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METHODS AND SYSTEMS FOR
DETERMINING PHYSIOLOGICAL
INFORMATION BASED ON DISTORTION
INFORMATION

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/930,867, filed Jan. 23, 2014, which
is hereby incorporated by reference herein in its entirety.

SUMMARY

[0002] The present disclosure relates to processing physi-
ological signals, and more particularly relates to determining
distortion factors based on a physiological signal and deter-
mining physiological information based on the distortion fac-
tors.

[0003] Methods and systems are provided for determining
distortion factors based on a received signal. In some embodi-
ments, light signals are received by a system. The system may
receive a value indicative of oxygen saturation. The distortion
factors may be calculated based on the value indicative of
oxygen saturation and the light signals. The distortion factors
may be used to determine physiological information.

[0004] In some embodiments, a system for operating a
physiological monitor includes an input configured for
receiving a physiological signal, the signal comprising a first
component corresponding to a first wavelength of light and a
second component corresponding to a second wavelength of
light. The system further includes one or more processors
configured for receiving a value indicative of oxygen satura-
tion. The one or more processors are further configured for
determining a distortion factor corresponding to one of the
first and second wavelengths of light based on the first com-
ponent of the received physiological signal, the second com-
ponent of the received physiological signal, and the value
indicative of oxygen saturation. The one or more processors
are further configured for determining physiological informa-
tion based on the distortion factor.

[0005] In some embodiments, a method is provided for
operating a physiological monitor. The method comprises
receiving a physiological signal, the signal comprising a first
component corresponding to a first wavelength of light and a
second component corresponding to a second wavelength of
light. The method further comprises receiving a value indica-
tive of oxygen saturation. The method further comprises
determining a distortion factor corresponding to one of the
first and second wavelengths of light based on the first com-
ponent of the received physiological signal, the second com-
ponent of the received physiological signal, and the value
indicative of oxygen saturation. The method further com-
prises determining physiological information based on the
distortion factor.

[0006] In some embodiments, a system for operating a
physiological monitor includes an input configured for
receiving a physiological signal, the signal comprising a first
component corresponding to a first wavelength of emitted
light and a second component corresponding to a second
wavelength of emitted light. The system further includes one
or more processors configured for determining a value indica-
tive of oxygen saturation based on a first assumption regard-
ing the interaction of the emitted light and tissue of a subject
and on the physiological signal. The one or more processors
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are further configured for determining a distortion factor cor-
responding to one of the first wavelength of emitted light and
the second wavelength of emitted light based on a second
assumption regarding the interaction of the emitted light and
tissue of the subject, wherein the second assumption is based
on the first assumption not being accurate, and on the physi-
ological signal. The one or more processors are further con-
figured for determining physiological information based on
the distortion factor.

[0007] In some embodiments, a method is provided for
operating a physiological monitor. The method comprises
receiving a physiological signal, the signal comprising a first
component corresponding to a first wavelength of emitted
light and a second component corresponding to a second
wavelength of emitted light. The method further comprises
determining a value indicative of oxygen saturation based on
a first assumption regarding the interaction of the emitted
light and tissue of a subject and on the physiological signal.
The method further comprises determining a distortion factor
corresponding to one of the first wavelength of emitted light
and the second wavelength of emitted light based on a second
assumption regarding the interaction of the emitted light and
tissue of the subject, wherein the second assumption is based
on the first assumption not being accurate, and on the physi-
ological signal. The method further comprises determining
physiological information based on the distortion factor.

BRIEF DESCRIPTION OF THE FIGURES

[0008] The above and other features of the present disclo-
sure, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0009] FIG. 1 shows a block diagram of an illustrative
physiological monitoring system in accordance with some
embodiments of the present disclosure;

[0010] FIG. 2A shows an illustrative plot of a light drive
signal in accordance with some embodiments of the present
disclosure;

[0011] FIG. 2B shows an illustrative plot of a detector sig-
nal that may be generated by a sensor in accordance with
some embodiments of the present disclosure;

[0012] FIG. 3 is a perspective view of an illustrative physi-
ological monitoring system in accordance with some embodi-
ments of the present disclosure;

[0013] FIG. 4 shows an illustrative plot of a physiological
signal in accordance with some embodiments of the present
disclosure;

[0014] FIG. 5A shows an illustrative schematic of a cross
section of a light source and two detectors applied to the
forehead of a subject in accordance with some embodiments
of the present disclosure;

[0015] FIG. 5B shows aplan view of the bottom of'a sensor
unit incorporating a light source and two detectors in accor-
dance with some embodiments of the present disclosure; and
[0016] FIG. 6 shows an illustrative flow diagram including
steps for determining physiological information in accor-
dance with some embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

[0017] The present disclosure is directed towards process-
ing signals in a physiological monitoring system such as a
medical device. In particular, a system is configured to deter-
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mine distortion factors and determine physiological informa-
tion based on the distortion factors.

[0018] A medical device such as a pulse oximeter may
receive detected light signals. For example, a light signal may
interact with a patient and then be detected using a photode-
tector. The amplitude and other features of the detected light
signal may be used to determine physiological information.
For example, physiological changes such as changes in path
length or changes in the light absorbance may correspond to
changes in the amplitude of the detected signal. These
detected light signals are referred to herein as photoplethys-
mograph (PPG) signals.

[0019] In some embodiments, features of PPG signals are
dominated by changes in arterial blood, such as changes in
volume, due to the changing amount of arterial blood within
the tissue over the cardiac cycle. The relative pulse amplitude
of PPG signals corresponding to different wavelengths of
light provide information about the oxygenation of arterial
blood, and thus allows for the calculation of arterial oxygen
saturation, SpQO,.

[0020] As is understood in the art, there are several funda-
mental challenges involved in the use of optical tissue inter-
rogation to determine physiological information. One chal-
lenge involved in optical tissue interrogation is the unknown
light loss between a sensor and the skin of the subject. This
loss is variable and may be due in part to sensor construction,
clinician practice in placement of the sensor, and differences
in the physical site of the interrogation. Furthermore, the
background scattering and absorption, which is convolved
with the signal of interest, is unknown, variable between
subjects, and can even change within a single subject during
the course of monitoring.

[0021] Another challenge involved in optical tissue inter-
rogation is the variability in the emitters typically used. While
LEDs are low cost and generally effective as emitters, they
exhibit variability, both between different emitters and in the
spectrum emitted by any individual LED.

[0022] Yet another challenge involved in optical tissue
interrogation is that the average path length through the
medium, which is included in calculations using absorbed
and scattered light, is dependent on a number of variable
factors, including the absorption, the scattering, and the spe-
cific wavelength of light. Accordingly, the change in path
length creates variability in measures determined from opti-
cally interrogated tissue.

[0023] In view of these and other challenges, the use of
optical tissue interrogation to calculate physiological param-
eters typically relies on a number of simplifying assumptions.
Accordingly, the resulting calculations can only be consid-
ered approximations of the relevant parameters. In some
cases, such as with cerebral oximetry, the saturation value
received may only be treated as an evaluation of a deviation
from a baseline saturation value, which has clinical utility, but
does not provide an actual measure of saturation. In other
cases, for example in pulse oximetry, while the arterial oxy-
gen saturation or SpO, value is neither a fractional nor func-
tional measure of saturation, it has been found that the value
has good fidelity to the actual saturation value in the blood,
due at least in part to the fact that the simplifying assumptions
are close to true for the light signals typically involved in
pulse oximetry.

[0024] The aforementioned scattering and absorption vari-
ability involved in the optical interrogation of tissue may be
thought of as factors that distort the simplified view of optical
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tissue interrogation. The unpredictability and variability that
distorts the view so as to prevent an accurate understanding of
the physiology may be considered to be analogous to an
atmosphere with fine particles of matter that causes such an
appreciable amount of scattering so as to be considered
“foggy.” In some embodiments, a known or approximated
physiological parameter, such as arterial oxygen saturation,
can be used to solve for one or more of the factors that distort
the simplified view of optical tissue interrogation. It will be
understood that the distortion factors provide additional
information about the interaction of the emitted light and the
tissue of the subject that may not be taken into account in
calculations relying on simplifying assumptions. This addi-
tional information may be used to improve the calculations of
physiological parameters and may also be used to determine
additional physiological information. For example, the dis-
tortion factors may be used for further evaluation of the origi-
nal assumptions and to otherwise monitor the accuracy of the
resulting approximation. Furthermore, the distortion factors
may be used to determine other related physiological param-
eters with improved accuracy.

[0025] The foregoing techniques may be implemented in
an oximeter. An oximeter is a medical device that may deter-
mine the oxygen saturation of an analyzed tissue. One com-
mon type of oximeter is a pulse oximeter, which may non-
invasively measure the oxygen saturation of a patient’s blood
(as opposed to measuring oxygen saturation invasively by
analyzing a blood sample taken from the patient). Pulse
oximeters may be included in patient monitoring systems that
measure and display various blood flow characteristics
including, but not limited to, the blood oxygen saturation
(e.g., arterial, venous, or both). Such patient monitoring sys-
tems, in accordance with the present disclosure, may also
measure and display additional or alternative physiological
parameters such as pulse rate, respiration rate, respiration
effort, blood pressure, hemoglobin concentration (e.g., oxy-
genated, deoxygenated, and/or total), systemic vascular resis-
tance, mean arterial pressure, cardiac output, central venous
pressure, oxygen demand, adaptive filter parameters, any
other suitable physiological parameters, or any combination
thereof. Exemplary embodiments of determining respiration
rate are disclosed in Addison et al. U.S. Patent Publication
No. 2011/0071406, published Mar. 24, 2011, which is hereby
incorporated by reference herein in its entirety. Exemplary
embodiments of determining respiration effort are disclosed
in Addison et al. U.S. Patent Publication No. 2011/0004081,
published Jan. 6, 2011, which is hereby incorporated by ref-
erence herein in its entirety. Exemplary embodiments of
determining blood pressure are disclosed in Addison et al.
U.S. Patent Publication No. 2011/0028854, published Feb. 3,
2011, which is hereby incorporated by reference herein in its
entirety.

[0026] Pulse oximetry may be implemented using a pho-
toplethysmograph. Pulse oximeters and other photoplethys-
mograph devices may also be used to determine other physi-
ological parameter and information as disclosed in: J. Allen,
“Photoplethysmography and its application in clinical physi-
ological measurement,” Physiol. Meas., vol. 28, pp. R1-R39,
March 2007; W. B. Murray and P. A. Foster, “The peripheral
pulse wave: information overlooked,” /. Clin. Monit., vol. 12,
pp- 365-377, September 1996; and K. H. Shelley, “Photopl-
ethysmography: beyond the calculation of arterial oxygen
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saturation and heart rate,” Aresth. Analg., vol. 105, pp. S31-
S36, December 2007, all of which are incorporated by refer-
ence herein in their entireties.

[0027] An oximeter may include a light sensor that is
placed at a site on a patient, typically a fingertip, toe, forehead
or earlobe, or in the case of a neonate, across a foot or hand.
The oximeter may use a light source to pass light through
blood perfused tissue and photoelectrically sense the absorp-
tion of the light in the tissue. Additional suitable sensor loca-
tions include, without limitation, the neck to monitor carotid
artery pulsatile flow, the wrist to monitor radial artery pulsa-
tile flow, the inside of a patient’s thigh to monitor femoral
artery pulsatile flow, the ankle to monitor tibial artery pulsa-
tile flow, around or in front of the ear, and locations with
strong pulsatile arterial flow. Suitable sensors for these loca-
tions may include sensors that detect reflected light.

[0028] Theoximeter may measure the intensity of light that
is received at the light sensor as a function of time. The
oximeter may also include sensors at multiple locations. A
signal representing light intensity versus time ora mathemati-
cal manipulation of this signal (e.g., a scaled version thereof,
alog taken thereof, a scaled version of a log taken thereof, an
inverted signal, etc.) may be referred to as the photoplethys-
mograph (PPG) signal. In addition, the term “PPG signal,” as
used herein, may also refer to an absorption signal (i.e., rep-
resenting the amount of light absorbed by the tissue) or any
suitable mathematical manipulation thereof. The light inten-
sity or the amount of light absorbed may then be used to
calculate any of a number of physiological parameters,
including an amount of a blood constituent (e.g., oxyhemo-
globin) being measured as well as a pulse rate and when each
individual pulse occurs.

[0029] Insome embodiments, the photonic signal interact-
ing with the tissue is of one or more wavelengths that are
attenuated by the blood in an amount representative of the
blood constituent concentration. Red and infrared (IR) wave-
lengths may be used because it has been observed that highly
oxygenated blood will absorb relatively less red light and
more IR light than blood with a lower oxygen saturation. By
comparing the intensities of two wavelengths at different
points in the pulse cycle, it is possible to estimate the blood
oxygen saturation of hemoglobin in arterial blood.

[0030] The system may process data to determine physi-
ological parameters using techniques well known in the art.
Forexample, the system may determine arterial blood oxygen
saturation using two wavelengths oflight and a ratio-of-ratios
calculation. As another example, the system may determine
regional blood oxygen saturation using two wavelengths of
light and two detectors located at different distances from the
emitters. The system also may identify pulses and determine
pulse amplitude, respiration, blood pressure, other suitable
parameters, or any combination thereof, using any suitable
calculation techniques. In some embodiments, the system
may use information from external sources (e.g., tabulated
data, secondary sensor devices) to determine physiological
parameters.

[0031] Insomeembodiments, alight drive modulation may
be used. For example, a first light source may be turned on for
a first drive pulse, followed by an off period, followed by a
second light source for a second drive pulse, followed by an
off period. The first and second drive pulses may be used to
determine physiological parameters. The off periods may be
used to detect ambient signal levels, reduce overlap of the
light drive pulses, allow time for light sources to stabilize,
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allow time for detected light signals to stabilize or settle,
reduce heating effects, reduce power consumption, for any
other suitable reason, or any combination thereof.

[0032] It will be understood that the techniques described
herein are not limited to pulse oximeters and may be applied
to any suitable physiological monitoring device.

[0033] Thefollowing description and accompanying FIGS.
1-6 provide additional details and features of some embodi-
ments of the present disclosure.

[0034] FIG. 1 shows a block diagram of illustrative physi-
ological monitoring system 100 in accordance with some
embodiments of the present disclosure. System 100 may
include a sensor 102 and a monitor 104 for generating and
processing sensor signals that include physiological informa-
tion of a subject. In some embodiments, sensor 102 and
monitor 104 may be part of an oximeter. In some embodi-
ments, system 100 may include more than one sensor 102.
[0035] Sensor 102 of physiological monitoring system 100
may include light source 130 and detector 140. Light source
130 may be configured to emit photonic signals having one or
more wavelengths of light (e.g. red and IR) into a subject’s
tissue. For example, light source 130 may include a red light
emitting light source and an IR light emitting light source, e.g.
red and IR light emitting diodes (LEDs), for emitting light
into the tissue of a subject to generate sensor signals that
include physiological information. In one embodiment, the
red wavelength may be between about 600 nm and about 750
nm, and the IR wavelength may be between about 800 nm and
about 1000 nm. It will be understood that light source 130
may include any number of light sources with any suitable
characteristics. In embodiments where an array of sensors is
used in place of single sensor 102, each sensor may be con-
figured to emit a single wavelength. For example, a first
sensormay emit only ared light while a second may emit only
an IR light.

[0036] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiative sources and
may include one or more of ultrasound, radio, microwave,
millimeter wave, infrared, visible, ultraviolet, gamma ray or
X-ray electromagnetic radiation. As used herein, light may
also include any wavelength within the radio, microwave,
infrared, visible, ultraviolet, or X-ray spectra, and that any
suitable wavelength of electromagnetic radiation may be
appropriate for use with the present techniques. Detector 140
may be chosen to be specifically sensitive to the chosen
targeted energy spectrum of light source 130.

[0037] Insome embodiments, detector 140 may be config-
ured to detect the intensity of light at the red and IR wave-
lengths. In some embodiments, an array of sensors may be
used and each sensor in the array may be configured to detect
an intensity of a single wavelength. In operation, light may
enter detector 140 after passing through the subject’s tissue.
Detector 140 may convert the intensity of the received light
into an electrical signal. The light intensity may be directly
related to the absorbance and/or reflectance of light in the
tissue. That is, when more light at a certain wavelength is
absorbed or reflected, less light of that wavelength is received
from the tissue by detector 140. After converting the received
light to an electrical signal, detector 140 may send the detec-
tion signal to momitor 104, where the detection signal may be
processed and physiological parameters may be determined
(e.g., based on the absorption of the red and IR wavelengths in
the subject’s tissue). In some embodiments, the detection
signal may be preprocessed by sensor 102 before being trans-
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mitted to monitor 104. Although only one detector 140 is
depicted in FIG. 1, in some embodiments, sensor 102 may
include additional detectors located at different distances
from the light source 130. In embodiments with additional
detectors, the sensitivity of the additional detectors may vary
based on the distance between the detector and light source
130 such that a far detector may be more sensitive to light than
a near detector.

[0038] In the embodiment shown, monitor 104 includes
control circuitry 110, light drive circuitry 120, front end pro-
cessing circuitry 150, back end processing circuitry 170, user
interface 180, and communication interface 190. Monitor 104
may be communicatively coupled to sensor 102 using, for
example, one or more inputs.

[0039] Control circuitry 110 may be coupled to light drive
circuitry 120, front end processing circuitry 150, and back
end processing circuitry 170, and may be configured to con-
trol the operation of these components. In some embodi-
ments, control circuitry 110 may be configured to provide
timing control signals to coordinate their operation. For
example, light drive circuitry 120 may generate a light drive
signal, which may be used to turn on and off'the light source
130, based on the timing control signals. The front end pro-
cessing circuitry 150 may use the timing control signals to
operate synchronously with light drive circuitry 120. For
example, front end processing circuitry 150 may synchronize
the operation of an analog-to-digital converter and a demul-
tiplexer with the light drive signal based on the timing control
signals. In addition, the back end processing circuitry 170
may use the timing control signals to coordinate its operation
with front end processing circuitry 150.

[0040] Light drive circuitry 120, as discussed above, may
be configured to generate a light drive signal that is provided
to light source 130 of sensor 102. The light drive signal may,
for example, control the intensity of light source 130 and the
timing of when light source 130 is turned on and off. In some
embodiments, light drive circuitry 120 may comprise a power
supply and a switch for selectively applying power to light
source 130. When light source 130 is configured to emit two
or more wavelengths of light, the light drive signal may be
configured to control the operation of each wavelength of
light. The light drive signal may comprise a single signal or
may comprise multiple signals (e.g., one signal for each
wavelength of light). An illustrative light drive signal is
shown in FIG. 2A.

[0041] In some embodiments, control circuitry 110 and
light drive circuitry 120 may generate light drive parameters
based on a metric. For example, back end processing 170 may
receive information about received light signals, determine
light drive parameters based on that information, and send
corresponding information to control circuitry 110.

[0042] FIG. 2A shows an illustrative plot of a light drive
signal including red light drive pulse 202 and IR light drive
pulse 204 in accordance with some embodiments of the
present disclosure. Light drive pulses 202 and 204 are illus-
trated as square waves. These pulses may include shaped
waveforms rather than a square wave. The shape of the pulses
may be generated by a digital signal generator, digital filters,
analog filters, any other suitable equipment, or any combina-
tion thereof. For example, light drive pulses 202 and 204 may
be generated by light drive circuitry 120 under the control of
control circuitry 110. As used herein, drive pulses may refer
to the high and low states of a shaped pulse, switching power
or other components on and off, high and low output states,
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high and low values within a continuous modulation, other
suitable relatively distinct states, or any combination thereof.
The light drive signal may be provided to light source 130,
including red light drive pulse 202 and IR light drive pulse
204 to drive red and IR light emitters, respectively, within
light source 130. Red light drive pulse 202 may have a higher
amplitude than IR light drive pulse 204 since red LEDs may
be less efficient than IR LEDs at converting electrical energy
into light energy. In some embodiments, the output levels may
be equal, may be adjusted for nonlinearity of emitters, may be
modulated in any other suitable technique, or any combina-
tion thereof. Additionally, red light may be absorbed and
scattered more than IR light when passing through perfused
tissue.

[0043] When the red and IR light sources are driven in this
manner they emit pulses of light at their respective wave-
lengths into the tissue of a subject in order generate sensor
signals that include physiological information that physi-
ological monitoring system 100 may process to calculate
physiological parameters. It will be understood that the light
drive amplitudes of FIG. 2A are merely exemplary and that
any suitable amplitudes or combination of amplitudes may be
used, and may be based on the light sources, the subject
tissue, the determined physiological parameter, modulation
techniques, power sources, any other suitable criteria, or any
combination thereof.

[0044] The light drive signal of FIG. 2A may also include
“off” periods 220 between the red and IR light drive pulse.
“Off” periods 220 are periods during which no drive current
may be applied to light source 130. “Off” periods 220 may be
provided, for example, to prevent overlap of the emitted light,
since light source 130 may require time to turn completely on
and completely off The period from time 216 to time 218 may
be referred to as a drive cycle, which includes four segments:
a red light drive pulse 202, followed by an “off” period 220,
followed by an IR light drive pulse 204, and followed by an
“off” period 220. After time 218, the drive cycle may be
repeated (e.g., as long as a light drive signal is provided to
light source 130). It will be understood that the starting point
of the drive cycle is merely illustrative and that the drive cycle
can start at any location within FIG. 2A, provided the cycle
spans two drive pulses and two “off” periods. Thus, each red
light drive pulse 202 and each IR light drive pulse 204 may be
understood to be surrounded by two “off” periods 220. “Off”
periods may also be referred to as dark periods, in that the
emitters are dark or returning to dark during that period. Tt will
be understood that the particular square pulses illustrated in
FIG. 2A are merely exemplary and that any suitable light
drive scheme is possible. For example, light drive schemes
may include shaped pulses, sinusoidal modulations, time
division multiplexing other than as shown, frequency division
multiplexing, phase division multiplexing, any other suitable
light drive scheme, or any combination thereof.

[0045] Referring back to FIG. 1, front end processing cir-
cuitry 150 may receive a detection signal from detector 140
and provide one or more processed signals to back end pro-
cessing circuitry 170. In some embodiments, front end pro-
cessing circuitry 150 may receive the detection signals from
one or more inputs of monitor 104. The term “detection
signal,” as used herein, may refer to any of the signals gener-
ated within front end processing circuitry 150 as it processes
the output signal of detector 140. Front end processing cir-
cuitry 150 may perform various analog and digital processing
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of the detector signal. One suitable detector signal that may be
received by front end processing circuitry 150 is shown in
FIG. 2B.

[0046] FIG.2B shows anillustrative plot of detector current
waveform 214 that may be generated by a sensor in accor-
dance with some embodiments of the present disclosure. The
peaks of detector current waveform 214 may represent cur-
rent signals provided by a detector, such as detector 140 of
FIG. 1, when light is being emitted from a light source. The
amplitude of detector current waveform 214 may be propor-
tional to the light incident upon the detector. The peaks of
detector current waveform 214 may be synchronous with
drive pulses driving one or more emitters of a light source,
such as light source 130 of FIG. 1. For example, detector
current peak 226 may be generated in response to a light
source being driven by red light drive pulse 202 of FIG. 2A,
and peak 230 may be generated in response to a light source
being driven by IR light drive pulse 204. Valleys 228 of
detector current waveform 214 may be synchronous with
periods of time during which no light is being emitted by the
light source, or the light source is returning to dark, such as
“off” periods 220. While no light is being emitted by a light
source during the valleys, detector current waveform 214 may
not fall all of the way to zero.

[0047] TItwill be understood that detector current waveform
214 may be an at least partially idealized representation of a
detector signal, assuming perfect light signal generation,
transmission, and detection. It will be understood that an
actual detector current will include amplitude fluctuations,
frequency deviations, droop, overshoot, undershoot, rise time
deviations, fall time deviations, other deviations from the
ideal, or any combination thereof. It will be understood that
the system may shape the drive pulses shown in FIG. 2A in
order to make the detector current as similar as possible to
idealized detector current waveform 214.

[0048] Referring back to FIG. 1, front end processing cit-
cuitry 150, which may receive a one or more detection sig-
nals, such as detector current waveform 214, may include
analog conditioning 152, analog-to-digital converter (ADC)
154, demultiplexer 156, digital conditioning 158, decimator/
interpolator 160, and ambient subtractor 162.

[0049] Analog conditioning 152 may perform any suitable
analog conditioning of the detector signal. The conditioning
performed may include any type of filtering (e.g., low pass,
high pass, band pass, notch, or any other suitable filtering),
amplifying, performing an operation on the received signal
(e.g., taking a derivative, averaging), performing any other
suitable signal conditioning (e.g., converting a current signal
to a voltage signal), or any combination thereof.

[0050] The conditioned analog signal may be processed by
analog-to-digital converter 154, which may convert the con-
ditioned analog signal into a digital signal. Analog-to-digital
converter 154 may operate under the control of control cir-
cuitry 110. Analog-to-digital converter 154 may use timing
control signals from control circuitry 110 to determine when
to sample the analog signal. Analog-to-digital converter 154
may be any suitable type of analog-to-digital converter of
sufficient resolution to enable a physiological monitor to
accurately determine physiological parameters.

[0051] Demultiplexer 156 may operate on the analog or
digital form of the detector signal to separate out different
components of the signal. For example, detector current
waveform 214 of FIG. 2B includes a red component corre-
sponding to peak 226, an IR component corresponding to
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peak 230, and at least one ambient component corresponding
to valleys 228. Demultiplexer 156 may operate on detector
current waveform 214 of FIG. 2B to generate a red signal, an
IR signal, a first ambient signal (e.g., corresponding to the
ambient component corresponding to valley 228 that occurs
immediately after the peak 226), and a second ambient signal
(e.g., corresponding to the ambient component correspond-
ing to valley 228 that occurs immediately after the IR com-
ponent 230). Demultiplexer 156 may operate under the con-
trol of control circuitry 110. For example, demultiplexer 156
may use timing control signals from control circuitry 110 to
identify and separate out the different components of the
detector signal.

[0052] Digital conditioning 158 may perform any suitable
digital conditioning of the detector signal. Digital condition-
ing 158 may include any type of digital filtering of the signal
(e.g., low pass, high pass, band pass, notch, or any other
suitable filtering), amplifying, performing an operation on the
signal, performing any other suitable digital conditioning, or
any combination thereof.

[0053] Decimator/interpolator 160 may decrease the num-
ber of samples in the digital detector signal. For example,
decimator/interpolator 160 may decrease the number of
samples by removing samples from the detector signal or
replacing samples with a smaller number of samples. The
decimation or interpolation operation may include or be fol-
lowed by filtering to smooth the output signal.

[0054] Ambient subtractor 162 may operate on the digital
signal. In some embodiments, ambient subtractor 162 may
remove dark or ambient contributions to the received signal or
signals.

[0055] The components of front end processing circuitry
150 are merely illustrative and any suitable components and
combinations of components may be used to perform the
front end processing operations.

[0056] The front end processing circuitry 150 may be con-
figured to take advantage of the full dynamic range of analog-
to-digital converter 154. This may be achieved by applying
gain to the detection signal, by analog conditioning 152 to
map the expected range of the signal to the full or close to full
output range of analog-to-digital converter 154. The output
value of analog-to-digital converter 154, as a function of the
total analog gain applied to the detection signal, may be given
as:

ADC Value=Total Analog Gainx[Ambient Light+L.ED
Light]

[0057] Ideally, when ambient light is zero and when the
light source is off, the analog-to-digital converter 154 will
read just above the minimum input value. When the light
source is on, the total analog gain may be set such that the
output of analog-to-digital converter 154 may read close to
the full scale of analog-to-digital converter 154 without satu-
rating. This may allow the full dynamic range of analog-to-
digital converter 154 to be used for representing the detection
signal, thereby increasing the resolution of the converted
signal. In some embodiments, the total analog gain may be
reduced by a small amount so that small changes in the light
level incident on the detector do not cause saturation of ana-
log-to-digital converter 154.

[0058] However, if the contribution of ambient light is large
relative to the contribution of light from a light source, the
total analog gain applied to the detection current may need to
be reduced to avoid saturating analog-to-digital converter
154. When the analog gain is reduced, the portion of the signal
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corresponding to the light source may map to a smaller num-
ber of analog-to-digital conversion bits. Thus, more ambient
light noise in the input of analog-to-digital converter 154 may
results in fewer bits of resolution for the portion of the signal
from the light source. This may have a detrimental effect on
the signal-to-noise ratio of the detection signal. Accordingly,
passive or active filtering or signal modification techniques
may be employed to reduce the effect of ambient light on the
detection signal that is applied to analog-to-digital converter
154, and thereby reduce the contribution of the noise compo-
nent to the converted digital signal.

[0059] Back end processing circuitry 170 may include pro-
cessor 172 and memory 174. Processor 172 may be adapted to
execute software, which may include an operating system and
one or more applications, as part of performing the functions
described herein. Processor 172 may receive and further pro-
cess sensor signals received from front end processing cir-
cuitry 150. For example, processor 172 may determine one or
more physiological parameters based on the received physi-
ological signals. Processor 172 may include an assembly of
analog or digital electronic components. Processor 172 may
calculate physiological information. For example, processor
172 may compute one or more of a venous signal, a blood
oxygen saturation (e.g., arterial, venous, or both), pulse rate,
respiration rate, respiration effort, blood pressure, hemoglo-
bin concentration (e.g., oxygenated, deoxygenated, and/or
total), any other suitable physiological parameters, or any
combination thereof. Processor 172 may further compute one
or more distortion factors based on the received physiological
signals, and the calculated physiological information. In
some embodiments, one or more distortion factors may be
used to improve the accuracy of the calculation of any of the
above-mentioned or other suitable physiological parameters,
may be used to calculate additional physiological informa-
tion, may be used for any other suitable purpose, or any
combination thereof. Processor 172 may perform any suitable
signal processing of a signal, such as any suitable band-pass
filtering, adaptive filtering, closed-loop filtering, any other
suitable filtering, and/or any combination thereof. Processor
172 may also receive input signals from additional sources
not shown. For example, processor 172 may receive an input
signal containing information about treatments provided to
the subject from user interface 180. Additional input signals
may be used by processor 172 in any of the calculations or
operations it performs in accordance with back end process-
ing circuitry 170 or monitor 104.

[0060] Memory 174 may include any suitable computer-
readable media capable of storing information that can be
interpreted by processor 172. In some embodiments, memory
174 may store calculated values, such as pulse rate, blood
pressure, blood oxygen saturation, fiducial point locations or
characteristics, initialization parameters, systemic vascular
resistance, mean arterial pressure, cardiac output, central
venous pressure, oxygen demand, adaptive filter parameters,
distortion factors, any other calculated values, or any combi-
nation thereof, in a memory device for later retrieval. This
information may be data or may take the form of computer-
executable instructions, such as software applications, that
cause the microprocessor to perform certain functions and/or
computer-implemented methods. Depending on the embodi-
ment, such computer-readable media may include computer
storage media and communication media. Computer storage
media may include volatile and non-volatile, removable and
non-removable media implemented in any method or tech-
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nology for storage of information such as computer-readable
instructions, data structures, program modules or other data.
Computer storage media may include, but is not limited to,
RAM, ROM, EPROM, EEPROM, flash memory or other
solid state memory technology, CD-ROM, DVD, or other
optical storage, magnetic cassettes, magnetic tape, magnetic
disk storage or other magnetic storage devices, or any other
medium which can be used to store the desired information
and which can be accessed by components of the system.
Back end processing circuitry 170 may be communicatively
coupled with user interface 180 and communication interface
190.

[0061] User interface 180 may include user input 182, dis-
play 184, and speaker 186. User interface 180 may include,
for example, any suitable device such as one or more medical
devices (e.g., a medical monitor that displays various physi-
ological parameters, a medical alarm, or any other suitable
medical device that either displays physiological parameters
oruses the output of back end processing 170 as aninput), one
or more display devices (e.g., monitor, personal digital assis-
tant (PDA), mobile phone, tablet computer, any other suitable
display device, or any combination thereof), one or more
audio devices, one or more memory devices (e.g., hard disk
drive, flash memory, RAM, optical disk, any other suitable
memory device, or any combination thereof), one or more
printing devices, any other suitable output device, or any
combination thereof.

[0062] User input 182 may include any type of user input
device such as a keyboard, a mouse, a touch screen, buttons,
switches, a microphone, a joy stick, a touch pad, or any other
suitable input device. The inputs received by user input 182
can include information about the subject, such as age,
weight, height, diagnosis, medications, treatments, and so
forth.

[0063] In an embodiment, the subject may be a medical
patient and display 184 may exhibita list of values which may
generally apply to the patient, such as, for example, age
ranges or medication families, which the user may select
using user input 182. Additionally, display 184 may display,
for example, an estimate of a subject’s blood oxygen satura-
tion generated by monitor 104 (e.g., an “SpO,” or a regional
oximetry measurement), pulse rate information, respiration
rate and/or effort information, blood pressure information,
hemoglobin concentration information, systemic vascular
resistance, mean arterial pressure, cardiac output, central
venous pressure, oxygen demand, any other parameters, and
any combination thereof. Display 184 may include any type
of display such as a cathode ray tube display, a flat panel
display such as a liquid crystal display or plasma display, or
any other suitable display device. Speaker 186 within user
interface 180 may provide an audible sound that may be used
in various embodiments, such as for example, sounding an
audible alarm in the event that a patient’s physiological
parameters are not within a predefined normal range.

[0064] Communication interface 190 may enable monitor
104 to exchange information with external devices. Commu-
nications interface 190 may include any suitable hardware,
software, or both, which may allow monitor 104 to commu-
nicate with electronic circuitry, a device, a network, a server
or other workstations, a display, or any combination thereof.
Communications interface 190 may include one or more
receivers, transmitters, transceivers, antennas, plug-in con-
nectors, ports, inputs, communications buses, communica-
tions protocols, device identification protocols, any other
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suitable hardware or software, or any combination thereof.
Communications interface 190 may be configured to allow
wired communication (e.g., using USB, RS-232, Ethernet, or
other standards), wireless communication (e.g., using WiFi,
IR, WiMax, BLUETOOTH, USB, or other standards), or
both. For example, communications interface 190 may be
configured using a universal serial bus (USB) protocol (e.g.,
USB 2.0, USB 3.0), and may be configured to couple to other
devices (e.g., remote memory devices storing templates)
using a four-pin USB standard Type-A connector (e.g., plug
and/or socket) and cable. In some embodiments, communi-
cations interface 190 may include an internal bus such as, for
example, one or more slots for insertion of expansion cards.

[0065] It will be understood that the components of physi-
ological monitoring system 100 that are shown and described
as separate components are shown and described as such for
illustrative purposes only. In some embodiments the func-
tionality of some of the components may be combined in a
single component. For example, the functionality of front end
processing circuitry 150 and back end processing circuitry
170 may be combined in a single processor system. Addition-
ally, in some embodiments the functionality of some of the
components of monitor 104 shown and described herein may
be divided over multiple components. For example, some or
all of the functionality of control circuitry 110 may be per-
formed in front end processing circuitry 150, in back end
processing circuitry 170, or both. In addition, while a single
processor is depicted in FIG. 1, it will be understood that one
or more processors may be used to perform the functionality
described above. In other embodiments, the functionality of
one or more of the components may be performed in a dif-
ferent order or may not be required. In an embodiment, all of
the components of physiological monitoring system 100 can
be realized in processor circuitry.

[0066] FIG. 3 is a perspective view of an illustrative physi-
ological monitoring system 310 in accordance with some
embodiments of the present disclosure. In some embodi-
ments, one or more components of physiological monitoring
system 310 may include one or more components of physi-
ological monitoring system 100 of FIG. 1. Physiological
monitoring system 310 may include sensor unit 312 and
monitor 314. In some embodiments, sensor unit 312 may be
part of an oximeter. Sensor unit 312 may include one or more
light source 316 for emitting light at one or more wavelengths
into a subject’s tissue. One or more detector 318 may also be
provided in sensor unit 312 for detecting the light that is
reflected by or has traveled through the subject’s tissue. Any
suitable configuration of light source 316 and detector 318
may be used. In an embodiment, sensor unit 312 may include
multiple light sources and detectors, which may be spaced
apart. Physiological monitoring system 310 may also include
one or more additional sensor units (not shown) that may, for
example, take the form of any of the embodiments described
herein with reference to sensor unit 312. An additional sensor
unit may be the same type of sensor unit as sensor unit 312, or
a different sensor unit type than sensor unit 312 (e.g., a pho-
toacoustic sensor). Multiple sensor units may be capable of
being positioned at two different locations on a subject’s
body. In an example, an oximeter sensor may be located at a
first position and a thermodilution sensor may be located at a
second location. In another example, an oximeter sensor and
a temperature sensor may be located near to one another or in
the same structure.
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[0067] Insomeembodiments, sensor unit 312 may be con-
nected to monitor 314 as shown. Sensor unit 312 may be
powered by an internal power source, e.g., a battery (not
shown). Sensor unit 312 may draw power from monitor 314.
In another embodiment, the sensor may be wirelessly con-
nected (not shown) to monitor 314. Monitor 314 may be
configured to calculate physiological parameters based at
least in part on data relating to light emission and light detec-
tion received from one or more sensor units such as sensor
unit 312. For example, monitor 314 may be configured to
determine pulserate, respiration rate, respiration effort, blood
pressure, blood oxygen saturation (e.g., arterial, venous,
regional, or a combination thereof), hemoglobin concentra-
tion (e.g., oxygenated, deoxygenated, and/or total), systemic
vascular resistance, mean arterial pressure, cardiac output,
central venous pressure, oxygen demand, any other suitable
physiological parameters, or any combination thereof. Moni-
tor 314 may also be configured to determine distortion factors
and determine any of the above-mentioned or other suitable
physiological parameters based thereon. In some embodi-
ments, calculations may be performed on the sensor units or
an intermediate device and the result of the calculations may
be passed to monitor 314. Further, monitor 314 may include
display 320 configured to display the physiological param-
eters or other information about the system. In the embodi-
ment shown, monitor 314 may also include a speaker 322 to
provide an audible sound that may be used in various other
embodiments, such as for example, sounding an audible
alarm in the event that a subject’s physiological parameters
are not within a predefined normal range. In some embodi-
ments, physiological monitoring system 310 may include a
stand-alone monitor in communication with the monitor 314
via a cable or a wireless network link. In some embodiments,
monitor 314 may be implemented as display 184 of FIG. 1.

[0068] Insome embodiments, sensor unit 312 may be com-
municatively coupled to monitor 314 via a cable 324 at port
336. Cable 324 may include electronic conductors (e.g., wires
for transmitting electronic signals from detector 318), optical
fibers (e.g., multi-mode or single-mode fibers for transmitting
emitted light from light source 316), any other suitable com-
ponents, any suitable insulation or sheathing, or any combi-
nation thereof. In some embodiments, a wireless transmission
device (not shown) or the like may be used instead of or in
addition to cable 324. Monitor 314 may include a sensor
interface configured to receive physiological signals from
sensor unit 312, provide signals and power to sensor unit 312,
or otherwise communicate with sensor unit 312. The sensor
interface may include any suitable hardware, software, or
both, which may be allow communication between monitor
314 and sensor unit 312.

[0069] In some embodiments, physiological monitoring
system 310 may include calibration device 380. Calibration
device 380, which may be powered by monitor 314, a battery,
or by a conventional power source such as a wall outlet, may
include any suitable calibration device. Calibration device
380 may be communicatively coupled to monitor 314 via
communicative coupling 382, and/or may communicate
wirelessly (not shown). In some embodiments, calibration
device 380 is completely integrated within monitor 314. In
some embodiments, calibration device 380 may include a
manual input device (not shown) used by an operator to
manually input reference signal measurements obtained from
some other source (e.g., an external invasive or non-invasive
physiological measurement system).
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[0070] In the illustrated embodiment, physiological moni-
toring system 310 includes a multi-parameter physiological
monitor 326. The monitor 326 may include a cathode ray tube
display, a flat panel display (as shown) such as a liquid crystal
display (LCD) or a plasma display, or may include any other
type of monitor now known or later developed. Multi-param-
eter physiological monitor 326 may be configured to calcu-
late physiological parameters and to provide a display 328 for
information from monitor 314 and from other medical moni-
toring devices or systems (not shown). For example, multi-
parameter physiological monitor 326 may be configured to
display an estimate of asubject’s blood oxygen saturation and
hemoglobin concentration generated by monitor 314. Multi-
parameter physiological monitor 326 may include a speaker
330.

[0071] Monitor 314 may be communicatively coupled to
multi-parameter physiological monitor 326 via a cable 332 or
334 thatis coupled to a sensor input port or a digital commu-
nications port, respectively and/or may communicate wire-
lessly (not shown). In addition, monitor 314 and/or multi-
parameter physiological monitor 326 may be coupled to a
network to enable the sharing of information with servers or
other workstations (not shown). Monitor 314 may be powered
by a battery (not shown) or by a conventional power source
such as a wall outlet.

[0072] In some embodiments, any of the processing com-
ponents and/or circuits, or portions thereof, of FIGS. 1 and 3,
including sensors 102 and 312 and monitors 104, 314, and
326, may be referred to collectively as processing equipment.
For example, processing equipment may be configured to
amplify, filter, sample and digitize an input signal from sensor
102 or 312 (e.g., using an analog-to-digital converter), and
calculate physiological information from the digitized signal.
Processing equipment may be configured to generate light
drive signals, amplify, filter, sample and digitize detector
signals, sample and digitize other analog signals, calculate
physiological information from the digitized signal, perform
any other suitable processing, or any combination thereof.
The processing equipment may include one or more proces-
sors. In some embodiments, all or some of the components of
the processing equipment may be referred to as a processing
module.

[0073] FIG. 4 shows an illustrative plot 400 of physiologi-
cal signal 402 in accordance with some embodiments of the
present disclosure. In some embodiments, physiological sig-
nal 402 may be considered to include an AC component and
oneor more DC components. It will be understood that physi-
ological signal 402 is shown to illustrate the usage of the DC
and AC signal terminology used herein. It will also be under-
stood that AC and DC terms need not refer to the traditional
electrical power definitions. Rather, DC may refer to the
portion of the signal that is relatively constant over time,
while AC may refer to the portion of the signal that changes
over time. For example, the AC component may vary substan-
tially with a cardiac cycle. In the illustrated example, shaded
region 404 may correspond to the AC signal component of
physiological signal 402, and shaded regions 406, 408, and
410 may collectively correspond to the total DC signal com-
ponent of physiological signal 402. It will be understood that
the particular division of AC and DC components shown in
plot 400 is merely exemplary and that any suitable division
may be used. For example, in some embodiments the DC
level may be identified at an initial point and remain constant
for a predefined interval. In another example, the DC level
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may track the lowest point of the AC oscillation and be
updated at regular intervals such as every pulse, every 10%
pulse, every 10 seconds, or any other suitable interval. In
some embodiments, the interval may vary based on param-
eters such as patient condition. In some embodiments, the DC
component of a received PPG signal may correspond to the
amount of light received at diastole, and the AC component
may correspond to the variations above the diastole level.

[0074] The following mathematical expressions (1)-(11)
provide an exemplary derivation of distortion factors associ-
ated with the calculation of arterial oxygen saturation.

[0075] By way of background, approximately 98-99% of
all the oxygen carried in our blood is bound to hemoglobin,
while the remaining fraction is dissolved in the plasma.
Because the binding of oxygen molecules in hemoglobin is
cooperative, individual hemoglobin molecules in the blood
are generally found with either all four binding sites occupied
by oxygen molecules or none occupied. Fully saturated blood
is comprised of only the fully bound molecules, referred to as
oxyhemoglobin, or O2Hb, while desaturated blood includes a
mixture of O2Hb and fully deoxygenated molecules, referred
to as deoxyhemoglobin, or HHb. The blood’s functional oxy-
gen saturation is thus defined as the relevant amount of oxy-
genated hemoglobin to the total amount of hemoglobin
capable of delivering oxygen, or:

cOyHb e9]
502 = —
cO,Hb + cHHb

[0076] where cO,Hb and cHHb refer to the concentrations
of oxyhemoglobin and deoxyhemoglobin molecules in the
blood.

[0077] In some embodiments, a related calculation of an
arterial oxygen saturation value, SpO,, may be determined by
determining a ratio-of-ratios value. The following math-
ematical expressions provide an exemplary derivation of the
ratio-of-ratios equation. The starting point is the classic Lam-
bert-Beer law, which describes the attenuation of light as it
passes through a colored solution as the sum of the effects
coming from each of the individual absorbers:

e RN

[0078] where A is the absorbance or total light loss, 1., and
1,,. refer to the incident and transmitted light intensities, 1 is
the path length through the medium, and f3, and cX, are the
spectral absorption characteristics and concentration of each
ofthei” substances in the medium. In highly scattering media
such as tissue, however, the path length is not simply the
linearthickness ofthe tissue as in the classic case. Instead, the
distance traveled by the light is a complex function of both the
scattering and absorption of the medium. To account for these
effects, a simplifying assumption is made by replacing 1 with
T, which denotes an “effective mean path length” of detected
light accounting for all of the effects of scattering into a single
term, giving the following Modified Lambert-Beer law equa-
tion:
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A= —log(%) = 7-2 (B; -cX;)
' -

[0079] The absorbers of light within the tissue include
O2Hb, HHb, and additional absorbers such as the venous
blood, bone, skin, and tendons. To cancel the light loss attrib-
uted to these additional absorbers, another simplifying
assumption is made. Specifically, it is assumed that only the
amount of arterial blood in the tissue changes for a given
change in time within the cardiac cycle. Based on this
assumption, any change in light intensity is entirely attribut-
able to the change in the amount of arterial blood in the tissue
at these two points in time. This assumption can be further
understood with reference to FIG. 4, for example. In essence,
the assumption is that shaded portion 404 corresponds to
changes in arterial blood volume, and the remaining shaded
portions 406, 408, and 410 correspond to any or all of the
venous blood, static arterial blood, the bone, the skin, the
tendons and other tissue. Assuming this is true, light loss
coming from these additional absorbers can be cancelled by
taking the difference of the measurements at two points in
time within the cardiac cycle, which results in the following
expression:

Alt)-A(t)=log(L,, (1r))-log(L,, ()=
IBalcHb(t)~cHD, (1)) *

where t, and t, are the two points in time, and f, and cHb,,
refer to the absorption characteristic and concentration of
arterial hemoglobin in the tissue. By expanding £, to an
equivalent form in terms of the combination of the absorption
characteristics B, z; and B, for O2Hb and HHb, respec-
tively, and the saturation value S from Eq. (1) above, Eq. (4)
becomes:
Al)-A()=log(L. )~
1-(SBorrst(1=S)Bpzs)-AcHb,, )

where AcHb,, is used to indicate the change in tissue arterial
hemoglobin concentration over the time increment.

[0080] Conventional pulse oximeters typically perform the
measurement indicated in the middle portion of Eq. (5) for
two wavelengths A, A, and calculate the ratio-of-ratios term
R as:

(10 Loue(12)) = loglue 11 )y (60)
(108 lou(12)) = loglLourlt1)1),

Applying the same ratio to the right side of Eq. (5) provides
the following equation:

(5oL s + (1= $)Bih)- AcHBE Ty, (6b)

(SBo2uy + (1 - $)Bihy)- AcHbB? T,
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If the right hand terms of Eq. (6b) are grouped into a single
value Q, solving for S results in the saturation estimate:

AcHBY by O]
o= —a—
AcHbZE -1,

IB/}'IIHb -R-O! 'ﬁ;\-ﬁ-lb ®
R-Q7L (ﬁ?)zsz - /3/1\121117) + ﬁ}ilﬁb - :lesz

Sp0, =

[0081] For the purposes of determining SpO,, yet another
simplifying assumption is made. Here, it is assumed that both
wavelengths of light pass through the same modulating arte-
rial blood volumes with equal path lengths, such that Q
equates to unity. Accordingly, a value can be calculated that
approximates the arterial saturation of oxygen.

[0082] As described above, a number of simplifying
assumptions are made in order to derive and calculate SpO,.
First, abroadly defined “effective mean path length” was used
to replace the length term in the original Lambert-Beer equa-
tion in order to attempt to account for the complex function of
both the scattering and absorption of light through the tissue.
Next, it was assumed that arterial blood accounted for all
changes in light intensity for a given change in time within the
cardiac cycle to allow us to cancel out effects of other tissue.
Finally, it was assumed that the two wavelengths of light pass
through the same modulating arterial blood volumes with
equal path lengths in order to cancel the path length and the
change in tissue arterial hemoglobin concentration terms.
[0083] Inspite of these simplifying assumptions, the SpO,
value yielded by conventional pulse oximetry methods as
derived above has been observed as a reasonably accurate
value and has provided significant clinical value in practice.
In accordance with the present disclosure, the reasonably
accurate SpQO, value and the previously described equations
can be used to resolve the aforementioned coupling, back-
ground scattering and absorption, LED variability, and path
length variability issues. Specifically, we can start at Eq. (4)
above and replace A(t,)-A(t,) with AA, and cHb,(t,)-cHb,
(t,) with Acyp , Tor ease of reference, résulting in:

Ad,, :7}\1-'ACHB,,,)\1-' (S '[302143,}\,-*'( 1 ‘S)ﬁHHB,xi) ©)

where

AA/\[ = log(lom‘rz'/\“ ) - log(lourﬂ'/\‘. )s ACHBa,/\;

is the change in tissue arterial hemoglobin concentration over
atime increment for a given wavelength, A, and S is the SpO,
value from a conventional approach, such as the one detailed
above. In Eq. (9), it can be seen that the variability issues
related to scattering, absorption, and path length may be
resolved by the term [, -Ac,;; ,_ since these were the terms
that were previously assumed to cancel out due to the simpli-
fication used to calculate SpO,. Thus, it may be helpful to
define this term as distortion factor W ;,_; , which reduces Eq.
9) to:

Ay =W e 5 (S Po,epar 4 (1-S)Prme ) (10

Where f3;, B, and Bz, are t.he gbsorption gharactedstics
at the specific values for the individual emitters (e.g., as
measured when the emitters were manufactured). Accord-



US 2015/0201873 A1l

ingly, applving this equation to a pulse oximetry device using
red and IR wavelengths as an example, the following linear
algebra matrix may result:

e et it

Ay, Waisa g 0, HBA R

Bt H an

Burisag

Since the values of AA; AA; S, Brgo, 5. s Brso, s Brs,

n_and Bppp,, are known, the two values of W, can be
solved directly. “As will be described in further detail below,

these distortion factors can be used with the same sensor setup
and corresponding vasculature combination to improve the
calculation of physiological parameters and/or to determine
additional physiological information. It will be appreciated
that although only two wavelengths were referred to in the
example above, the pulse oximeter or other device may use
additional wavelengths and thus could solve for additional
values of W

[0084] It will be understood that distortion factors, as cal-
culated in accordance with the present disclosure, may be
used for a number of purposes, as will be described in detail
below. In some embodiments, distortion factors may be used
to determine physiological information. For example, distor-
tion factors may be used to calculate or approximate physi-
ological parameters or indices. In some embodiments, distor-
tion factors may be used to improve methods for calculating
physiological parameters or indices. In some embodiments,
distortion factors themselves may be monitored to determine
confidence information associated with the physiological sig-
nals employed in the present disclosure.

[0085] In some embodiments, a value indicative of local
blood perfusion may be determined based on a calculated
distortion factor. As used herein, blood perfusion generally
refers to the flow of blood to a given amount of tissue. Current
methods of assessing the quality of local perfusion using
pulse oximetry typically rely on calculation of percent modu-
lation. Percent modulation is typically a ratio of the AC com-
ponent of an IR signal to the baseline, or DC component, of
the IR signal. While the percent modulation generally pro-
vides a measure of signal strength and provides some infor-
mation regarding perfusion quality, it is convolved with many
of the confounding factors discussed above because it effec-
tively is only measuring the change in light intensity. Given
that the distortion factors capture many of these same con-
founding factors, it will be understood that in some embodi-
ments, an improved value indicative of blood perfusion may
be determined by multiplying the percent modulation ratio
for a given wavelength by the inverse of the corresponding
distortion factor. In some embodiments, the value indicative
of local perfusion may be calculated according to the follow-
ing expression:

ACy,, 1 (12
DCyp Waisyyp

Such a calculation will result in a perfusion index that more
accurately represents the true change in fluid alone, since the
distortion factor cancels out many of the confounding factors.
In some embodiments, the perfusion index may be monitored
continuously, periodically, or on demand. In some embodi-
ments, the perfusion index may be displayed on a display,
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such as display 184 of FIG. 1. The perfusion index may be
displayed in any suitable form, such as a number, a trace, ora
bar display. In some embodiments, the perfusion index may
be monitored in order to provide an alarm if the perfusion
index is too low or too high. For example, the perfusion index
may be compared to one or more thresholds and an alarm may
be generated based on the comparison (e.g., when the perfu-
sion index crosses a threshold). The alarm may be an audible
alarm, a visual alarm, or a combination thereof.

[0086] In some embodiments, the perfusion index may be
used to determine information about additional physiological
parameters. Because perfusion relates to the flow of blood,
the perfusion index, calculated based on a distortion factor,
can be used to determine flow information, such as cardiac
output and stroke volume. As used herein, cardiac output
generally refers to the volume of blood pumped by the heart.
In some embodiments, perfusion may be correlated to cardiac
output. Therefore, changes in perfusion can be correlated to
changes in cardiac output. In some embodiments, a relative
change in perfusion can be correlated to a relative change in
cardiac output. In some embodiments, cardiac output can be
determined based on perfusion and calibration information.
For example, a known reading of cardiac output can be used
to generate the calibration information. Once calibrated, car-
diac output can be determined based on the perfusion index.
In some embodiments, the calibration information may be
updated periodically.

[0087] In some embodiments, cardiac output may be con-
sidered to be proportional to the product of heart rate and the
perfusion index, as shown by the following equation:

Ay, 1 (13
DCyp Waispp

Cardiac Outputoc Heart Rate X

With a known cardiac output, heart rate, and perfusion index,
it is possible to solve Eq. 13 for the proportional relationship
between cardiac output and the product of heart rate and the
perfusion index. Once calibrated, Eq. 13 may be used to
calculate and display cardiac output, for example, continu-
ously, periodically, or on demand. In some embodiments, an
index can be calculated to simply track changes in “implied
cardiac output” from a baseline, which would not require a
known value of cardiac output.

[0088] Asused herein, stroke volume generally refers to the
volume of blood pumped by the heart during each cycle.
Cardiac output and stroke volume are related based on the
following expression:

Cardiac Output=Stroke Volume-Heart Rate (14)

Accordingly, the stroke volume may be determined based on
cardiac output and heart rate. Thus, for the reasons discussed
above, perfusion may also be correlated to stroke volume. In
some embodiments, a relative change in perfusion can be
correlated to a relative change in stroke volume. In some
embodiments, stroke volume can be determined based on
perfusion, heart rate, and calibration information. For
example, a known reading of cardiac output and a known
heart rate can be used to generate the calibration information.
Once calibrated, stroke volume can be determined based on
the perfusion index and heart rate. In some embodiments, the
calibration information may be updated periodically. In some
embodiments, when perfusion is calculated on a pulse-by-
pulse basis, heart rate information is not needed.
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[0089] In some embodiments, the calculation of cardiac
output and stroke volume may also take into account changes
in oxygen saturation. When oxygen saturation changes, the
AC and DC components in the perfusion equation may
change, for example, due to changes in the attenuation of the
blood and not due to changes in perfusion. Accordingly, the
calculation of cardiac output and stroke volume may be based
on oxygen saturation or changes in oxygen saturation.

[0090] In some embodiments, other physiological param-
eters may be determined based on one or more distortion
factors. For example, the concept of distortion factors may be
applied to improve the accuracy of the calculation of regional
oxygen saturation (rSO,) of tissue. Although there are cur-
rently systems with sensors and methods that calculate rSO,,
the resulting calculations may not be precise measures of
saturation of tissue under the sensors and instead may be
rough estimations that are helpful to determine deviation
from a baseline saturation. As will be described below, the
distortion factors determined, for example, based on an accu-
rate arterial saturation value SpQO, can be applied to improve
the calculation of rSO,.

[0091] Embodiments for calculating rSO, will be described
with reference to FIGS. 5A and 5B in order to illustrate the
use of distortion factors to improve the calculation ofrSO, in
accordance with the present disclosure. FIG. 5A shows an
illustrative schematic where a light source 502 and detectors
504 and 506 are shown in relation to a cross section of the
subject’s forehead 500. Cross section 500, as illustrated
herein, comprises a number of layers, including layer 508
which may be comprised of the subject’s skull, scalp, skin,
and related tissue, layer 510 which may be comprised of the
subject’s cerebral spinal fluid, and layer 512, which may be
comprised of the subject’s brain and other tissue. FIG. 5B
shows a plan view of the bottom of single sensor unit 520 that
may incorporate light source 502 and detectors 504 and 506.
Light source 502 may generally be configured to emit light at
particular wavelengths with any of the capabilities discussed
with respect to the light sources described above with refer-
ence to FIGS. 1 and 3. Similarly, detectors 504 and 506 may
generally be configured to detect intensities of light with any
of the capabilities discussed with respect to the detectors
described above with reference to FIGS. 1 and 3. Sensor unit
520 may be connected to any combination of processing
equipment as described above with respect to FIGS. 1 and 3.
Detectors 504 and 506 may be placed at known and fixed
distances from light source 502. The difference in distances
from light source 502 results in different depths of penetration
of the light measured at each of detectors 504 and 506. These
different depths are illustrated by the simplified mean optical
paths 514 and 516. As shown in FIG. 5A, light traveling from
light source 502 to detector 506 may penetrate deeper beneath
the skin than light traveling from light source 502 to detector
504.

[0092] In some embodiments of calculating rSQO,, light
source 502 emits light at two separate wavelengths, and the
intensity of the light at each of these wavelengths is measured
at both detectors 504 and 506. As noted above, light measured
at detector 504 corresponds to a shallow penetration, and light
measured at detector 506 corresponds to a deep penetration.
In some embodiments of calculating rSO,, the difference
between the deep and shallow penetrations is correlated to the
saturation of the region of tissue of interest using the Modified
Lambert-Beer approach. Although the resulting rSO, calcu-
lations have some clinical value, they may be distorted by the

Jul. 23, 2015

same scattering and absorption variability as discussed
above, such that they do not provide a precise measure of the
saturation of the tissue of interest.

[0093] Accordingly, distortion factors may be used to cap-
ture this variability and improve the calculation of rSO,. As
will be described in more detail below, in some embodiments,
a known SpO, value can be used to determine one or more
distortion factors which will in turn allow for an improved
calculation of rSO,. The resulting rSO, value will be
improved because it ‘accounts for the Vanablhty in scattering
and absorption. Embodiments for an improved calculation of
rSO, using distortion factors will be described in further
detail with reference to FIGS. 5A and 5B and mathematical
expressions (15)-(20) below.

[0094] Insome embodiments, the assumption is made that
the signal representing the shallow penetration, e.g., the sig-
nal measured by detector 504 of FIG. 5A, is dominated by
arterial blood, since the light detected may pass through lay-
ers predominantly consisting of arterial blood. Given this
assumption, the known SpO, value, which is a measure of
arterial oxygen saturation, can be related to distortion factors
associated with the shallow penetration by use of the Lam-
bert-Beer equations. While the arterial component of signals
in pulse oximetry described above were perceived as chang-
ing in time due to the influence of the pulse, the signals
measured in the calculation of regional oxygen saturation
may not be as influenced by the pulse, and thus may be
considered to remain constant over time. Accordingly, rather
than the Lambert-Beer equations above which refer to the
change in absorption, AA, the absorption A can be expressed
as the classic Lambert-Beer value as follows:

Az —log( Iout) 15

in

Applying the same general principles above to relate the
absorption A to all components of the path length, A can be
described generally in terms of SpO,, the distortion factors
W is» and known Bz, and f 777 coefficients for any number
of emitted wavelengths of light (A, A,, A5, . . . &) as follows:

Ay Waisa, Poqra, Prnsay (16)
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Assuming, as described above, that the shallow penetration is
dominated by arterial blood, and that, e.g., two wavelengths
of light A, and A, are emitted by emitter 502, the absorption
associated with the shallow penetration can be represented by
the following equation:

Ay
Ans]

where A, ;and A, can be calculated by processing equip-
ment accordmg to Eq (15) above based on the emitted light
and the light detected by detector 504, the value of S, is a
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known value obtained by pulse oximetry, user input, or other
suitable methods, and B, 5, and B, are known coeflicients
associated with the specific emitters being used. Accordingly,
Wais and W ;, . which are distortion factors associated
with the shallow penetratlon for the given wavelengths A, and
A, respectively, may be solved for using conventional tech-
niques for solving the linear algebra matrix described in Eq.
(17) above. It is understood in the art that additional wave-
lengths of light may be used to solve for additional corre-
sponding distortion factors.

[0095] As shown by the mean path lengths 514 and 516 in
FIG. 5A, both the shallow and deep penetrations travel
through the shallow layer 508 twice. Accordingly, both the
shallow and deep penetration signals may be dominated by
the scattering and absorbance variability in the shallow lay-
ers, such that the distortion factors associated with the deep
penetration can be assumed to be roughly equal to the distor-
tion factors associated with the shallow penetration. In light
of this assumption, the difference between the deep penetra-
tion and shallow penetration signals can be correlated to the
saturation of the tissue, rSO,, as follows:

AAr d-s Waisa, 19
AA’\Z,d—S } B Wetis . .
[ [ﬂOZHB,/Il } [ﬁHHB,.ll }
RSO, - +(1 - RSO,)-
Poysa, Britisa,
Where, AA;, , and AA,; can be calculated by processing

equipment based on the hght detected by detectors 504 and
506, W, and Wdzs,x are known based on solving the
linear algebra matrix described in Eq. (17) above, and 3,
and P are known coefficients associated with the spemﬁc
emitters being used. Since there are two equations and only
oneunknown, rSO,, the system of equations described by Eq.
(18) is an overdetermined system. Accordingly, the system
can be solved for rSO, using conventional techniques for
solving overdetermined systems.

[0096] While two wavelengths of light have been used here
for illustrative purposes, it can be understood that additional
wavelengths of light may be used to further improve the
accuracy of the calculation of rSO,. For example, if three
wavelengths of light, %, A,, and A5, were emitted by light
source 502, equation 16 could be expanded as follows:

Ay s Waisay s Boyrpa Prnsa, 19
Ay, | = Waisay ;|- [ Sspoy - | BoytiBay |+ (1= Ssp0,) - | Pritizay
A Waisas BoyHBag Prrsas

where A; . A;L) and AM can be calculated by processing
equipment as described above, the value of S spo, I8 a known
value as described above, B, ;75 and {35 are again known
coefficients associated with the specific emitters being used,
and Wy, 5 Wy, » and W, may again be solved for
using conventional linear algebra fechmques Having solved
for the three distortion factors associated with the three wave-
lengths of light, Eq. (18) could then similarly be expanded as
follows:
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The system of equations described by Eq. (20) could be
solved for rSO, using conventional techniques for solving
overdetermined systems, as described above with respect to
Eq. (18). It will be understood that in some embodiments,
four, five, six, or more wavelengths of light may be utilized,
and Eqgs. (17) and (18) can be similarly expanded and solved
accordingly. The embodiments described above for calculat-
ing rSO, are only illustrative embodiments, and any suitable
modifications may be made by those skilled in the art in
accordance with the present disclosure.

[0097] In some embodiments, the value of one or more
distortion factors may be updated. In some arrangements, one
or more distortion factors may be updated by performing any
of the calculations for determining distortion factors consis-
tent with the present disclosure at predetermined intervals.
Any physiological parameters calculated based on the distor-
tion factors may accordingly be updated at the same prede-
termined intervals. In some arrangements, one or more dis-
tortion factors may be updated whenever a predetermined
change in a given physiological parameter occurs. For
example, the processing equipment may be configured to
re-calculate one or more distortion factors whenever the arte-
rial oxygen saturation value SpO2 changes by a certain per-
cent or other value. Any physiological parameters calculated
based on the distortion factors could accordingly be re-cal-
culated once the distortion factors are recalculated. For
example, local perfusion, cardiac output, stroke volume,
rSO,, any other suitable parameter, or any combination
thereof calculated based on distortion factors may be re-
calculated as the distortion factors are updated. In some
embodiments, the re-calculated distortion factors may be
used in subsequent calculations of physiological parameters.

[0098] In some embodiments, the value of one or more
distortion factors can be monitored to determine physiologi-
cal information. For example, the processing equipment may
be configured to calculate and/or display a value indicative of
changes in the distortion factor or factors as the distortion
factor or factors are updated. In some embodiments, the value
indicative of changes in the distortion factor or factors may be
monitored in order to provide an alarm if the change is too
large. For example, the change in the distortion factor or
factors may be compared to one or more thresholds and an
alarm may be generated based on the comparison (e.g., when
the change in the distortion factor or factors crosses a thresh-
old). The alarm may be an audible alarm, a visual alarm, or a
combination thereof.

[0099] In some embodiments, the value indicative of
change may be evaluated by the processing equipment
according to conventional statistical methods to determine
confidence information regarding the accuracy of the physi-
ological signal or components thereof. For example, conven-
tional statistical methods may determine when there is exces-
sive variability in the distortion factors. Increased variability



US 2015/0201873 A1l

of the distortion factors may correlate to decreased confi-
dence in the accuracy of the physiological signal received, or
components thereof. Conversely, decreased variability in the
distortion factors may correlate to increased confidence in the
accuracy of the physiological signal received or components
thereof. Accordingly, the processing equipment may be con-
figured to display any standard statistical measurement of the
distortion factors and/or corresponding values indicative of
the confidence level in the physiological signal. In some
embodiments, the values indicative of confidence level may
be monitored in order to provide an alarm if the values are too
low. For example, the confidence level may be compared to
one or more thresholds and an alarm may be generated based
on the comparison (e.g., when the confidence level crosses a
threshold). The alarm may be an audible alarm, a visual
alarm, or a combination thereof.

[0100] Asisevident from the present disclosure, the system
may be described more generally in terms of determining
values indicative of oxygen saturation based on assumptions,
determining distortion factors based on additional assump-
tions, and determining physiological information based on
the distortion factors. For example, as described above, SpO,
may be determined based on simplified assumptions regard-
ing the path length of emitted light and the change in concen-
tration of arterial blood and a relevant physiological signal.
The simplified assumptions imply that these components do
not factor into the calculation because they cancel out of the
relevant equations. Then, it is assumed that these simplified
assumptions are not accurate, and this assumption allows us
to relate the calculated SpO, value to distortion factors that
capture the variability of the components previously assumed
to not impact SpO, and the relevant physiological signals.
The distortion factors can then be determined based on the
calculated SpO, value and the relevant physiological signals.
Since these distortion factors capture this variability, they can
be used to determine the same or other physiological infor-
mation that is affected by this same variability.

[0101] FIG. 6 shows an illustrative flow diagram 600
including steps for determining physiological information in
accordance with some embodiments of the present disclo-
sure.

[0102] Step 602 includes receiving a physiological signal
from a subject. In some embodiments, the physiological sig-
nal may include a first component corresponding to a first
wavelength of light and a second component corresponding
to a second wavelength of light. In some embodiments, the
physiological signal may include a first component corre-
sponding to a first wavelength of light detected at a first depth,
asecond component corresponding to a second wavelength of
light detected at the first depth, a third component corre-
sponding to the first wavelength of light detected at a second
depth, and a fourth component corresponding to the second
wavelength of light detected at the second depth. In some
embodiments, the physiological signal may include a PPG
signal. In some embodiments, the physiological signal may
be detected by detector 140 of FIG. 1. In some embodiments,
the physiological signal may include detector current wave-
form 214 of FIG. 2. It will be understood that the received
physiological signals may include signals received at a detec-
tor such as detector 140 of FIG. 1, signals received by a
monitor such as monitor 104 of FIG. 1, signals received at
backend processing such as back end processing circuitry 170
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of FIG. 1, signals received by detectors 504 and/or 506 of
FIGS. 5A and 5B, any other suitable signals, or any combi-
nation thereof.

[0103] Inanexample, a pulse oximeter may provide a light
signal to a subject. The light signal may include time-multi-
plexed red and IR light pulses. The light may interact with a
subject and be partially attenuated. In some embodiments, the
attenuated light signal may be detected using a photodetector,
which may generate a current signal that corresponds to the
intensity of detected light. In some embodiments, the attenu-
ated light signal may be detected using two photodetectors,
which may generate current signals that correspond to the
intensity of light detected at two locations.

[0104] Step 604 includes receiving a value indicative of
oxygen saturation. In some embodiments, the value indica-
tive of oxygen saturation may be computed by the back end
processing circuitry 170 and received and stored into memory
174. In some embodiments, the value indicative of oxygen
saturation may be received from a separate device via com-
munications interface 190. For example, the separate device
may be configured to have the components of physiological
monitoring system 310. In some embodiments the value
indicative of oxygen saturation may be received from a hos-
pital information system or other coupled network via com-
munications interface 190. In some embodiments, the value
indicative of oxygen saturation may be received via user
interface 180 from user input 182. The value indicative of
oxygen saturation may be any suitable value that is indicative
of oxygen saturation. For example, the value indicative of
oxygen saturation may be an approximation of arterial oxy-
gen saturation such as a ratio, a percentage, or any other
suitable value. In some embodiments, the value indicative of
oxygen saturation may be an SpO, value calculated from Eqs.
(7)-(8) or from any related or otherwise equivalent expres-
sions. In some embodiments, the value indicative of oxygen
saturation may be a ratio R calculated from Egs. (6a) and/or
(6b) or from any related or otherwise equivalent expressions.
[0105] Step 606 includes determining a distortion factor.
The distortion factor may correspond to and/or be unique to
any of the wavelengths of light that comprise the physiologi-
cal signal received. The distortion factor may be determined
based on components of the physiological signal and the
value indicative of oxygen saturation. In some embodiments,
where the physiological signal is comprised of two wave-
lengths of light or more, two or more corresponding distortion
factors may be determined. In some embodiments, three,
four, or more distortion factors may be determined to corre-
spond with the components of the physiological signal. In
some embodiments, the distortion factor or factors may be
determined by relating the value indicative of oxygen satura-
tion to absorption or change in absorption. For example, the
distortion factor or factors may be determined based on any of
Egs. (10), (11), (17), and (19).

[0106] Step 608 includes determining physiological infor-
mation. The physiological information may be determined
based on any of the distortion factors determined in step 606.
The physiological information may include physiological
parameters such as measures of arterial oxygen saturation,
regional tissue oxygen saturation, local perfusion, stroke vol-
ume, cardiac output, any other suitable parameter, or any
combination thereof. The physiological information may also
include confidence information regarding the physiological
signal. In some embodiments, a measure of regional tissue
oxygen saturation may be determined based on two or more
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distortion factors according to one of Egs. (18), (20), or any
other suitable expressions. In some embodiments, a measure
of local perfusion may be determined based on one or more
distortion factors according to Eq. (12) or any other suitable
expression. In some embodiments, stroke volume and/or car-
diac output may be determined based on one or more distor-
tion factors according to Eqgs. (13), (14), or any other suitable
expression. In some embodiments, confidence information
regarding the physiological signal may be determined based
on statistical analysis of values indicative of change in one or
more of the distortion factors.

[0107] TItwill be understood that any of the aforementioned
steps of flow diagram 600 may be repeated as desired. In some
embodiments, any of steps 602, 604, 606, and 608 may be
repeated at a predetermined interval in time. For example, the
physiological signal may be received and updated continu-
ously or periodically, the value indicative of oxygen satura-
tion may be updated and received accordingly, and in turn, the
distortion factors and physiological parameters may be re-
calculated at these predetermined intervals. In some embodi-
ments, any of steps 602, 604, 606, and 608 may be repeated
when any physiological parameter exhibits a predetermined
change or crosses a threshold value. For example, the distor-
tion factors may be re-calculated whenever the value indica-
tive of oxygen saturation changes by a predetermined amount
or whenever the value indicative of oxygen saturation reaches
a predetermined threshold.

[0108] It will be understood that the aforementioned steps
of flow diagram 600 are exemplary and that in some imple-
mentations, steps may be added, removed, omitted, repeated,
reordered, modified in any other suitable way, or any combi-
nation thereof. It will also be understood that the aforemen-
tioned mathematical expressions are merely exemplary and
that any suitable values indicative of oxygen saturation, dis-
tortion factors, and other terms may be used.

[0109] The foregoing is merely illustrative of the principles
of this disclosure and various modifications may be made by
those skilled in the art without departing from the scope of
this disclosure. The above described embodiments are pre-
sented for purposes of illustration and not of limitation. The
present disclosure also can take many forms other than those
explicitly described herein. Accordingly, it is emphasized that
this disclosure is not limited to the explicitly disclosed meth-
ods, systems, and apparatuses, but is intended to include
variations to and modifications thereof, which are within the
spirit of the following claims.

What is claimed:

1. A system for operating a physiological monitor, the
system comprising:
an input configured for receiving a physiological signal,
the physiological signal comprising a first component
corresponding to a first wavelength of light and a second
component corresponding to a second wavelength of
light; and
one or more processor configured to perform operations
comprising:
receiving a value indicative of oxygen saturation;
determining a distortion factor corresponding to one of
the first and second wavelengths of light based on the
first component of the received physiological signal,
the second component of the received physiological
signal, and the value indicative of oxygen saturation;
and
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determining physiological information based on the dis-
tortion factor.
2. The system of claim 1, wherein determining the physi-
ological information comprises:
determining an AC component of the physiological signal,
determining a baseline component of the physiological
signal; and
determining a value indicative of perfusion based on the
AC component, the baseline component, and the distor-
tion factor.
3. The system of claim 2, wherein determining the value
indicative of perfusion is based on the following expression:

AC component 1

baseline component  distertion factor

4. The system of claim 1, wherein the first component and
the second component correspond to tissue at a first depth,
wherein the physiological signal further comprises a third
component corresponding to the first wavelength of light and
a fourth component corresponding to the second wavelength
of light, wherein the third component and the fourth compo-
nent correspond to tissue at a second depth; wherein deter-
mining the physiological information comprises determining
regional oxygen saturation based on the first component, the
second component, the third component, the fourth compo-
nent, and the distortion factor.

5. The system of claim 4, wherein determining regional
oxygen saturation is based on an equation of the form:

A/hl,dﬂ} |:Wdu'll,x } [ [,BOZHB,/\I } [,BHHB,/\I H
= -|RSO;, - +(1 - RSO
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6. The system of claim 1, wherein the one or more proces-
sors are further configured to perform operations comprising
determining a value indicative of changes in the distortion
factor over time, wherein the physiological information com-
prises confidence information associated with the physiologi-
cal signal.

7. The system of claim 1, wherein the one or more proces-
sors are further configured to perform operations comprising:

determining a value indicative of changes in the distortion

factor over time;

comparing the value indicative of changes to a threshold;

and

generating an alert based on the comparison.

8. The system of claim 1, wherein the distortion factor
comprises a first distortion factor corresponding to the first
wavelength of light, wherein the one or more processors are
further configured to perform operations comprising:

determining a second distortion factor corresponding to the

second wavelength of light based on the first component
of the received physiological signal, the second compo-
nent of the received physiological signal, and the value
indicative of oxygen saturation, wherein determining
the physiological information comprises determining
the physiological information based on the first distor-
tion factor and the second distortion factor.

9. The system of claim 8, wherein the physiological signal
comprises a third component corresponding to a third wave-
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length oflight, wherein the one or more processors are further
configured to perform operations comprising:

determining a third distortion factor corresponding to the

third wavelength of light based on the first component of
the received physiological signal, the second component
of the received physiological signal, the third compo-
nent of the received physiological signal, and the value
indicative of oxygen saturation, wherein determining
the physiological information comprises determining
the physiological information based on the first distor-
tion factor, the second distortion factor, and the third
distortion factor.

10. The system of claim 1, wherein the physiological infor-
mation comprises cardiac output information.

12. The system of claim 1, wherein the physiological infor-
mation comprises stroke volume information.

13. The system of claim 1, wherein the value indicative of
oxygen saturation comprises a ratio of oxygenated hemoglo-
bin and total hemoglobin.

14. A system for operating a physiological monitor, the
system comprising:

an input configured for receiving a physiological signal,

the signal comprising a first component corresponding
to a first wavelength of emitted light and a second com-
ponent corresponding to a second wavelength of emitted
light; and

one or more processors configured to perform operations

comprising:

receiving a physiological signal, the signal comprising a
first component corresponding to a first wavelength of
emitted light and a second component corresponding
to a second wavelength of emitted light;

determining a value indicative of oxygen saturation
based on (1) a first assumption regarding the interac-
tion of the emitted light and tissue of a subject and (2)
the physiological signal;

determining a distortion factor corresponding to one of
the first wavelength of emitted light and the second
wavelength of emitted light based on (1) a second
assumption regarding the interaction of the emitted
light and tissue of the subject, wherein the second
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assumption is based on the first assumption not being
accurate and (2) the physiological signal; and

determining physiological information based on the dis-
tortion factor.

15. The system of claim 14, wherein the first assumption
relates to path length of the emitted light.

16. The system of claim 14, wherein the first assumption
relates to a change in concentration of arterial blood.

17. The system of claim 14, wherein determining the dis-
tortion factor is based on a set of linear equations.

18. The system of claim 14, wherein the distortion factor
comprises a first distortion factor corresponding to the first
wavelength of light, wherein the one or more processors are
further configured to perform operations comprising:

determining a second distortion factor corresponding to the

second wavelength of light based on the first component
of the received physiological signal, the second compo-
nent of the received physiological signal, and the value
indicative of oxygen saturation, wherein determining
the physiological information comprises determining
the physiological information based on the first distor-
tion factor and the second distortion factor.

19. The system of claim 14, wherein the first component
and the second component correspond to tissue at a first
depth, wherein the physiological signal further comprises a
third component corresponding to the first wavelength of
light and a fourth component corresponding to the second
wavelength of light, wherein the third component and the
fourth component correspond to tissue at a second depth;
wherein determining the physiological information com-
prises determining regional oxygen saturation based on the
first component, the second component, the third component,
the fourth component, and the distortion factor.

20. The system of claim 19, wherein determining regional
oxygen saturation is based on an equation of the form:

Ay s Wd‘x”\l,x Poyrs
= | RSO, -
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