motion strength estimation module (510) is input to both
an adaptive filter module (520) and the pulse selection
module (490).

[0097] The adaptive filter module (520) uses estimates of
the pulse frequency and the frequency distribution of the
motion noise components (if present) to control filtering in
the frequency domain in order to improve the signal to noise
ratio of the pulse fundamental frequency components and/or
its harmonics. In this regard, the red and infrared frequency
domain plethysmographic signals obtained after the first
stage FFT (430) signals are filtered (530) to produce filtered
frequency domain red and infrared plethysmographic sig-
nals. Plots of the filtered frequency domain red and infrared
plethysmographic signals corresponding to the time domain
red and infrared plethysmographic signals of FIGS. 5A and
6A are shown in FIGS. 5F and 6F. A number of different
types of filters may be implemented including both finite
impulse response (FIR) and infinite impulse response (IIR)
filters. One disadvantage of spectral methods is that they are
not suited for tracking rapid changes in the input signal.
However in the present method (400) the spectral informa-
tion is used to control an adaptive filter. By using time
domain pulse measurement techniques on the output signal
from this filter, the ability to track reasonably fast changes
is achieved.

[0098] An inverse FFT operation (540) is performed to
obtain filtered time domain red and infrared plethysmo-
graphic signals, and an overlap and add operation (550) is
performed to reconstruct the plethysmographic signals
minus the DC components and with reduced motion com-
ponents. Following the overlap and add operation (550), the
energy content for both the red and infrared filtered signals
is then obtained (560) via, for example, a root-mean-square
(rms) measure. This provides an estimate of the AC red and
infrared levels. Although not shown in FIG. 4, it is also
possible to obtain an estimate of the red and infrared AC
levels via the cepstral domain. The main peak location of the
red and infrared cepstra can be translated to a frequency
value and the value of the energy for that frequency and its
harmonics can be obtained (i.e., integrated) by referring to
the stored energy spectrum for the red and infrared signals.
It is also feasible to use the relative amplitudes of the red and
infrared cepstral peaks to derive an AC estimate. Following
the overlap and add operation (550), another conventional
time domain based pulse estimation is also performed (570)
on the filtered red and infrared signals and this estimate is
also sent to the pulse arbiter module (490).
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[0099] The pulse selector (490) selectively uses one of the
various time domain, filtered time domain, energy spectra,
log power spectra and cepstral based pulse estimates based
on the motion strength and classification to provide an
overall best estimate (580) of the patient’s pulse rate. In this
regard, for a range of motions the location of the major
cepstral peak suffices as a good estimate of pulse frequency.
However for large motion amplitudes and motion that pro-
duces waveforms similar to those of red and infrared
plethysmographic signals it may be preferred to use other
parameters or algorithms. More particularly, the pulse selec-
tion module (490) uses the motion estimation and classifi-
cation derived from the cepstrum in the motion classification
and motion strength estimation module (510) to select one of
the respective pulse rate estimates. In this regard, different
ones of the pulse rate estimates may be indicated for
different artifact conditions, based on clinical observations.
Under extreme motion conditions, it may not be possible to
reliably determine a pulse rate based on current pleth data.
In addition to the previously described pulse selection
process (490), a neural-net may be employed for enhanced
pattern recognition in the pulse selection process (490).

[0100] In addition to obtaining an estimate (580) of the
patient’s pulse rate, the plethysmographic signal processing
method (400) of FIG. 4 also derives an estimate of the
patient’s SPO2 level. The energy content of the time domain
red and infrared plethysmographic signals is obtained (590)
via, for example a root mean square (rms) transform. This
provides an estimate of the red and infrared DC levels. The
red and infrared DC levels (590) and AC levels (560) are
provided to an SPO2 module (600). As discussed in more
detail above in connection with step (310) of the method
(200) of FIG. 2, the SPO2 module (600) uses the red and
infrared DC and AC levels to derive a measure that can be
correlated with the patient’s SPO2 level in a manner similar
to conventional regression based techniques.

[0101] The cepstral domain plethysmographic signal pro-
cessing method (400) of FIG. 4 also provides for obtaining
an enhanced perfusion index (PI) measure when motion
artifact is present in the red and infrared time domain
plethysmographic signals as compared to known time
domain based perfusion index measures. The perfusion
index is a measure of relative perfusion in the patient tissue
site and is indicative of pulse strength. A time-domain based
perfusion index measure may be obtained by, for example,
calculating normalized plethysmographic signal amplitudes
for the red and infrared time domain plethysmographic
signals by summing the normalized delta amplitudes cov-
ering the rising portion of one cycle of the pulse waveform.
This value can be termed Snda. In this regard, the perfusion
index may be calculated from the red and infrared Snda
values in accordance with the following expression:

PI=(Snda(red)*0.0563+

Snda(infrared)*0.3103)*Scaling Factor
Further detail regarding such a known time domain based
method for obtaining a perfusion index measure is described
in U.S. Pat. No. 5,766,127 entitled “METHOD AND APPA-
RATUS FOR IMPROVED PHOTOPLETHYSMO-
GRAPHIC PERFUSION-INDEX MONITORING”, the
entire disclosure of which is incorporated herein.

[0102] However it is also possible to obtain a measure of
the red and infrared plethysmographic signal amplitudes
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from their respective energy spectrums when the frequency
components present in the energy spectrums due to the pulse
signal can be identified via processing of the red and infrared
cepstrums. In this regard, the plethysmographic signal pro-
cessing method (400) may incorporate a perfusion index
estimator step (610) wherein the red and infrared cepstrums
obtained in step (470) are used to identify the frequency
components present in the red and infrared energy spectrums
obtained in step (440) that are associated with the pulse rate
of the patient (i.e. the fundamental pulse frequency and its
harmonics). The perfusion index estimator module (610)
computes normalized amplitudes for the identified red and
infrared spectral peaks. A perfusion index value (620) may
then be computed from the normalized amplitudes of the
identified red and infrared spectral peaks in accordance with,
for example, the following expression:

PI=(ESamp(red)*0.0563+ESamp(infrared)+
0.3103)*ESscaling

where ESamp(red) and ESamp(infrared) are the normalized
amplitudes derived from the identified spectral peaks in the
red and infrared energy spectrums and ESscaling is a scaling
factor adjusted to give the spectral PT measure an equivalent
value to the time domain PI measure. Because the spectral
PI measure uses normalized amplitudes of the identified
peaks in the red and infrared spectrums associated with the
fundamental pulse frequency, the spectral PI measure is less
susceptible to corruption by motion artifact present in the
time domain plethysmographic signals since peaks associ-
ated with motion artifact will be ignored when identifying
the fundamental pulse frequency peaks using the cepstrums.

[0103] Referring now to FIG. 7, there is shown a block
diagram illustrating another implementation of a method
(700) for processing the red and infrared time domain
plethysmographic signals in multiple domains to obtain
desired information relating to patient physiological condi-
tions such as patient pulse rate and blood analyte level (e.g.,
SPO2) information. The cepstral domain plethysmographic
signal processing method (700) shown in FIG. 7 proceeds in
a manner similar to the method (400) shown in FIG. 4 and,
to the extent that various steps are identical or substantially
identical, the same reference numerals are utilized in FIG.
7 as in FIG. 4. In addition to the various steps and modules
included in the cepstral domain plethysmographic signal
processing method (400) of FIG. 4, the multi-domain
plethysmographic signal processing method (400) of FIG. 7
includes a waveform analysis module (710) and a window
position and length control module (720).

[0104] The waveform analysis module (710) is interposed
between the step of digitizing (410) the analog red and
infrared plethysmographic signals and extracting (500) a
time-domain based estimate of the patient’s pulse rate. In the
waveform analysis module (710), the digitized red and
infrared plethysmographic time domain waveforms are ana-
lyzed to extract desired information from the waveforms.
Extracted information may include time domain features
from a differentiated waveform such as spike width and
height and variability of these features to identify a region of
motion free or motion reduced pulse signal. Such informa-
tion may also be used for artifact measurement and classi-
fication.

[0105] The information extracted in the waveform analy-
sis module (710) is provided to the window position and
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length control module (720). The energy spectra (440) of the
FFT transformed red and infrared plethysmographic signals,
information from the motion classification and estimation
module (510), and the patient’s pulse rate (580) is also
provided to the window position and length control module
(720). The window position and length control module (720)
adjusts the position and length of the smoothing window
(also referred to in the context of the method of FIG. 7 as
a data selection window) applied in the smoothing step (420)
and/or the length of the FFT size utilized in the first and
second stage FFT steps (430, 460). Under the direction of
the window position and length control module (720), the
length of the smoothing window and/or the FFT size may be
shortened or lengthened as necessary in order to optimize
extraction of plethysmographic signal components relating
to patient physiological conditions (e.g., pulse rate, SPO2
level) from noise components that may also be present in the
plethysmographic signals. In this regard, for patients having
typically higher pulse rates (e.g., babies and neonates)
smaller window lengths and shorter FFT sizes have been
found to be appropriate while for patients with typically
slower pulse rates (e.g., adults) longer window lengths and
larger FFT sizes have been found to provide more optimal
results.

[0106] In addition to controlling window length and FET
size, the window position and length control module (720)
also controls the position of the smoothing window. In this
regard, when motion artifact is present in the red and
infrared plethysmographic signals, signal regions having
little or no motion artifact present may be identified (e.g., by
the motion classification and estimation module (510)) and
a window (with its length adjusted as appropriate to select
the low-noise regions) can then be selectively positioned
over such regions for subsequent spectral and cepstral
processing. In this regard, a two-pass system may be imple-
mented wherein the plethysmographic signals are initially
processed without using a window to identify signal portions
that are free from motion or include only limited motion, and
then are re-processed using a window that is appropriately
positioned and adjusted to select only the identified no or
low noise regions.

[0107] By way of example, FIG. 8 shows plots of exem-
plary red and infrared plethysmographic signals 802A, 802B
that include no or low motion regions 804A, 804B and high
or severe motion regions 806A, 806B. Under the direction
and control of the window position and length control
module (720) several data selection windows 808A, 808B,
are positioned and have their length appropriately adjusted
to select only the no or low noise regions 804 A, §04B of the
red and infrared plethysmographic signals for further pro-
cessing.

[0108] In addition to obtaining a measure correlated with
the patients SPO2 level from the red and infrared DC and
AC levels, the SPO2 module (600) of the multi-domain
plethysmographic signal processing method (700) of FIG. 7
also derives an SPO2 measure from the red and infrared
energy spectrums (440) and the red and infrared cepstrums
(470). In this regard, the SPO2 module (600) may compare
the energy present around the fundamental component of the
red energy spectrum to the energy present around the
fundamental component of the infrared energy spectrum to
derive a ratio that is correlated with the patient’s SPO2 level.
Similarly, information present in the red and infrared cep-
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strums may be used by the SPO2 module (600) to derive a
ratio that is correlated with the patient’s SPO2 level.

[0109] Referring now to FIGS. 9A-9B, in the multi-
domain signal processing methods (200, 400, 700) of FIGS.
2, 4 and 7, the time, spectral and cepstral domains are
analyzed and evaluated, and features identified in one
domain may be confirmed and correlated in the other
domains. For example, as illustrated in FIGS. 9A-9B, the
fundamental spectral component 902A of one of the plethys-
mographic signals may be obscured by motion artifact and
other noise. This can make it difficult to obtain the SpO2
level of the patient from the energy spectrum by comparing
spectra for the red and infrared signals. However, prominent
cepstral peaks 902B, 904B, 906B can be used to search for
related spectral components 902A, 904A, 906A since a
cepstral component can more easily be identified even
though the region around the fundamental spectral compo-
nent 902A may be corrupted by noise or motion compo-
nents. Once identified in the cepstral domain, the SPO2
content may be extracted by the SPO2 module (600) directly
from the energy spectrum by processing the second or third
harmonic regions 904 A, 906 A, which may be distant enough
from the lower frequency noise, since the SPO2 energy
related content of the harmonic spectral components 904A,
906A is typically similar to that of the fundamental spectral
component 902A. In this regard, such technique may be
described as cepstral identification of fundamental spectral
components and related harmonics followed by SPO2 evalu-
ation at multiple harmonic sites.

[0110] Referring now to FIGS. 10A-10B, the SPO2 mod-
ule (600) may confirm the accuracy of the time domain,
spectral domain and cepsiral domain based SPO2 level
estimates through a technique referred to herein as “shep-
arding” the estimates. The sheparding technique recognizes
that while a direct current (DC) tracking based SPO2 value
typically does not accurately represent the correct magnitude
of the patient’s SPO2 level, the shape of the DC tracking
based SPO2 plot is typically correct over time. Thus, the
time domain, spectral domain and cepstral domain based
SPO?2 levels determined in the SPO2 module (600) may be
plotted over time and the shape of the plots compared with
a plot of a DC tracking based SPO2 value also determined
in the SPO2 module (600). Through such comparison, the
accuracy of the various SPO2 estimates may be confirmed
and, if one or more of the estimates does not appear to be
accurate, such SPO2 value can be rejected and only the
accurate values reported and/or further utilized by the SPO2
module (600).

[0111] By way of example, FIG. 10A shows plots of
exemplary time domain 1002A, spectral domain 1004A,
cepstral domain 1006A, and DC tracking 1008A based
SPO2 levels wherein the shape of each of the plots is similar.
In this regard, each plot 1002A-1008A includes a corre-
sponding shallow dip or desaturation region 1010A wherein
the SPO2 level of the patient drops for a period of time and
then recovers. Since, the desaturation region 1010A appears
in each plot 1002A-1008A at substantially the same time,
ends at substantially the same time, and has substantially the
same shape, all three of the filtered time domain, spectral
domain and cepstral domain based SPO2 estimates 1002A-
1006 A appear to be accurate and provide confirmation of the
accuracy of the other estimates.
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[0112] By way of further example, FIG. 10B shows plots
of exemplary time domain 1002B, spectral domain 1004B,
cepstral domain 1006B, and DC tracking 1008B based
SPO2 levels wherein the shape of each of the plots is not
similar due, for example, to the presence of motion artifact
in the original red and infrared plethysmographic signals. In
this regard, the DC tracking based SPO2 plot 1008B
includes a desaturation region 1010B which also appears
distinctly in the cepstral domain based SPO2 plot 1006B but
does not distinctly appear in the time domain and spectral
domain based plots 1002B, 1004B. Thus, the accuracy of the
time domain and spectral domain based SPO2 levels during
the period of time covered by the desaturation region 1010B
is questionable and the cepstral domain based SPO2 esti-
mate appears to be accurate.

[0113] As may be appreciated, during certain time periods,
none of the time domain, spectral domain and cepstral
domain based SPO2 estimates may accurately follow the
shape of the DC tracking based SPO2 estimate, in which
case all three may be rejected by the SPO2 module (600).
During such instances, the SPO2 module (600) may, for
example, report an earlier SPO2 value previously confirmed
to be accurate, or it may report an appropriately scaled DC
tracking based SPO2 estimate.

[0114] During periods when all three of the filtered time
domain, spectral domain and cepstral domain based SPO2
tracks agree in form with the DC track and with each other
(such as illustrated in FIG. 10A), it can be assumed that the
AC information included in the filtered time domain, spec-
tral domain and cepstral domain SPO2 tracks is good or is
at least being accurately extracted in motion conditions. At
such times, the SPO2 values from the three tracks can be
used to calibrate the DC SPO2 track and thereby generate a
second DC SPO2 track that agrees both in form and in value
with the previous SPO2 values. The second (calibrated) DC
SPO2 track (and parameters describing the track) may be
used to predict SPO2 values during periods of severe motion
when none of the filtered time domain, spectral domain, or
cepstral domain SPO2 tracks agrees in form with the non-
calibrated DC SPO2 track. In order to generate the second
(calibrated) DC SPO2 track during appropriate periods and
to properly utilize the second (calibrated) DC SPO2 track
during periods of severe motion, it may be necessary to
maintain a history of the various SPO2 values and motion
estimates.

[0115] Referring now to FIGS. 11A-B, the motion classi-
fication and strength estimation module (510) may analyze
the red and infrared spectrums and cepstrums in a number of
manners in order to identify the presence of motion artifact
in the red and infrared plethysmographic signals. One man-
ner is to compare successive frames or snapshots of the
spectrums and cepstrums over time to determine if there is
Jitter present in the peaks of the spectrums and cepstrums.

[0116] By way of example, FIG. 11A shows three suc-
cessive frames of exemplary infrared spectrums 1102, 1104,
1106. As can be seen in FIG. 11A, over time the fundamen-
tal spectral peak 1108 (and its related harmonic components)
drifts from a lower frequency to a higher frequency and back
to a lower frequency again. By measuring the amount of
frequency drift of the spectral peak 1108 and comparing the
measured drift to one or more threshold values, it is possible
to classify the strength of any motion present in the plethys-
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mographic signals. For example, the absolute value of the
frequency drift 1110 measured between the spectral peak
1108 of the first instance of the spectrum 1102 and the
spectral peak 1108 of the second instance of the spectrum
1104 may exceed a higher threshold value thereby indicating
the presence of severe motion during the time between the
first and second instances of the spectrum 1102, 1104,
whereas the absolute value of the frequency drift 1112
measured between the spectral peak 1108 of the second
instance of the spectrum 1104 and the spectral peak 1108 of
the third instance of the spectrum 1106 may exceed a lower
threshold value but not the higher threshold value thereby
indicating the presence of clinical motion during the time
between the second and third instances of the spectrums
1104, 1106. As may be appreciated, where the measured
frequency drift is below the lower threshold value, the
plethysmographic signal may be classified as having no or
only insignificant motion during the time period between
successive spectral frames.

[0117] Likewise, FIG. 11B shows three successive frames
of exemplary infrared cepstrums 1122, 1124, 1126. As can
be seen in FIG. 11B, over time the primary cepstral peak
1128 corresponding with the fundamental spectral peak (and
the smaller cepstral peaks corresponding to the harmonic
spectral components) drifts from a lower Quefrency to a
higher Quefrency and back to a lower Quefrency again. By
measuring the amount of Quefrency drift and comparing the
measured drift to one or more threshold values, it is possible
to classify any motion present in the plethysmographic
signals as well as obtain an indication of a magnitude of such
motion. For example, the absolute value of the Quefrency
drift 1130 measured between the cepstral peak 1128 of the
first instance of the cepstrum 1122 and the cepstral peak
1128 of the second instance of the cepstrum 1124 may
exceed a higher threshold value thereby indicating the
presence of severe motion during the time between the first
and second instances of the cepstrum 1122, 1124, whereas
the absolute value of the Quefrency drift 1132 measured
between the cepstral peak 1128 of the second instance of the
cepstrum 1124 and the cepstral peak 1128 of the third
instance of the cepstrum 1126 may exceed a lower threshold
value but not the higher threshold value thereby indicating
the presence of clinical motion during the time between the
first and second instances of the cepstrums 1122, 1128. As
may be appreciated, where the measured Quefrency drift is
below the lower threshold value, the plethysmographic
signal may be classified as having no or only insignificant
motion during the time period between successive cepstral
frames.

[0118] As noted above, it is desirable to distinguish useful
physiological information from artifact or otherwise deter-
mine signal quality. This can be done for a variety of
purposes including selectively filtering the interfering infor-
mation from the useful information and selecting a preferred
processing technique. In the context of the system described
above, where different processing techniques are utilized
depending on the motion or noise environment, useful
physiological information may be distinguished from arti-
fact in order to select a processing technique. For example,
in the case of a relatively clean signal, the signal may be
filtered using a bandpass filter tuned to the pulsatile fre-
quency and the resulting filtered signal may be utilized to
calculate blood oxygen saturation. This is an AC component
algorithm. In other cases, DC tracking may be utilized
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together with a previously calculated value of blood oxygen
saturation in order to calculate an estimate of the current
blood oxygen saturation value.

[0119] It has been noted that distinguishing useful physi-
ological information from interfering information based on
a shape or waveform of the spectrum or spectra can be
problematic. In particular, such analyses can result in failing
to perform an AC analysis in certain cases such as a rapidly
changing pulse rate or an arrhythmia. It will be appreciated
that, although a relatively clean signal may be obtained in
such cases, a spectral analysis of the signal may be incon-
clusive or suggest the presence of strong artifact. In addition,
in certain cases a spectral analysis may indicate that the
signal is acceptable when, in fact, significant interference is
present and mimics a physiological signal in the spectral
domain.

[0120] These problems can be more fully addressed in
accordance with the present invention by monitoring certain
parameters that are substantially independent of the shape or
waveform of the spectrum. Two such parameters described
below are the observed energy ratio of the red and infrared
fundamental spectral peaks (“observed fundamental energy
ratio”) and the phase of the first harmonic in relation to the
fundamental (“relative phase”). These are examples of a
phase quality measure and an energy quality measure. Each
of these is described in turn below.

[0121] Referring to FIGS. 15A and 15B, exemplary and
somewhat idealized (for purposes of illustration) spectra for
relatively clean detector signals and artifact affected signals,
respectively, are shown. As shown in 154, in the case of a
relatively clean signal, the red and infrared spectra generally
appear well correlated but with different peak amplitudes
associated with different energies. Indeed, it has been found
that, in the case of clean signals, the ratio of the peak energy
of the fundamental peak of the red spectrum to the peak
energy of the fundamental peak of the infrared spectrum
remains substantially constant, at least over relatively short
periods of time.

[0122] By contrast, artifact affected signals, as shown in
FIG. 15B, generally yield different spectra. In many cases,
as depicted in FIG. 15B, the energy of the fundamental peak
of an artifact affected signal tends to be about the same in the
red and infrared spectra.

[0123] FIGS. 16A and 16B illustrate perceived variations
and R-ratio or related values associated with arrhythmia and
periodic motion examples, respectively. As shown, each of
the curves includes a number of events where the R-ratio is
perceived to drop suddenly or “bucket.” Such bucketing
may be due to artifact such as patient motion. Because
patient motion tends to have similar effects on the red and
infrared signals, such motion events tend to draw the mea-
sured R-ratio, in the absence of any corrective algorithm,
towards one, corresponding to a blood oxygen saturation of
about 82 or 83 percent. As shown, a similar phenomenon
may be observed in the case of arrhythmia due to a failure
to accurately track the pulsatile signal. It would be desirable
to distinguish motion effects such as illustrated in FIG. 16B
from arrhythmia effects as illustrated in FIG. 16A, for
example, as it may be possible to obtain good oxygen
saturation information in the case of arrhythmia.

[0124] Tt has been found that the observed fundamental
energy ratio remains substantially constant in bucketing
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events associated with arrhythmia, whereas this ratio tends
to fluctuate significantly in the case of motion or other
artifact. Accordingly, good signals can be reliably distin-
guished from artifact affected signals by tracking the
observed fundamental energy ratio over time. Specifically,
by defining an appropriate variability threshold, signals that
evidence stability of this ratio can be accepted or validated
for appropriate processing, e.g., for AC analysis to detet-
mine a value of blood oxygen saturation, whereas less stable
signals can be invalidated, e.g., resulting in DC tracking
processing. This is illustrated in FIGS. 16A and 16B where
successive bucketing events in the case of arrhythmia are
associated with observed fundamental energy ratios of 1.20,
1.22 and 1.19 whereas successive bucketing events in the
motion example of FIG. 16B correspond to observed fun-
damental energy ratios of 1.2, 2.0 and 0.8.

[0125] An associated processing flowchart is illustrated in
FIG. 17. The illustrated process 1700 is initiated by calcu-
lating (1702A and 1702B) the energy spectra for the red and
infrared channels. This generally involves performing a Fast
Fourier transform on the time-based detector signal infor-
mation and then computing power spectra in conventional
fashion. Motion estimators are then used (1704) to accept or
reject signals. As noted above, various peak qualifications
and related parameters may be utilized in this regard to
distinguish apparently clean signals from apparently motion
affected signals. Based on this analysis, a decision is made
(1706) to accept or reject the signal. If the signal is ques-
tionable, it is rejected (1710). If the signal is acceptable
based on these criteria, a time parameter is calculated and a
relative stability is saved (1708). In this regard, the time
parameter can be calculated as the current time minus the
time the last valid signal was detected. The relative stability
is calculated as the peak spectral energy of the red funda-
mental frequency divided by the peak spectral energy of the
infrared fundamental frequency.

[0126] A SumAge parameter is then calculated (1712) as
the sum of the times between the previous end valid signals.
Additionally, a standard deviation is calculated (1714) of
previous relative stabilities. The standard deviation in this
regard can be calculated by the following formula:

[y 22 — (X x?

stdev of previous r relative stabilities = \/ = D
nn-

where n=number of relative stability measurements

where x=specific relative stability measurement as defined
by R/IR,-R,_/IR,_))

where R=peak spectral domain value
where IR=peak infrared spectral domain value

[0127] These two factors are used to determine (1716)
signal validity. Specifically, the signal validity is calculated
by the following formula:

Validity=(weightFactorstd*stdev previous n relative

stabilities)-1)*weightFactorAge+Summation previous

1 valid times
The empirically derived wavefactorstd and weightfactorage
may be set so as to yield desired results. In this regard, it may
be desired to exclude significant artifact affected signals
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while allowing for varying observed fundamental energy
ratios associated with true desaturation events. In this
regard, a weightfactorstd of 20 and a weightfactorage of 25
have been found to provide good results. A determination is
then made (1718) whether the signal validity is below an
acceptable threshold. Again, this threshold may be set
empirically. If the signal is questionable, it is rejected
(1722). Otherwise the signal is considered (1720) accept-
able. As noted above, acceptable signals may be processed
using an AC analysis algorithm to determine the current
value of SPO,.

[0128] Another parameter which may be utilized to dis-
tinguish good signals from artifact affected signals is the
relative phase. In this regard, it has been observed that the
relative phase between the fundamental of the pulsatile
signal and the first harmonic remains within a certain range
for most patients in most situations. This is reflected in the
observed plethysmographic spectra for patients where the
dichrotic notch has a defined range of positions in relation to
a pulsatile waveform peak. That is, the relative phase of the
first harmonic is correlated to the position of the dichrotic
notch.

[0129] Moreover, it has been observed that the spectra
associated with artifact affected signals do not follow this
pattern. In particular, the relative phase of the first harmonic
can vary across a range of phase values.

[0130] This relative phase phenomenon can be used to
distinguish good signals from artifact affected signals. Spe-
cifically, this phenomenon can be used alone or together
with other indicators as discussed above to distinguish good
signals from artifact affected signals, e.g., to validate signals
for AC analysis. An associated process 1800 is illustrated in
FIG. 18. The process 1800 is initiated by performing (1802)
a Fast Fourier Transform on the red or infrared photophet-
hysmographic signal. An energy spectrum is then calculated
(1804) from the Fast Fourier Transform. It should be noted
in this regard that the imaginary component of the Fast
Fourier Transform function is needed to calculate phase
related information. This imaginary component is lost in
calculating the energy spectrum. Accordingly, the raw Fast
Fourier Transform information is provided to modules 1808
and 1810 as described below.

[0131] The frequency of the fundamental and harmonic
components can then be estimated (1806) from the energy
spectrum. In particular, as noted above, certain peak quali-
fication parameters are applied to the spectral peaks to
identify potential fundamental and harmonic peaks. A poten-
tial fundamental peak can then be matched to a potential
harmonic peak to identify the apparent fundamental and
harmonic of the pulsatile signal.

[0132] The phase of the fundamental is then estimated
(1808) based on the following formula:

O=abs(a tan(real/imag))

This phase is mapped into the proper quadrant of a unit
circle to provide a useful phase value. Similarly, the phase
of the first harmonic is estimated using the same process for
the first harmonic component. The relative phase of the
harmonic is then calculated (1812) as the phase of the
harmonic minus the phase of the fundamental. A determi-
nation is then made (1814) whether this relative phase is
outside of the general population range. If it is, the signal at
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the fundamental frequency is deemed to be invalid (1816).
It will be appreciated that in some cases, such as mechanical
heart-assist situations, clean signal information may be lost
in this regard. If the relative phase is outside of the general
population range, the signal is determined to be valid, e.g.,
thereby enabling an AC algorithm for calculating blood
oxygen saturation. Whether the relative phase is inside or
outside of this range can be determined, for example, based
on comparison to static thresholds derived empirically based
on analysis of patient data or can be developed heuristically
for a given patient or based on many patients. It will be
appreciated that phase information may be used for a variety
of other purposes, such as providing a better waveform
including proper positioning of the dichrotic notch in the
case of waveforms generated from signal information fil-
tered using an adaptive filter tuned to the fundamental
frequency of the pulsatile signal. That is, as noted above, the
relative phase of the fundamental and first harmonic com-
ponents is correlated to the position of the dichrotic notch.
The relative phase can thus be used to digitally add the
dichrotic notch to the generated waveform at the appropriate
position in relation to a pleth peak so as to provide a more
realistic and useful waveform.

[0133] While various embodiments of the present inven-
tion have been described in detail, further modifications and
adaptations of the invention may occur to those skilled in the
art. However, it is to be expressly understood that such
modifications and adaptations are within the spirit and scope
of the present invention.

What is claimed:
1. A method for use in a pulse oximetry system, compris-
ing the steps of:

obtaining an input signal representative of an optical
signal potentially including physiological information
based on interaction with a patient;

analyzing said input signal to identify first information
related to a first portion of said signal corresponding to
a first potential waveform feature of said input signal
and second information related to a second portion of
said signal corresponding to a second potential wave-
form feature of said input signal;

using said first information and said second information to
determine a phase-related value; and

using said phase-related value to determine a quality of
said input signal in relation to one of desired informa-
tion content and artifact content.

2. A method as set forth in claim 1, wherein said step of
analyzing comprises performing a frequency domain analy-
sis on said input signal.

3. A method as set forth in claim 1, wherein said step of
analyzing comprises determining first phase information for
said first portion and second phase information for said
second portion.

4. A method as set forth in claim 3, wherein said step of
using comprises determining relative phase information
based on said first and second phase information.

5. A method as set forth in claim 4, wherein said first
portion corresponds to a fundamental frequency of said
input signal and said second portion corresponds to a
harmonic frequency of said input signal.
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6. A method as set forth in claim 1, wherein said input
signal includes time-based information and said step of
analyzing comprises performing a transform on said time-
based information to obtain frequency based information.

7. A method as set forth in claim 1, wherein said step of
obtaining comprises receiving a multiplexed signal includ-
ing components corresponding to different optical channels
and demultiplexing said multiplexed signal to obtain said
input signal, wherein said input signal corresponds to one of
said optical channels.

8. A method as set forth in claim 1, wherein said step of
using comprises distinguishing potential artifact content
from potential arrhythmia content.

9. A method for use in a pulse oximetry system, compris-
ing the steps of:

obtaining a time-based signal representative of an optical
signal potentially including physiological information
based on interaction with a patient;

first performing a transform on said time-based signal to
obtain first phase information for a first component of
said time-based signal and second phase information
corresponding to a second component of said time-
based signal; and

using said first and second phase information to determine
a quality of said time-based signal in relation to one of
physiological information content and artifact content.

10. A method as set forth in claim 9, wherein said step of
using comprises determining relative phase information
based on said first and second phase information.

11. A method as set forth in claim 9, wherein said first
component corresponds to a fundamental frequency of said
time-based signal and said second component corresponds
to a harmonic frequency of said time-based signal.

12. A method as set forth in claim 9, wherein said step of
obtaining comprises receiving a multiplexed signal includ-
ing components corresponding to different optical channels
and demultiplexing said multiplexed signal to obtain said
input signal, wherein said input signal corresponds to one of
said optical channels.

13. A method as set forth in claim 9, wherein said step of
using comprises distinguishing potential artifact content
from potential arrhythmia content.

14. A pulse oximetry apparatus, comprising:

an input port for obtaining a time-based signal represen-
tative of an optical signal potentially including physi-
ological information based on interaction with a
patient; and

a processor for performing a transform on a time-based
signal to obtain first phase related information corre-
sponding to a first component of said time-based signal
and second phase related information corresponding to
a second component of said time-based signal, and for
using said first and second phase related information to
determine a quality of said time-based signal in relation
to one of physiological information content and artifact
content.

15. An apparatus as set forth in claim 14, wherein said
processor is operative for determining relative phase infor-
mation based on said first and second phase information.

16. An apparatus as set forth in claim 14, wherein said first
component corresponds to a fundamental frequency of said
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time-based signal and said second component corresponds obtain said input signal, wherein said input signal corre-
to a harmonic frequency of said time-based signal. sponds to one of said optical channels.

17. An apparatus as set forth in claim 14, wherein said 18. An apparatus as set fQITh in .cla.im 14, Wherein .said
processor is operative for receiving a multiplexed signal processor is operative for dlStlI.lgUIShlng potential artifact
including components corresponding to different optical content from potential arrhythmia content.
channels and demultiplexing said multiplexed signal to ¥ % x x %
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