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METHODS AND SYSTEMS FOR
PHOTOACOUSTIC SIGNAL PROCESSING

The present disclosure relates to physiological signal pro-
cessing, and more particularly relates to determining physi-
ological information from a photoacoustic signal.

SUMMARY

A physiological monitoring system may be configured to
determine a physiological parameter using photoacoustic
analysis and optical analysis of a subject. The system may
perform an optically-based measurement to aid the photoa-
coustic analysis of a photoacoustic signal. In some embodi-
ments, an optical fluence at a location within the subject may
be estimated to aid in determining the physiological param-
eter from the photoacoustic signal.

In some embodiments, an oblique-incidence diffuse reflec-
tance (OIR) measurement may be used to aid in determining
a physiological parameter. A photodetector may detect an
attenuated (e.g., reflected) photonic signal arising from
attenuation by the subject of a photonic signal, which may be
provided by a light source of the physiological monitoring
system. Additionally, an acoustic detector may detect acous-
tic pressure signals arising from absorption of a frequency
modulated, continuous wave photonic signal, which may be
provided by a light source of the physiological monitoring
system.

In some embodiments, a photon density wave (PDW ) mea-
surement may be used to aid in determining a physiological
parameter. A photodetector may detect an attenuated (e.g.,
reflected, transmitted) photonic signal arising from attenua-
tion by the subject of a photonic signal, which may be pro-
vided by a light source of the physiological monitoring sys-
tem. Additionally, an acoustic detector may detect acoustic
pressure signals arising from absorption of a photonic signal,
which may be provided by a light source of the physiological
monitoring system.

The detected attenuated photonic signal (e.g., from an OIR
or PDW measurement) may be used to determine one or more
optical properties of the subject such as, for example, an
absorption coefficient, scattering coefficient, and/or and
attenuation coefficient. The optical property may be used to
estimate an optical fluence at a region of interest within the
subject, using a correlation, lookup table or model. The esti-
mated optical fluence may be used to adjust the photoacoustic
signal, and allow a more accurate determination of the one or
more physiological parameters. Physiological parameters
may include blood oxygen saturation (e.g., SpO,, SvO,),
hemoglobin concentration (e.g., tHb), pulse rate, any other
suitable physiological parameters, or any combination
thereof.

In some embodiments, an oximeter may be used to detet-
mine a blood oxygen saturation, which may be used to aid a
photoacoustic analysis. The blood oxygen saturation, as
determined by the oximeter, may be used to adjust a total
hemoglobin concentration value determined from a photoa-
coustic signal. In some embodiments, the blood oxygen satu-
ration determined by the oximeter may be used to aid in
determining a venous blood oxygen saturation. The use of an
oximeter to augment a photoacoustic measurement may be
especially useful for subjects experiencing hypoxia, for
example.

BRIEF DESCRIPTION OF THE FIGURES

The above and other features of the present disclosure, its
nature and various advantages will be more apparent upon
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2

consideration of the following detailed description, taken in
conjunction with the accompanying drawings in which:

FIG. 1 shows an illustrative physiological monitoring sys-
tem, in accordance with some embodiments of the present
disclosure;

FIG. 2 is a block diagram of the illustrative physiological
monitoring system of FIG. 1 coupled to a subject, in accor-
dance with some embodiments of the present disclosure;

FIG. 3 is a block diagram of an illustrative signal process-
ing system in accordance with some embodiments of the
present disclosure;

FIG. 4 is a block diagram of an illustrative physiological
monitoring system, including several illustrative subsystems,
in accordance with some embodiments of the present disclo-
sure;

FIG. 5 shows several illustrative photonic and photoacous-
tic arrangements, in accordance with some embodiments of
the present disclosure;

FIG. 6 is a flow diagram of illustrative steps for determin-
ing optical fluence at a region of interest, in accordance with
some embodiments of the present disclosure;

FIG. 7 is a flow diagram of illustrative steps for using an
optical characterization and a photoacoustic analysis to deter-
mine a physiological parameter of a subject, in accordance
with some embodiments of the present disclosure;

FIG. 8 is a flow diagram of illustrative steps for using an
oblique-incidence diffuse reflectance analysis and a photoa-
coustic analysis to determine a physiological parameter of a
subject, in accordance with some embodiments of the present
disclosure;

FIG. 9 is a flow diagram of illustrative steps for using a
photon density wave analysis and a photoacoustic analysis to
determine a physiological parameter of a subject, in accor-
dance with some embodiments of the present disclosure;

FIG. 10 is a flow diagram of illustrative steps for using a
detected attenuvated photonic signal and a photoacoustic
analysis to determine a physiological parameter of a subject,
in accordance with some embodiments of the present disclo-
sure; and

FIG. 11 is a flow diagram of illustrative steps for using a
measured SpO2 value and a photoacoustic analysis to deter-
mine a physiological parameter of a subject, in accordance
with some embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

Photoacoustics (or “optoacoustics™) or the photoacoustic
effect (or “optoacoustic effect”) refers to the phenomenon in
which one or more wavelengths of light are presented to and
absorbed by one or more constituents of an object, thereby
causing an increase in kinetic energy of the one or more
constituents, which causes an associated pressure response
within the object. Particular modulations or pulsing of the
incident light, along with measurements of the corresponding
pressure response in, for example, tissue of the subject, may
be used for medical imaging, physiological parameter deter-
mination, or both. For example, the concentration of a con-
stituent, such as hemoglobin (e.g., oxygenated, deoxygenated
and/or total hemoglobin) may be determined using photoa-
coustic analysis.

A photoacoustic system may include a photoacoustic sen-
sor that is placed at a site on a subject, typically the wrist,
palm, neck, forehead, temple, or anywhere an artery or vessel
is accessible noninvasively. In some embodiments, the pho-
toacoustic techniques described herein are used to monitor
large blood vessels, such as a major artery or vein which may
be near the heart (e.g., the carotid or radial arteries or the
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jugular vein). The photoacoustic system may use a light
source, and any suitable light guides (e.g., fiber optics), to
pass light through the subject’s tissue, or a combination of
tissue thereof (e.g., organs), and an acoustic detector to sense
the pressure response of the tissue induced by the light
absorption by a blood vessel. Tissue may include muscle, fat,
blood, blood vessels, and/or any other suitable tissue types. In
some embodiments, the light source may be a laser or laser
diode, operated in pulsed or continuous wave (CW) mode. In
some embodiments, the acoustic detector may be an ultra-
sound detector, which may be suitable to detect pressure
fluctuations arising from the constituent’s absorption of the
incident light of the light source.

In some embodiments, the light from the light source may
be focused, shaped, or otherwise spatially modulated to illu-
minate a particular region of interest. In some arrangements,
photoacoustic monitoring may allow relatively higher spatial
resolution than line of sight optical techniques (e.g., path
integrated absorption measurements). The enhanced spatial
resolution of the photoacoustic technique may allow for
imaging, scalar field mapping, and other spatially resolved
results, in 1, 2, or 3 spatial dimensions. The acoustic response
to the photonic excitation may radiate from the illuminated
region of interest, and accordingly may be detected at mul-
tiple positions.

The photoacoustic system may measure the pressure
response that is received at the acoustic sensor as a function of
time. The photoacoustic system may also include sensors at
multiple locations. A signal representing pressure versus time
or a mathematical manipulation of this signal (e.g., a scaled
version thereof, etc.) may be referred to as the photoacoustic
(PA) signal. The PA signal may be used to calculate any of a
number of physiological parameters, including an amount of
a blood constituent (e.g., oxy-hemoglobin), at a particular
spatial location. In some embodiments, PA signals from mul-
tiple spatial locations may be used to construct an image (e.g.,
imaging blood vessels) or a scalar field (e.g., a hemoglobin
concentration field).

In some applications, the light passed through the tissue is
selected to be of one or more wavelengths that are absorbed
by the constituent in an amount representative of the amount
of the constituent present in the tissue. The absorption of light
passed through the tissue varies in accordance with the
amount of the constituent in the tissue. For example, Red
and/or infrared (IR) wavelengths may be used because highly
oxygenated blood will absorb relatively less Red light and
more IR light than blood with a lower oxygen saturation.

Any suitable light source may be used, and characteristics
of the light provided by the light source may be controlled in
any suitable manner. In some embodiments, a pulsed light
source may be used to provide relatively short-duration
pulses (e.g., nanosecond pulses) of light to the region of
interest. Accordingly, the use of a pulse light source may
result in a relatively broadband acoustic response (e.g.,
depending on the pulse duration). The use of a pulsed light
source will be referred to herein as the “Time Domain Pho-
toacoustic” (TD-PA) technique. A convenient starting point
for analyzing a TD-PA signal is given by Eq. 1:

oy

under conditions where the irradiation time is small com-
pared to the characteristic thermal diffusion time determined
by the properties of the specific tissue type. Referring to Eq.
1, p(z) is the PA signal (indicative of the maximum induced
pressure rise) at spatial location z indicative of acoustic pres-
sure, I" is the dimensionless Griineisen parameter of the tis-
sue, u, is the effective absorption coefficient of the tissue (or

P(@)=Tp0()

20

25

40

45

60

65

4

constituent thereof) to the incident light, and ¢(z) is the opti-
cal fluence at spatial location z. The Griineisen parameter is a
dimensionless description of thermoelastic effects, and may
be illustratively formulated by Eq. 2:

where ¢ _? is the speed of sound in the tissue, {3 is the isobaric
volume thermal expansion coefficient, and C,, is the specific
heat at constant pressure. In some circumstances, the optical
fluence, at spatial location z (within the subject’s tissue) of
interest may be dependent upon the light source, the location
itself (e.g., the depth), and optical properties (e.g., scattering
coefficient, absorption coefficient, or other properties) along
the optical path. For example, Eq. 3 provides an illustrative
expression for the attenuated optical fluence at a depth z:

b)=goe™F G
where ¢, is the optical fluence from the light source incident
atthe tissue surface, zis the path length (i.e., the depth into the
tissue in this example), and p, - is an effective attenuation
coefficient of the tissue along the path length in the tissue in
this example.

In some embodiments, a more detailed expression or
model may be used rather than the illustrative expression of
Eq. 3. In some embodiments, the actual pressure encountered
by an acoustic detector may be proportional to Eq. 1, as the
focal distance and solid angle (e.g., face area) of the detector
may affect the actual measured PA signal. In some embodi-
ments, an ultrasound detector positioned relatively farther
away from the region of interest, will encounter a relatively
smaller acoustic pressure. For example, the acoustic pressure
received at a circular area A, positioned at a distance R from
the illuminated region of interest may be given by Eq. 4:

PPN RAy) (©)

where r, is the radius of the illuminated region of interest (and
typically r.<R), and p(z) is given by Eq. 1. In some embodi-
ments, the detected acoustic pressure amplitude may
decrease as the distance R increases (e.g., for a spherical
acoustic wave).

In some embodiments, a modulated CW light source may
be used to provide a photonic excitation of a tissue constituent
to cause a photoacoustic response in the tissue. The CW light
source may be intensity modulated at one or more character-
istic frequencies. The use of a CW light source, intensity
modulated at one or more frequencies, will be referred to
herein as the “Frequency Domain Photoacoustic” (FD-PA)
technique. Although the FD-PA technique may include using
frequency domain analysis, the technique may use time
domain analysis, wavelet domain analysis, or any other suit-
able analysis, or any combination thereof. Accordingly, the
term “frequency domain” as used in “FD-PA” refers to the
frequency modulation of the photonic signal, and not to the
type of analysis used to process the photoacoustic response.

Under some conditions, the acoustic pressure p(R,t) at
detector position R at time t, may be shown illustratively by
Eq.5:

)

polro, @) —iti—T)
R’ H~—
pik, o~ 2
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where r,, is the position of the illuminated region of interest, ®
is the angular frequency of the acoustic wave (caused by
modulation of the photonic signal at frequency w), R is the
distance between the illuminated region of interest and the
detector, and T is the travel time delay of the wave equal to
R/c,, where c, is the speed of sound in the tissue. The FD-PA
spectrum py(t,,m) of acoustic waves is shown illustratively by
Eq. 6:

[pa(ro)
2Uptas — i)

()

polro, w) =

where p,c, represents a characteristic frequency (and corre-
sponding time scale) of the tissue.

In some embodiments, a FD-PA system may temporally
vary the characteristic modulation frequency of the CW light
source, and accordingly the characteristic frequency of the
associated acoustic response. Forexample, the FD-PA system
may use linear frequency modulation (LFM), either increas-
ing or decreasing with time, which is sometimes referred to as
“chirp” signal modulation. Shown in Eq. 7 is an illustrative
expression for a sinusoidal chirp signal r(t):

. b
ro) = sm(t(wo + ;t]]

where w,, is a starting angular frequency, and b is the angular
frequency scan rate. Any suitable range of frequencies (and
corresponding angular frequencies) may be used for modu-
lation such as, for example, 1-5 MHz, 200-800 kHz, or other
suitable range, in accordance with the present disclosure. In
some embodiments, signals having a characteristic frequency
that changes as a nonlinear function of time may be used. Any
suitable technique, or combination of techniques thereof,
may be used to analyze a FD-PA signal. Two such exemplary
techniques, a correlation technique and a heterodyne mixing
technique, will be discussed below as illustrative examples.

In some embodiments, the correlation technique may be
used to determine the travel time delay of the FD-PA signal.
In some embodiments, a matched filtering technique may be
used to process a PA signal. As shown in Eq. &:

M

1 = . )
Biit-1)= %f H(w)S(w)e™ dw

Fourier transforms (and inverse transforms) are used to cal-
culate the filter output B (t-T), in which H(w) is the filter
frequency response, S(w) is the Fourier transform of the PA
signal s(t), and T is the phase difference between the filter and
signal. In some circumstances, the filter output of expression
of Eq. 8 may be equivalent to an autocorrelation function.
Shown in Eq. 9:

®

is an expression for computing the Fourier transform S(w) of
the PA signal s(t). Shown in Eq. 10:

H{0)=5*(w)e ™ 10)
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6

is an expression for computing the filter frequency response
H(w) based on the Fourier transform of the PA signal s(t). It
can be observed that the filter frequency response of Eq. 10
requires the frequency character of the PA signal be known
beforehand to determine the frequency response of the filter.
In some embodiments, as shown by Eq. 11:

B = f " s(e+ 1) (ay

the known modulation signal r(t) may be used for generating
a cross-correlation with the PA signal. The cross-correlation
output B(t) of Eq. 11 is expected to exhibit a peak at a time t
equal to the acoustic signal travel time t. Assuming that the
temperature response and resulting acoustic response follow
the illumination modulation (e.g., are coherent), Eq. 11 may
allow calculation of the time delay, depth information, or
both.

In some embodiments, the heterodyne mixing technique
may be used to determine the travel time delay of the FD-PA
signal. The FD-PA signal, as described above, may have
similar frequency character as the modulation signal (e.g,
coherence), albeit shifted in time due to the travel time of the
acoustic signal. For example, a chirp modulation signal, such
as r(t) of Eq. 7, may be used to modulate a CW light source.
Heterodyne mixing uses the trigonometric identity of the
following Eq. 12:

%[COS(A — B) —cos(A + B)]

sin(A)sin(B) =
which shows that two signals may be combined by multipli-
cation to give periodic signals at two distinct frequencies (i.e.,
the sum and the difference of the original frequencies). If the
resultis passed through a low-pass filter to remove the higher
frequency term (i.e., the sum), the resulting filtered, fre-
quency shifted signal may be analyzed. For example, Eq. 13
shows a heterodyne signal L(t):

L) = ra)s(@)
s (- 2

= %Kcos(ﬁbt+0)

a

calculated by low-pass filtering (shown by angle brackets) the
product of modulation signal r(t) and PA signal s(t). If the PA
signal is assumed to be equivalent to the modulation signal,
withatimelag R/c, dueto travel time of the acoustic wave and
amplitude scaling K, then a convenient approximation of Eq.
13 may be made, giving the rightmost term of Eq. 13. Analy-
sis of the rightmost expression of Eq. 13 may provide depth
information, travel time, or both. For example, a fast Fourier
transform (FFT) may be performed on the heterodyne signal,
and the frequency associated with the highest peak may be
considered equivalent to time lag Rb/c,. Assuming that the
frequency scan rate band the speed of sound ¢ are known, the
depth R may be estimated.

FIG. 1 is a perspective view of an embodiment of a physi-
ological monitoring system 10. System 10 may include sen-
sor unit 12 and monitor 14. In some embodiments, sensor unit
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12 may be part of a photoacoustic monitor or imaging system.
Sensor unit 12 may include a light source 16 for emitting light
at one or more wavelengths into a subject’s tissue. A detector
18 may also be provided in sensor unit 12 for detecting the
acoustic (e.g., ultrasound) response that travels through the
subject’s tissue. Any suitable physical configuration of light
source 16 and detector 18 may be used. In an embodiment,
sensor unit 12 may include multiple light sources and/or
acoustic detectors, which may be spaced apart. System 10
may also include one or more additional sensor units (not
shown) that may take the form of any of the embodiments
described herein with reference to sensor unit 12. An addi-
tional sensor unit may be the same type of sensor unit as
sensor unit 12, or a different sensor unit type than sensor unit
12 (e.g., a photoplethysmograph sensor). Multiple sensor
units may be capable of being positioned at two different
locations on a subject’s body.

In some embodiments, system 10 may include two or more
sensors forming a sensor array in lieu of either or both of the
sensor units. In some embodiments, a sensor array may
include multiple light sources, detectors, or both. It will be
understood that any type of sensor, including any type of
physiological sensor, may be used in one or more sensor units
in accordance with the systems and techniques disclosed
herein. It is understood that any number of sensors measuring
any number of physiological signals may be used to deter-
mine physiological information in accordance with the tech-
niques described herein.

In some embodiments, sensor unit 12 may be connected to
and draw its power from monitor 14 as shown. In another
embodiment, the sensor may be wirelessly connected to
monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters based at least in part on data
relating to light emission and acoustic detection received
from one or more sensor units such as sensor unit 12. For
example, monitor 14 may be configured to determine pulse
rate, blood pressure, blood oxygen saturation (e.g., arterial,
venous, or both), hemoglobin concentration (e.g., oxygen-
ated, deoxygenated, and/or total), any other suitable physi-
ological parameters, or any combination thereof. In some
embodiments, calculations may be performed on the sensor
units or an intermediate device and the result of the calcula-
tions may be passed to monitor 14. Further, monitor 14 may
include a display 20 configured to display the physiological
parameters or other information about the system. In the
embodiment shown, monitor 14 may also include a speaker
22 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, the system 10 includes a stand-alone monitor in com-
munication with the monitor 14 via a cable or a wireless
network link.

In some embodiments, sensor unit 12 may be communica-
tively coupled to monitor 14 via a cable 24. Cable 24 may
include electronic conductors (e.g., wires for transmitting
electronic signals from detector 18), optical fibers (e.g.,
multi-mode or single-mode fibers for transmitting emitted
light from light source 16), any other suitable components,
any suitable insulation or sheathing, or any combination
thereof. In some embodiments, a wireless transmission
device (not shown) or the like may be used instead of or in
addition to cable 24. Monitor 14 may include a sensor inter-
face configured to receive physiological signals from sensor
unit 12, provide signals and power to sensor unit 12, or
otherwise communicate with sensor unit 12. The sensor inter-
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face may include any suitable hardware, software, or both,
which may be allow communication between monitor 14 and
sensor unit 12.

In the illustrated embodiment, system 10 includes a multi-
parameter physiological monitor 26. The monitor 26 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-parameter physiological monitor 26
may be configured to calculate physiological parameters and
to provide a display 28 for information from monitor 14 and
from other medical monitoring devices or systems (not
shown). For example, multi-parameter physiological monitor
26 may be configured to display an estimate of a subject’s
blood oxygen saturation and hemoglobin concentration gen-
erated by monitor 14. Multi-parameter physiological monitor
26 may include a speaker 30.

Monitor 14 may be communicatively coupled to multi-
parameter physiological monitor 26 via a cable 32 or 34 that
is coupled to a sensor input port or a digital communications
port, respectively and/or may communicate wirelessly (not
shown). In addition, monitor 14 and/or multi-parameter
physiological monitor 26 may be coupled to a network to
enable the sharing of information with servers or other work-
stations (not shown). Monitor 14 may be powered by a battery
(not shown) or by a conventional power source such as a wall
outlet.

FIG. 2 is a block diagram of a physiological monitoring
system, such as physiological monitoring system 10 of FIG.
1, whichmay be coupled to a subject 40 in accordance with an
embodiment. Certain illustrative components of sensor unit
12 and monitor 14 are illustrated in FIG. 2.

Sensor unit 12 may include light source 16, detector 18,
and encoder 42. In some embodiments, light source 16 may
be configured to emit one or more wavelengths of light (e.g.,
visible, infrared) into a subject’s tissue 40. Hence, light
source 16 may provide Red light, IR light, any other suitable
light, or any combination thereof, that may be used to calcu-
late the subject’s physiological parameters. In some embodi-
ments, the Red wavelength may be between about 600 nm and
about 700 nm, and the IR wavelength may be between about
800 nm and about 1000 nm. In embodiments where a sensor
array is used in place of a single sensor, each sensor may be
configured to provide light of a single wavelength. For
example, a first sensor may emit only a Red light while a
second may emit only an IR light. In a further example, the
wavelengths of light used may be selected based on the spe-
cific location of the sensor.

It will be understood that, as used herein, the term “light”
may refer to energy produced by electromagnetic radiation
sources. Light may be of any suitable wavelength and inten-
sity, and modulations thereof, in any suitable shape and direc-
tion. Detector 18 may be chosen to be specifically sensitive to
the acoustic response of the subject’s tissue arising from use
of light source 16. It will also be understood that, as used
herein, the “acoustic response” shall refer to pressure and
changes thereof caused by a thermal response (e.g., expan-
sionand contraction) of tissue to light absorption by the tissue
or constituent thereof.

In some embodiments, detector 18 may be configured to
detect the acoustic response of tissue to the photonic excita-
tion caused by the light source. In some embodiments, detec-
tor 18 may be a piezoelectric transducer which may detect
force and pressure and output an electrical signal via the
piezoelectric effect. In some embodiments, detector 18 may
be a Faby-Pérot interferometer, or etalon. For example, a thin
film (e.g., composed of a polymer) may be irradiated with
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reference light, which may be internally reflected by the film.
Pressure fluctuations may modulate the film thickness, thus
causing changes in the reference light reflection which may
be measured and correlated with the acoustic pressure. In
some embodiments, detector 18 may be configured or other-
wise tuned to detect acoustic response in a particular fre-
quency range. Detector 18 may convert the acoustic pressure
signal into an electrical signal (e.g., using a piezoelectric
material, photodetector of a Faby-Pérot interferometer, or
other suitable device). After converting the received acoustic
pressure signal to an electrical signal, detector 18 may send
the signal to monitor 14, where physiological parameters may
be calculated based on the photoacoustic activity within the
subject’s tissue 40.

In some embodiments, encoder 42 may contain informa-
tion about sensor unit 12, such as what type of sensor it is
(e.g., where the sensor is intended to be placed on a subject),
the wavelength(s) of light emitted by light source 16, the
intensity of light emitted by light source 16 (e.g., output
wattage or Joules), the mode of light source 16 (e.g., pulsed
versus CW), any other suitable information, or any combina-
tion thereof. This information may be used by monitor 14 to
select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in monitor 14 for calculating the sub-
ject’s physiological parameters.

Encoder 42 may contain information specific to subject 40,
such as, for example, the subject’s age, weight, and diagnosis.
This information about a subject’s characteristics may allow
monitor 14 to determine, for example, subject-specific
threshold ranges in which the subject’s physiological param-
eter measurements should fall and to enable or disable addi-
tional physiological parameter algorithms. Encoder 42 may,
for instance, be a coded resistor that stores values correspond-
ing to the type of sensor unit 12 or the type of each sensor in
the sensor array, the wavelengths of light emitted by light
source 16 on each sensor of the sensor array, and/or the
subject’s characteristics. In some embodiments, encoder 42
may include a memory on which one or more of the following
information may be stored for communication to monitor 14:
the type of the sensor unit 12; the wavelengths of light emitted
by light source 16; the particular acoustic range that each
sensor in the sensor array is monitoring; a signal threshold for
each sensor in the sensor array; any other suitable informa-
tion; or any combination thereof.

In some embodiments, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include a general-purpose
microprocessor 48 connected to an internal bus 50. Micro-
processor 48 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. Also con-
nected to bus 50 may be a read-only memory (ROM) 52, a
random access memory (RAM) 54, user inputs 56, display 20,
and speaker 22.

RAM 54 and ROM 52 are illustrated by way of example,
and not limitation. Any suitable computer-readable media
may be used in the system for data storage. Computer-read-
able media are capable of storing information that can be
interpreted by microprocessor 48. This information may be
data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, 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 technology
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for storage of information such as computer-readable instruc-
tions, data structures, program modules or other data. Com-
puter 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 stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium that
can be used to store the desired information and that can be
accessed by components of the system.

In the embodiment shown, a time processing unit (TPU) 58
may provide timing control signals to light drive circuitry 60,
which may control the activation of light source 16. For
example, TPU 58 may control pulse timing (e.g., pulse dura-
tion and inter-pulse interval) for TD-PA monitoring system.
TPU 58 may also control the gating-in of signals from detec-
tor 18 through amplifier 62 and switching circuit 64. The
received signal from detector 18 may be passed through
amplifier 66, low pass filter 68, and analog-to-digital con-
verter 70. The digital data may then be stored in a queued
serial module (QSM) 72 (or buffer) for later downloading to
RAM 54 as QSM 72 is filled. In some embodiments, there
may be multiple separate parallel paths having components
equivalent to amplifier 66, filter 68, and/or A/D converter 70
for multiple light wavelengths or spectra received. Any suit-
able combination of components (e.g., microprocessor 48,
RAM 54, analog to digital converter 70, any other suitable
component shown or not shown in FIG. 2) coupled by bus 50
or otherwise coupled (e.g., via an external bus), may be
referred to as “processing equipment.”

In the embodiment shown, light source 16 may include
modulator 44, in order to, for example, perform FD-PA analy-
sis. Modulator 44 may be configured to provide intensity
modulation, spatial modulation, any other suitable optical
signal modulations, or any combination thereof. For example,
light source 16 may be a CW light source, and modulator 44
may provide intensity modulation of the CW light source
such as using a linear sweep modulation. In some embodi-
ments, modulator 44 may be included in light drive 60, or
other suitable components of physiological monitoring sys-
tem 10, or any combination thereof.

In some embodiments, microprocessor 48 may determine
the subject’s physiological parameters, such as SpO,, SvO,,
oxy-hemoglobin concentration, deoxy-hemoglobin concen-
tration, total hemoglobin concentration (tHb), and/or pulse
rate, using various algorithms and/or lookup tables based on
the value of the received signals and/or data corresponding to
the acoustic response received by detector 18. Signals corre-
sponding to information about subject 40, and particularly
about the acoustic signals emanating from a subject’s tissue
over time, may be transmitted from encoder 42 to decoder 74.
These signals may include, for example, encoded information
relating to subject characteristics. Decoder 74 may translate
these signals to enable the microprocessor to determine the
thresholds based at least in part on algorithms or lookup tables
stored in ROM 52. In some embodiments, user inputs 56 may
be used enter information, select one or more options, provide
a response, input settings, any other suitable inputting func-
tion, or any combination thereof. User inputs 56 may be used
to enter information about the subject, such as age, weight,
height, diagnosis, medications, treatments, and so forth. In
some embodiments, display 20 may exhibit a list of values,
which may generally apply to the subject, such as, for
example, age ranges or medication families, which the user
may select using user inputs 56.

Calibration device 80, which may be powered by monitor
14 via a communicative coupling 82, a battery, or by a con-
ventional power source such as a wall outlet, may include any
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suitable signal calibration device. Calibration device 80 may
be communicatively coupled to monitor 14 via communica-
tive coupling 82, and/or may communicate wirelessly (not
shown). In some embodiments, calibration device 80 is com-
pletely integrated within monitor 14. In some embodiments,
calibration device 80 may include a manual input device (not
shown) used by an operator to manually input reference sig-
nal measurements obtained from some other source (e.g., an
external invasive or non-invasive physiological measurement
system).

The acoustic signal attenuated by the tissue of subject 40
canbe degraded by noise, among other sources. Movement of
the subject may also introduce noise and affect the signal. For
example, the contact between the detector and the skin, or the
light source and the skin, can be temporarily disrupted when
movement causes either to move away from the skin. Another
source of noise is electromagnetic coupling from other elec-
tronic instruments.

Noise (e.g., from subject movement) can degrade a sensor
signal relied upon by a care provider, without the care pro-
vider’s awareness. This is especially true if the monitoring of
the subject is remote, the motion is too small to be observed,
or the care provider is watching the instrument or other parts
of the subject, and not the sensor site. Processing sensor
signals may involve operations that reduce the amount of
noise present in the signals, control the amount of noise
present in the signal, or otherwise identify noise components
in order to prevent them from affecting measurements of
physiological parameters derived from the sensor signals.

FIG. 3 is an illustrative signal processing system 300 in
accordance with an embodiment that may implement the
signal processing techniques described herein. In some
embodiments, signal processing system 300 may be included
in a physiological monitoring system (e.g., physiological
monitoring system 10 of FIGS. 1-2). In the illustrated
embodiment, input signal generator 310 generates an input
signal 316. As illustrated, input signal generator 310 may
include pre-processor 320 coupled to sensor 318, which may
provide input signal 316. In some embodiments, pre-proces-
sor 320 may be a photoacoustic module and input signal 316
may be a photoacoustic signal. In an embodiment, pre-pro-
cessor 320 may be any suitable signal processing device and
input signal 316 may include one or more photoacoustic
signals and one or more other physiological signals, such as a
photoplethysmograph signal. It will be understood that input
signal generator 310 may include any suitable signal source,
signal generating data, signal generating equipment, or any
combination thereof to produce signal 316. Signal 316 may
be a single signal, or may be multiple signals transmitted over
a single pathway or multiple pathways.

Pre-processor 320 may apply one or more signal process-
ing operations to the signal generated by sensor 318. For
example, pre-processor 320 may apply a pre-determined set
of processing operations to the signal provided by sensor 318
to produce input signal 316 that can be appropriately inter-
preted by processor 312, such as performing A/D conversion.
In some embodiments, A/D conversion may be performed by
processor 312. Pre-processor 320 may also perform any of the
following operations on the signal provided by sensor 318:
reshaping the signal for transmission, multiplexing the signal,
modulating the signal onto carrier signals, compressing the
signal, encoding the signal, and filtering the signal.

In some embodiments, signal 316 may be coupled to pro-
cessor 312. Processor 312 may be any suitable software,
firmware, hardware, or combination thereof for processing
signal 316. For example, processor 312 may include one or
more hardware processors (e.g., integrated circuits), one or
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more software modules, and computer-readable media such
as memory, firmware, or any combination thereof. Processor
312 may, for example, be a computer or may be one or more
chips (i.e., integrated circuits). Processor 312 may, for
example, include an assembly of analog electronic compo-
nents. Processor 312 may calculate physiological informa-
tion. For example, processor 312 may perform time domain
calculations, spectral domain calculations, time-spectral
transformations (e.g., fast Fourier transforms, inverse fast
Fourier transforms), any other suitable calculations, or any
combination thereof. Processor 312 may perform any suitable
signal processing of signal 316 to filter signal 316, such as any
suitable band-pass filtering, adaptive filtering, closed-loop
filtering, any other suitable filtering, and/or any combination
thereof. Processor 312 may also receive input signals from
additional sources (not shown). For example, processor 312
may receive an input signal containing information about
treatments provided to the subject. Additional input signals
may be used by processor 312 in any of the calculations or
operations it performs in accordance with processing system
300.

In some embodiments, all or some of pre-processor 320,
processor 312, or both, may be referred to collectively as
processing equipment. For example, processing equipment
may be configured to amplify, filter, sample and digitize sig-
nal 316 (e.g., using an analog to digital converter), and cal-
culate physiological information from the digitized signal.

Processor 312 may be coupled to one or more memory
devices (not shown) or incorporate one or more memory
devices such as any suitable volatile memory device (e.g,,
RAM, registers, etc.), non-volatile memory device (e.g.,
ROM. EPROM, magnetic storage device, optical storage
device, flash memory, etc.), or both. In some embodiments,
processor 312 may store physiological measurements or pre-
viously received data from signal 316 in a memory device for
later retrieval. In some embodiments, processor 312 may
store calculated values, such as pulse rate, blood pressure,
blood oxygen saturation (e.g., arterial, venous, or both),
hemoglobin concentration (e.g., oxygenated, deoxygenated,
and/or total), or any other suitable calculated values, in a
memory device for later retrieval.

Processor 312 may be coupled to output 314. Output 314
may be any suitable output device such as one or more medi-
cal devices (e.g., a medical monitor that displays various
physiological parameters, a medical alarm, or any other suit-
able medical device that either displays physiological param-
eters or uses the output of processor 312 as an input), one or
more display devices (e.g., monitor, PDA, mobile phone, 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.

It will be understood that system 300 may be incorporated
into system 10 (FIGS. 1 and 2) in which, for example, input
signal generator 310 may be implemented as part of sensor
unit 12 (FIGS. 1 and 2) and monitor 14 (FIGS. 1 and 2) and
processor 312 may be implemented as part of monitor 14
(FIGS. 1 and 2). In some embodiments, portions of system
300 may be configured to be portable. For example, all or part
of system 300 may be embedded in a small, compact object
carried with or attached to the subject (e.g.. a watch, other
piece of jewelry, or a smart phone). In some embodiments, a
wireless transceiver (not shown) may also be included in
system 300 to enable wireless communication with other
components of system 10 (FIGS. 1 and 2). As such, system 10
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(FIGS. 1 and 2) may be part of a fully portable and continuous
physiological monitoring solution. In some embodiments, a
wireless transceiver (not shown) may also be included in
system 300 to enable wireless communication with other
components of system 10. For example, pre-processor 320
may output signal 316 (e.g., which may be a pre-processed
photoacoustic signal) over BLUETOOTH, IEEE 802.11,
WiFi, WiMax, cable, satellite, Infrared, any other suitable
transmission scheme, or any combination thereof. In some
embodiments, a wireless transmission scheme may be used
between any communicating components of system 300.

The PA signal obtained by system 10 or 300 is dependent
on the optical fluence at the illuminated region of interest, as
shown in Eq. 1, for example. While, the output of the light
source may be modulated, measured, regulated, or otherwise
controlled, the resulting light output may be attenuated along
its pathlength prior to illumination of the region of interest.
Accurately estimating the optical fluence at the region of
interest may improve the accuracy of the resulting PA calcu-
lations.

In some embodiments, the optical fluence at the region of
interest may be estimated by independently measuring, mod-
eling, or both, the radiative properties of the tissue. For
example, in some embodiments, an oblique-incidence diffuse
reflectance (OIR) system may be used to estimate optical
properties of an attenuating media (e.g., a subject’s tissue). In
a further example, in some embodiments, a pulse photon
density wave (PDW) analysis may be used to determine the
optical properties of an attenuating media (e.g., a subject’s
tissue). Techniques such as OIR, PDW, or other suitable opti-
cal characterization techniques, may be used with TD-PA
analysis, FD-PA analysis, or both, to determine physiological
information.

FIG. 4 is a block diagram of an illustrative physiological
monitoring system 400, including several illustrative sub-
systems, in accordance with some embodiments of the
present disclosure. Physiclogical monitoring system 400 may
include photoacoustic system 402, oximeter 404, photon den-
sity wave system 406, oblique-incidence diffuse reflectance
system 408, any other suitable subsystem 410, any other
suitable components 412, or any combination thereof. Other
components 410 may include any components of system 10,
any components of system 300, any other suitable compo-
nents, or any combination thereof. In some embodiments, one
or more subsystems may be modules, configured to perform
particular measurements, and also configured to communi-
cate with one another. Accordingly, each subsystem may be a
module, coupled to at least one other module via a commu-
nications bus 450, which may be a wired bus, wireless bus,
any other suitable bus, or any combination thereof. For
example, oximeter 404 may include RED and IR LEDs, acti-
vated by time-division multiplexing using a TPU, a photode-
tector configured to detect attenuated RED and IR light, and
suitable processing equipment configured to determine an
SpQ, value of the subject. Oximeter 404 may communicate
the determined SpO, value to any other suitable system
coupled to communications bus 450, for example. In some
embodiments, multiple sensor types may be configured to
communicatively couple to a single processor. For example,
system 10 or system 300 may be configured to accept multiple
sensors such as PA sensors, PPG sensors, OIR sensors, PDW
sensors, any other suitable sensors, or any combination
thereof. Processor 312 may be configured to perform PA
analysis, PPG analysis, OIR analysis, PDW analysis, any
other suitable analysis, or any combination thereof. In some
embodiments, each subsystem may include a suitable pre-
processor and processor (e.g., pre-processor 320 and proces-
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sor 312). In some embodiments, the one or more subsystems
may each be separate systems, which may, but need not,
communicate with one another. For example, PDW system
406 may be a standalone system, and may output optical
information on a display. An operator may input the optical
information into photoacoustic system 402, and suitable
analysis may be performed by photoacoustic system 402. In
some embodiments, system 400 may include any of the capa-
bilities, components, or both, of system 10 and system 300.
Any suitable configuration may be used to perform the dis-
closed analyses.

FIG. 5 shows several illustrative photonic and photoacous-
tic arrangements, in accordance with some embodiments of
the present disclosure. A portion of a subject 550 is depicted
for illustration of the exemplary PA, OIR, and PDW tech-
niques. An illustrative photoacoustic system, or portion
thereof, is shown by light source 510 and acoustic detector
512. A photonic signal 514 from light source 510 may pen-
etrate, and accordingly be attenuated by, tissue of subject 550.
Absorption of photonic signal 514, or a portion thereof, by
one or more constituents of subject 550 may cause acoustic
pressure activity, as shown by acoustic pressure waves 518, in
the tissue via the photoacoustic effect. The optical fluence at
region 516 (e.g., which may include blood vessels or other
biological components) may differ from the optical fluence at
the output of light source 510 due to attenuation of the pho-
tonic signal by the subject. Optical characterization tech-
niques such as OIR and PDW may be used to determine the
optical fluence at region 516. Typically, optical characteriza-
tion techniques include providing a known photonic signal
from a controlled light source to an attenuating media, and
detecting at least some of the attenuated photonic signal. A
model or simulation may be used to relate, for example, the
provided photonic signal, the detected photonic signal, and
any suitable optical properties of the attenuating media. In
some embodiments, an optical characterization measurement
such as an OIR measurement or PDW measurement may be
performed near the region of interest (e.g., near the point of
incidence of the photonic signal used to generate the photoa-
coustic effect of the subject). The following discussion of the
OIR and PDW techniques includes potentially wavelength-
dependent quantities and analyses, as optical properties may
be expected to vary with the characteristic wavelength of the
light output by the light source. Accordingly, in some
embodiments, the OIR technique, PDW technique, or both,
may be performed using the same light source as that used to
generate the monitored photoacoustic effect of the subject. In
some embodiments, the OIR technique, PDW technique, or
both, may be performed using a light source other than that
used to generate the monitored photoacoustic effect of the
subject, but providing light of the same wavelength as that
used to generate the monitored photoacoustic effect of the
subject. In some embodiments, the OIR technique, PDW
technique, or both, may be performed using a light source
other than that used to generate the monitored photoacoustic
effect of the subject, providing light of a different wavelength
from that used to generate the monitored photoacoustic effect
of the subject. In some such embodiments, a spectral corre-
lation, correction or other adjustment may be required to
apply results of the OIR technique or PDW technique to the
photoacoustic analysis.

The OIR technique may include directing light from a light
source, the same or different from the PA light source (e.g., a
laser or other suitable light source, or combination thereof),
towards the surface of an attenuating medium of interest (e.g.,
tissue) at an oblique angle. The resulting diffuse reflection of
the light from the surface may be measured using one or more



US 9,055,869 B2

15

photodetectors, such as an array of photodiodes, a charge-
coupled device (CCD) camera, any other suitable photode-
tector, or any combination thereof. For example, referencing
FIG. 5, photonic signal 524 of light source 520 may be
directed to subject 550, and photodetector 522 may detect
attenuated light of photonic signal 524. Light source 520,
photodetector 522, and any other suitable components may be
included in OIR system 408 of FIG. 4. The measured diffuse
reflection may be modeled as a diffuse point source located a
particular distance along an optical path from the point of
incidence of the light on the surface. For example, referencing
FIG. 5, attenuated light detected by photodetector 522 may be
modeled as originating from a point source 526, located a
distance 528 from the point of incidence 525 of photonic
signal 524 on the surface of subject 550. Using a diffusion
approximation to the radiation equation of transfer, the par-
ticular distance may be correlated to an optical diffusivity.
The optical diffusivity may further be correlated to an effec-
tive attenuation coefficient, which may include the effects of
absorption and scattering of the attenuating medium. In some
embodiments, the effective attenuation coefficient may be
used to estimate the fluence of the PA light source at a spatial
location within the media. For example, the effective attenu-
ation coefficient, optical diffusivity, or both, derived from
OIR analysis may be used to calculate the fluence of light
source 16 of physiological monitoring system 10 at the region
of interest in the tissue of subject 40. In a further example, the
effective attenuation coefficient, optical diffusivity, or both,
may be inputted into a computation model (e.g., such as a
Monte Carlo simulation of the radiation transfer equation), to
estimate the optical fluence at the region of interest for PA
analysis. Accordingly, the resulting estimated fluence may be
used in a suitable expression such as, for example, either of
Egs. 1 and 6, or any other suitable expressions, to extract
physiological information. In some embodiments, OIR
analysis may provide an effective attenuation coefficient
which may be different from a constituent absorption coeffi-
cient (e.g., as shown in of Eq. 1).

In an illustrative example of the OIR technique, the mean
free path (mfp) of photons within an attenuating media (e.g.,
one or more tissues of a subject), as shown by Eq. 14:

1 (14)
mp= ——
Ha + Hs

may describe an effective length scale of photon transport in
the media. In some embodiments, distance 528 of FIG. 5 may
be approximated by the mean free path. An optical diffusion
coefficient D may be given by the following:

D=D(mfp) (15)

as some suitable function of the mean free path. For example,
the optical diffusion coefficient D may be expressed as mfp/3
in some circumstances. The measured reflectance p (e.g., as
measured by photodetector 522 of FIG. 5) may be expressed
in terms of the optical diffusion coefficient, an effective
attenuation coefficient, any other suitable variables, or any
combination thereof, as shown illustratively in Eq. 16:

(16)

In some embodiments, D and i, ;may be determined from the
OIR measurement. Additionally, Eq. 16 may be cast in terms
of the optical diffusion coefficient using Eq. 15, or some other

P=pD.Lteg)
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suitable relationship D=D(u,,it',) may be defined. An addi-
tional expression, as shown below:

amn
may be used along with that for the optical diffusion coeffi-
cient to determine the unknown absorption coefficient p and
reduced scattering coefficient |t',. For example, the effective
attenuation coefficient may be expressed as uefﬂ/ 3, ().
Any suitable mathematical relationships may be used in
accordance with the present disclosure.

The PDW technique may include directing light from a
modulated light source through an attenuating media of inter-
est. The resulting attenuated light from the media may be
measured using one or more photodetectors, such as an array
of photodiodes, a charge-coupled device (CCD) camera, any
other suitable photodetector, or any combination thereof. For
example, referencing FIG. 5, photonic signal 534 of light
source 530 may be directed to subject 550. Photodetector
532, photodetector 536, or both, may detect attenuated light
(e.g., transmitted and reflected light, respectively) of photonic
signal 534. Light source 530, photodetector 532, photodetec-
tor 536, any other suitable components, or any combination
thereof may be included in PDW system 406 of FIG. 4. PDW
system 406 may include one or more photodetectors. In some
embodiments, an intensity modulator may be included in
PDW system 406, to modulate the photonic signal provided
by the light source. The measured attenuated light intensity
may be modeled using the radiation transfer equation, with
any suitable approximations or simplifications, to determine
one or more optical properties such as, for example, an
absorption coefficient, a scattering coefficient, or both, or
combination thereof. In some embodiments, the determined
optical properties may be used to estimate the fluence of the
PA light source at a spatial location within the media. For
example, the one or more optical properties derived from
PDW analysis may be used to calculate the fluence of light
source 16 of physiological monitoring system 10 at the region
of interest in the tissue of subject 40, using a correlation or
other suitable expression. In a further example, the one or
more optical properties may be inputted into a computation
model (e.g., such as a Monte Carlo simulation of the radiation
transfer equation), to estimate the optical fluence at the region
of interest for PA analysis. Accordingly, the resulting esti-
mated fluence may be used in a suitable expression such as,
for example, Eq. 1, Eq. 6, or any other suitable expression, to
extract physiological information.

In some embodiments, processing equipment of system
400 may process a detected PDW signal to determine an
amplitude, phase delay, any other suitable properties, or any
combination thereof. The amplitude and phase delay of the
detected PDW signal, relative to the provided photonic signal,
may allow calculation of one or more optical properties of the
subject. The phasedelay of a detected PDW signal is sensitive
to changes in scattering properties of the subject, and the
amplitude of a detected PDW signal is sensitive to absorptive
properties of the subject (e.g., the concentration of an
absorber).

Referencing an illustrative reflective PDW measurement, a
photodetector is used to detect reflected light of a photonic
signal provided to a subject. Shown in the following Eq. 18:

H !
In(or) = —r_| 5“ +ppe(D, Kpe)

HegHeg(lask's)

(18)
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is an expression for the reflectance p in terms of the distance
between light source and photodetector r, absorption coeffi-
cient L, optical diffusion coefficient D, and baseline offset
Ppe cast in terms of the optical diffusion coefficient and the
baseline of the source K, .. The phase shift @ is given by the
following Eq. 19:

19

where o is the modulation frequency of the light source, v is
the speed of light in the subject, and @', - is the baseline offset
of phase cast in terms of relative phase shift of the light source
K. In some embodiments, a two-location PDW detection
may be performed. Shown in the following Eq. 20:

P
Apy =—(ra—r1) Ba

is an expression of the difference in reflectance at two detec-
tion locations r, and r;, which allows the baseline term p - to
be discarded. Accordingly, shown in the following Eq. 21:

20)

1}1/2 2D

il
2D

1
AP =9 -y =(r—11) -

{i-(2)

is an expression of the difference in phase shift at the two
detection locations r, and r|, which allows the baseline offset
term ', to be discarded. Taking the ratio of Eq. 21 to Eq. 20
gives the following Eq. 22:

AD 2

Aoy

OREE A

which may be solved for the absorption coefficient, as shown
by the following Eq. 23:

w 1 (23)

He = 2

el )

Using the following relation for optical diffusion coefficient,
D=1/(3p,+1',), Eq. 20 may be solved for the reduced scatter-
ing coefficient, as shown by the following Eq. 24:

. g 29

M= -
3g(ry =y )

a-

The absorption coefficient and reduced scattering coefficient
of illustrative Eqs. 23 and 24 may be used to perform further
optical analysis. Note that an alternative expression to Eq. 18,
may be given by the following Eq. 25:
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for the detector output V , where Z is the detector responsiv-
ity, A is the detection area, and S is the strength of the light
source.

Optical properties such as a scattering coefficient, absorp-
tion coefficient, and any other suitable properties, determined
using OIR, PDW or any other suitable analysis, may be used
to determine an optical fluence in a subject. In an illustrative
example, which may apply to any suitable optical character-
ization technique, an expression for the radiative transfer
equation in an attenuating medium is shown by Eq. 26:

Lélr, 0
-—— 4

¢ or

26)

Vi, Q0Q+pldr, Q1) =

s f I, QL 0f (Q, )Y 450, Q. 1),

where I(r,,t) is the radiance at positionr, solid angle €2, and
time t, ¢ is the speed of light in the medium, p, is the attenu-
ation coefficient, u_is the scattering coefficient, f(Q2,Q") is the
phase function, and S(r,Q,t) is the radiance source term. An
expression for the optical fluence ¢(r,t) at location r and time
tis shown in Eq. 27:

P17, 1)dQ. @7

The radiative transfer equation describes the transport of pho-
tons through an attenuating media, and includes the effects of
absorption and scattering. Shown in Eq. 28:

SP(r, 1) 28)

at

—DVEP(r, D)+ cpa(r, 1) + =cSy(r, 1)

is an illustrative example of a diffusion approximation to the
radiative transfer equation, integrated over all solid angles, in
which D is the optical diffusion coefficient, and Sy(r,t) is the
monopole source term.

It will be understood that the radiative transfer equation,
and suitable approximations derived thereof, any other suit-
able radiative expressions, or any combinations thereof, may
be used to model photon attenuation and transport in a sub-
ject, in accordance with some embodiments of the present
disclosure. For example, an expression such as Eq. 28 may be
solved in time, space, or both, to determine the optical fluence
at a region of interest of a subject. In a further example, a
Fourier transform may be applied to Eq. 28 and the optical
fluence may be solved for in the frequency domain. Any
suitable computational approach may beused to determine an
optical fluence at a region of interest of the subject. In some
embodiments, the OIR, PDW, any other suitable technique, or
any combination thereof, may be used to determine one or
more optical parameters which may be used in an expression
such as, for example, Eq. 28.

The foregoing optical characterization techniques are illus-
trative, and accordingly, any suitable optical characterization
techniques, or combination of techniques thereof, may be
used in determining an optical fluence at a region of interest.

FIG. 6 is a flow diagram 600 of illustrative steps for deter-
mining optical fluence at a region of interest, in accordance
with some embodiments of the present disclosure.

Step 602 may include physiological monitoring system
400 performing an OIR measurement on a subject. Step 602
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may include a light source of system 400 providing a photonic
signal to the subject, or region of the subject thereof, at a
particular oblique incident angle. A photodetector of system
400 may detect diffuse reflectance caused by attenuation of
the photonic signal.

Step 604 may include processing equipment of physiologi-
cal monitoring system 400 characterizing one or more optical
properties based on the OIR measurement of step 602. In
some embodiments, step 604 may include processing equip-
ment of physiological monitoring system 400 inputting a
measurement of step 602 into a mathematical expression to
calculate the one or more optical properties. In some embodi-
ments, step 604 may include processing equipment of physi-
ological monitoring system 400 using a measurement of step
602 1inalookup table or database to determine the one or more
optical properties. The one or more optical properties may
include an absorption coefficient, a scattering coefficient, an
effective attenuation coefficient, an optical diffusion coefli-
cient, a mean free path, any other suitable optical property, or
any combination thereof.

Step 606 may include physiological monitoring system
400 performing a PDW measurement on a subject. Step 602
may include a light source of system 400 providing a photonic
signal to the subject, or region of the subject thereof. A pho-
todetector of system 400 may detect attenuated light caused
by attenuation of the photonic signal by the subject.

Step 608 may include processing equipment of physiologi-
cal monitoring system 400 characterizing one or more optical
properties based on the PDW measurement of step 606. In
some embodiments, step 608 may include processing equip-
ment of physiological monitoring system 400 inputting a
measurement of step 606 into a mathematical expression to
calculate the one or more optical properties. In some embodi-
ments, step 608 may include processing equipment of physi-
ological monitoring system 400 using a measurement of step
606 1in alookup table or database to determine the one or more
optical properties. The one or more optical properties may
include an absorption coefficient, a scattering coefficient, an
effective attenuation coefficient, an optical diffusion coeffi-
cient, a mean free path, any other suitable optical property, or
any combination thereof.

Step 610 may include physiological monitoring system
400 performing any other suitable optical measurement on a
subject, other than an OIR or PDW measurement. Step 610
may include a light source of system 400 providing a photonic
signal to the subject, or region of the subject thereof. A pho-
todetector of system 400 may detect attenuated light caused
by attenuation of the photonic signal by the subject.

In some embodiments, step 610 need not include perform-
ing a measurement, and may include accessing empirical
information (e.g., historical measurement, historical data,
sample population data), a mathematical model, and other
suitable information, or any combination thereof. For
example, step 610 may include processor 312 recalling one or
more optical properties or other optical information (e.g.,
properties affecting optical attenuation) for the subject, which
may be stored in any suitable memory (e.g., ROM 52 and/or
encoder 42 of system 10). In a further example, step 610 may
include processor 312 using a mathematical model to char-
acterize one or more optical parameters based on suitable
recalled optical information. In some embodiments, step 610
may include receiving optical information from operator
input. For example, an operator may input one or more values
or descriptors to system 300, and processor 312 may then
characterize optical properties of the subject. In an illustrative
example, an operator may input the subject’s age and skin
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color into system 300, and processor 312 may determine
effective optical properties based on these descriptors.

Step 612 may include processing equipment of physiologi-
cal monitoring system 400 characterizing one or more optical
properties based on the optical measurement of step 612. In
some embodiments, step 612 may include processing equip-
ment of physiological monitoring system 400 inputting a
measurement of step 610 into a mathematical expression to
calculate the one or more optical properties. In some embodi-
ments, step 612 may include processing equipment of physi-
ological monitoring system 400 using a measurement of step
610 ina lookup table or database to determine the one or more
optical properties. The one or more optical properties may
include an absorption coefficient, a scattering coefficient, an
effective attenuation coefficient, an optical diffusion coeffi-
cient, a mean free path, any other suitable optical property, or
any combination thereof.

In some embodiments, a single optical characterization
may be performed such as, for example, one of steps 602 and
604, steps 606 and 608, or steps 610 and 612. For example, if
OIR is used for optical characterization, then PDW or other
optical characterization techniques need not be used. In some
embodiments, more than one optical characterization tech-
nique may be used. For example, both OIR and PDW may be
used to determine one or more optical properties of a subject.

Step 614 may include physiological monitoring system
400 using the one or more optical properties in a suitable
model to determine the optical fluence at a region of interest
(i.e., a spatial location of any suitable size in an attenuating
media). In some embodiments, the model may be a math-
ematical expression. The expression may be a function
derived by curve-fitting sample data, an analytic solution to a
governing equation, an approximation of a governing equa-
tion, any other suitable expression, or any combination
thereof. The one or more optical properties may be inputted
into the expression, along with any suitable geometric vari-
ables describing the region of interest (e.g., a distance), and
the optical fluence may be calculated. For example, the
expression shown by Eq. 3 provides the optical fluence at a
particular spatial location with an effective attenuation coef-
ficient and a distance as inputs. In some embodiments, the
model of step 614 may be a computational model. Processing
equipment of physiological monitoring system 400 may
numerically solve a governing equation to determine the opti-
cal fluence at a particular spatial location. For example, a
suitable formulation of a radiative transfer equation may be
solved numerically using a Monte Carlo technique to deter-
mine the optical fluence as a scalar field, or a value at a
particular location. In a further example, a suitable formula-
tion of a radiative transfer equation may be solved numeri-
cally using a Monte Carlo technique to determine vector field
of spectral intensity, with directional resolution, within the
media. In some embodiments, the model of step 614 may be
a suitable lookup reference table or database. For example, a
table of optical fluence values may be indexed by one or more
optical properties, geometric variables (e.g., depth of region
of interest), light source wavelength, subject information
(e.g., skin color, age, sex, bodyfat percentage, vasculature,
musculature, or factors that may affect optical properties of a
subject). Any suitable technique may be used to determine an
optical fluence at a region of interest based at least in part on
the one or more optical properties derived from an optical
measurement.

FIG. 7 is a flow diagram 700 of illustrative steps for using
an optical characterization and a photoacoustic analysis to
determine a physiological parameter of a subject, in accor-
dance with some embodiments of the present disclosure.
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Step 702 may include physiological monitoring system
400 detecting an acoustic pressure signal. In some embodi-
ments, an acoustic detector such as, for example, an ultra-
sound detector of physiological monitoring system 400 may
detect the acoustic pressure signal. The acoustic detector may
output a photoacoustic signal to suitable processing equip-
ment of physiological monitoring system 400. For example,
the acoustic detector may output an electrical photoacoustic
signal, which may be received by pre-processor 320.

Step 704 may include processing equipment of physiologi-
cal monitoring system 400 determining one or more physi-
ological parameters of the subject based at least in part on the
detected acoustic pressure signal of step 702. Processor 312
may be configured to use a mathematical expression, math-
ematical model, lookup table, any other suitable reference
information, or any combination thereof, to determine the one
or more physiological parameters using the photoacoustic
signal as an input. In some embodiments, step 704 may
include using a determined optical fluence at a region of
interest of the subject. For example, any suitable steps of flow
diagram 600, as shown by marker 650, may be used to deter-
mine the optical fluence at a region of interest of the subject.
In some embodiments, the determined optical fluence may
aid in determining an absorption coefficient of the subject,
from which one or more physiological parameters may be
determined.

In some embodiments, the light source used to perform the
optical measurement of flow diagram 600 may be the same
light source used to provide the photoacoustic response of
flow diagram 700. Accordingly, the photonic detector and the
acoustic detector may, in some embodiments, be triggered by
activation of the light source. For example, in some embodi-
ments, the photonic detector and the acoustic detector may
perform detections simultaneously. In a further example, the
photonic detector and the acoustic detector may perform
respective detections at independent times (e.g., a photonic
detection may be performed before or after an acoustic detec-
tion). In some embodiments, different light sources may be
used to perform the optical measurement and provide the
photoacoustic response. In some such embodiments, activa-
tion of the light sources may be simultaneous, staggered, or
otherwise controlled. For example, TPU 58 of system 10 may
be used to control the on-off timing of the light sources (e.g.,
time division multiplexing). In a further example, TPU 58 of
system 10 may be used to control the modulation frequency of
each of the light sources (e.g., frequency division multiplex-
ing).

FIG. 8 is a flow diagram 800 of illustrative steps for using
an oblique-incidence diffuse reflectance analysis and a pho-
toacoustic analysis to determine a physiological parameter of
a subject, in accordance with some embodiments of the
present disclosure.

Step 802 may include physiological monitoring system
400 detecting an attenuated photonic signal. One or more
suitable photodetectors of physiological monitoring system
400 may be used to detect the atteruated photonic signal. In
some embodiments, physiological monitoring system 400
may include a suitable light source configured to provide the
photonic signal that undergoes attenuation.

Step 804 may include processing equipment of physiologi-
cal monitoring system 400 performing OIR analysis on the
detected signal photonic signal of step 802, or a signal derived
thereof. In some embodiments, step 804 may include process-
ing equipment of physiological monitoring system 400 input-
ting a measured value of the detected attenuated photonic
signal of step 802 into a mathematical expression to calculate
the one or more optical properties. In some embodiments,
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step 804 may include processing equipment of system 400
using a measured value of the detected attenuated photonic
signal of step 802 in a lookup table or database to determine
the one or more optical properties. The one or more optical
properties may include an absorption coefficient, a scattering
coefficient, an effective attenuation coefficient, an optical
diffusion coefficient, a mean free path, any other suitable
optical property, or any combination thereof. In some
embodiments, step 804 may include processing equipment of
system 400 determining an optical fluence at a region of
interest of the subject.

Step 806 may include physiological monitoring system
400 detecting an acoustic pressure signal. In some embodi-
ments, system 400 may include a suitable CW light source
configured to provide a CW photonic signal. Absorption of
the CW photonic signal, or a portion thereof, by the subject,
or aconstituent of the subject, may cause an acoustic pressure
response in the subject via the photoacoustic effect. In some
embodiments, an acoustic detector such as, for example, an
ultrasound detector of physiological monitoring system 400
may receive the acoustic pressure signal. The acoustic detec-
tor may output a photoacoustic signal to suitable processing
equipment of physiological monitoring system 400. For
example, the acoustic detector may output an electrical pho-
toacoustic signal, which may be received by pre-processor
320.

In some embodiments, the same CW light source may be
used to provide the CW photonic signals referenced in the
discussion of steps 802 and 806. Accordingly, step 802 may
include detecting an attenuated photonic signal arising from
attenuation of the provided CW photonic signal by the sub-
ject, and step 806 may include detecting an acoustic response
of the subject to the CW photonic signal. In some embodi-
ments, a CW light source may be used to provide the CW
photonic signal, and a second light source may be used to
provide the photonic signal attenuated by the subject, as
detected at step 802. The second light source may be a pulse
light source, a CW light source (e.g., and optionally an inten-
sity modulator), any other suitable light source, or any com-
bination thereof. The second light source may provide light of
the same wavelength as the CW light source.

Step 808 may include processing equipment of physiologi-
cal monitoring system 400 determining one or more physi-
ological parameters of the subject based at least in part on the
detected acoustic pressure signal of step 806. The processing
equipment may perform FD-PA analysis using the detected
acoustic signal of step 806. In some embodiments, step 808
may include using an optical fluence at a region of interest of
the subject, as determined at step 804, to determine the physi-
ological parameter. In some embodiments, step 808 may
include determining the optical fluence at a region of interest
of the subject, based on the OIR analysis of step 804. For
example, step 804, step 808, or both may include any suitable
steps of flow diagram 600 to determine the optical fluence at
a region of interest of the subject. In some embodiments, the
determined optical fluence may aid in determining an absorp-
tion coefficient of the subject, from which one or more physi-
ological parameters may be determined. Physiological
parameters determined at step 808 may include pulse rate,
blood oxygen saturation (e.g., arterial, venous, or both),
hemoglobin concentration (e.g., oxygenated, deoxygenated,
or total), any other suitable physiological parameters, or any
combination thereof. In some embodiments, step 808 may
include using the correlation technique (e.g., as described
herein in the context of Egs. 8-11), the heterodyne mixing
technique (e.g., as described herein in the context of Egs.
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12-13), any other suitable technique, or any combination
thereof to perform the FD-PA analysis.

FIG. 9 is a flow diagram 900 of illustrative steps for using
a photon density wave analysis and a photoacoustic analysis
to determine a physiological parameter of a subject, in accor-
dance with some embodiments of the present disclosure.

Step 902 may include physiological monitoring system
400 detecting an attenuated photonic signal. One or more
suitable photodetectors of physiological monitoring system
400 may be used to detect the atteruated photonic signal. In
some embodiments, physiological monitoring system 400
may include a suitable light source configured to provide the
photonic signal that undergoes attenuation.

Step 904 may include processing equipment of physiologi-
cal monitoring system 400 performing PDW analysis on the
detected signal photonic signal of step 902, or a signal derived
thereof. In some embodiments, step 904 may include process-
ing equipment of physiological monitoring system 400 input-
ting a measured value of the detected attenuated photonic
signal of step 902 into a mathematical expression to calculate
the one or more optical properties. In some embodiments,
step 904 may include processing equipment of system 400
using a measured value of the detected attenuated photonic
signal of step 902 in a lookup table or database to determine
the one or more optical properties. The one or more optical
properties may include an absorption coefficient, a scattering
coefficient, an effective attenuation coefficient, an optical
diffusion coefficient, a mean free path, any other suitable
optical property, or any combination thereof. In some
embodiments, step 904 may include processing equipment of
system 400 determining an optical fluence at a region of
interest of the subject.

Step 906 may include physiological monitoring system
400 detecting an acoustic pressure signal. In some embodi-
ments, system 400 may include a suitable light source (pulsed
or CW) configured to provide a photonic signal. Absorption
of the photonic signal, or a portion thereof, by the subject, or
a constituent of the subject, may cause an acoustic pressure
response in the subject via the photoacoustic effect. In some
embodiments, an acoustic detector such as, for example, an
ultrasound detector of physiological monitoring system 400
may receive the acoustic pressure signal. The acoustic detec-
tor may output a photoacoustic signal to suitable processing
equipment of physiological monitoring system 400. For
example, the acoustic detector may output an electrical pho-
toacoustic signal, which may be received by pre-processor
320.

In some embodiments, the same light source may be used
to provide the photonic signals referenced in the discussion of
steps 902 and 906. Accordingly, step 902 may include detect-
ing an attenuated photonic signal arising from attenuation of
the provided photonic signal by the subject, and step 906 may
include detecting an acoustic response of the subject to the
photonic signal. In some embodiments, a first light source
may be used to provide the photonic signal attenuated by the
subject, as detected at step 902, and a second light source may
be used to provide the photonic signal that causes the photoa-
coustic response as detected at step 906. Either of the first and
second light sources may be a pulsed light source, a CW light
source (e.g., and optionally an intensity modulator), any other
suitable light source, or any combination thereof. The second
light source may provide light of the same wavelength as the
first light source.

Step 908 may include processing equipment of physiologi-
cal monitoring system 400 determining one or more physi-
ological parameters of the subject based at least in part on the
detected acoustic pressure signal of step 906. In some
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embodiments, step 908 may include using an optical fluence
ataregion of interest of the subject, as determined at step 904,
to determine the physiological parameter. In some embodi-
ments, step 908 may include determining the optical fluence
at a region of interest of the subject, based on the PDW
analysis of step 904. For example, step 904, step 908, or both
may include any suitable steps of flow diagram 600 to deter-
mine the optical fluence at a region of interest of the subject.
In some embodiments, the determined optical fluence may
aid in determining an absorption coefficient of the subject,
from which one or more physiological parameters may be
determined. Physiological parameters determined at step 808
may include pulserate, blood oxygen saturation (e.g., arterial,
venous, or both), hemoglobin concentration (e.g., oxygen-
ated, deoxygenated, or total), any other suitable physiological
parameters, or any combination thereof.

Referring to Eq. 1, the fluence ¢(z) may be estimated using
the illustrative techniques described herein (e.g., the OIR
and/or PDW techniques), and the Griineisen parameter may
be known. By rearranging Eq. 1, the following equation can
be obtained:

p(@) 29

= To)

for the absorption coefficient p, of the absorbing tissue (he-
moglobin of the subject’s blood in this example). In some
embodiments, the wavelength of the light source may be
selected to aid in determining one or more physiological
parameters. For example, at a first wavelength A, where oxy-
hemoglobin and deoxy-hemoglobin have approximately the
same absorptivity (e.g., around 808 nm), the absorption coef-
ficient u,, ,, may be given by the following:

Hap, “1HE €, (30)

where €, (presumed known) is the absorptivity of the oxy-
hemoglobin and deoxy-hemoglobin at first wavelength A,.
Eq. 30 may be solved for tHb from the known p,; (e.g.,
known from using Eq. 29). In some embodiments, a second
light source of a second wavelength A, different from the
first, may be used to determine blood oxygen saturation. For
example, with tHb known, a second absorption coefficient
may be determined at the second wavelength. The absorption
coefficient i may be given by the following:

G

Hea,2; =€ oxhyCoxtEdeox,pyCdeoxs

where e, , is the absorptivity of oxy-hemoglobin, €4, ; is
the absorptivity of deoxy-hemoglobin, ¢, is the concentra-
tion of oxy-hemoglobin, and ¢, is the concentration of
deoxy-hemoglobin. The concentration can be related by:

HHD=C, AC g (32)

which may be combined with Eq. 31 to give:

Harpy=€ox s Cox T €denx,py (LD =Cy, ), oF (33)

ety =€ompo THD=Coon) Ve g 3 Caeons (34

Because tHb is known, any of Egs. 33 and 34 may be inverted
to determine the respective hemoglobin concentration from
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the known tHb and ,, ;. Additionally, blood oxygen satura-
tion S, may be determined by the following:

Cox

(35

Sop = ——,
Cox * Cdeox

which may be an arterial blood oxygen saturation or venous
oxygen saturation depending upon the type of blood vessel. It
will be understood that Egs. 30-35 provide illustrative
examples of formulas used to determine physiological
parameters from photoacoustic measurements. Any suitable
equations, models, other suitable mathematical construct,
look-up table, database, or other reference may be used to
determine one or more physiological parameters based on
two photoacoustic peaks. For example, in some embodi-
ments, physiological parameters may be tabulated (e.g., ina
look-up table stored in encoder 42 of system 10) for discrete
values of absorption coefficient at one or more wavelengths.
In some embodiments, a pulse rate may be determined based
on modulations of detected signals, or parameters derived
thereof, at the frequency of the pulse rate. For example, an
artery may be monitored, and the pumping of the subject’s
heart may cause a modulation of detected signals at the fre-
quency of the heart rate.

FIG. 10 is a flow diagram 1000 of illustrative steps for
using a detected attenuated photonic signal and a photoacous-
tic analysis to determine a physiological parameter of a sub-
ject, in accordance with some embodiments of the present
disclosure.

Step 1002 may include physiological monitoring system
400 detecting an attenuated photonic signal. One or more
suitable photodetectors of physiological monitoring system
400 may be used to detect the attenuated photonic signal. In
some embodiments, physiological monitoring system 400
may include a suitable first light source configured to provide
the photonic signal that undergoes attenuation.

Step 1004 may include physiological monitoring system
400 detecting an acoustic pressure signal. In some embodi-
ments, system 400 may include a suitable second light source
(pulsed or CW) configured to provide a second photonic
signal. Absorption of the second photonic signal, or a portion
thereof, by the subject, or a constituent of the subject, may
cause an acoustic pressure response in the subject via the
photoacoustic effect. In some embodiments, an acoustic
detector such as, for example, an ultrasound detector of physi-
ological monitoring system 400 may receive the acoustic
pressure signal. The acoustic detector may output an electri-
cal signal to suitable processing equipment of physiological
monitoring system 400.

Step 1006 may include processing equipment of physi-
ological monitoring system 400 determining one or more
physiological parameters of the subject based at least in part
on the detected attenuated photonic signal of step 1002, and
based at least in part on the acoustic pressure signal of step
1004. In some embodiments, step 1006 may include deter-
mining the optical fluence ata region of interest of the subject,
based on the detected attenuated photonic signal of step 1002.
For example, step 1006 may include any suitable steps of flow
diagrams 600, 800 and 900 (e.g., OIR analysis, PDW analy-
sis) to determine the optical fluence at a region of interest of
the subject. In some embodiments, the determined optical
fluence may aid in determining an absorption coefficient of
the subject, from which one or more physiological parameters
may be determined. Physiological parameters determined at
step 1006 may include pulse rate, blood oxygen saturation
(e.g., arterial, venous, or both), hemoglobin concentration
(e.g., oxygenated, deoxygenated, or total), any other suitable
physiological parameters, or any combination thereof.
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In some embodiments, an optical measurement may
include a photoplethysmographic (PPG) measurement of the
subject, which may be used with a photoacoustic measure-
ment to determine one or more physiological parameters. A
PPG measurement may be taken using any suitable oximeter
such as, for example, a two wavelength pulse oximeter. For
example, the first photonic signal of flow diagram 1000 may
include light of two wavelengths. In some such examples,
step 1006 may include determining a blood oxygen saturation
based on the detected attenuated photonic signal. In some
embodiments, a SpO, measurement may be used as an adjust-
ment factor to determine total hemoglobin concentration, or
other suitable physiological parameter, which may be further
used to determine a venous oxygen saturation. The SpQO,
measurement may be provided by any suitable pulse oximeter
system, which may be separate from physiological monitor-
ing system 10, integrated in physiological monitoring system
10 (e.g., a pulse oximeter module included in physiological
monitoring system 400), communicatively coupled to physi-
ological monitoring system 10, in any other suitable configu-
ration, or any combination thereof. In some circumstances,
such as a subject experiencing hypoxia, the use of a PPG
measurement may be especially useful in adjusting a total
hemoglobin value.

An oximeter may include a light sensor that is placed at a
site on a subject, typically a fingertip, toe, forehead or earlobe,
or in the case of a neonate, across a foot. The oximeter may
use a light source (e.g., one or more light emitting diodes) to
pass light through blood perfused tissue and photoelectrically
sense the absorption of the light in the tissue. For example,
additional suitable sensor locations include, without limita-
tion, the neck to monitor carotid artery pulsatile flow, the
wrist to monitor radial artery pulsatile flow, the inside of a
subject’s thigh to monitor femoral artery pulsatile flow, the
ankle to monitor tibial artery pulsatile flow, and around or in
front of the ear. Suitable sensors for these locations may
include sensors for sensing absorbed light based on detecting
reflected light. In all suitable locations, for example, the
oximeter 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 or a mathematical manipulation of
this signal (e.g., a scaled version thereof, a log taken thereof,
ascaled version of alog taken thereof, etc.) may be referred to
as the photoplethysmograph (PPG) signal. In addition, the
term “PPG signal,” as used herein, may also refer to an
absorption signal (i.e., representing the amount of light
absorbed by the tissue) or any suitable mathematical manipu-
lation thereof. The light intensity 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., oxy-hemoglobin) being measured as well as
a pulse rate and when each individual pulse occurs.

In some applications, the light passed through the tissue is
selected to be of one or more wavelengths that are absorbed
by the blood in an amount representative of the amount of the
blood constituent present in the blood. The amount of light
passed through the tissue varies in accordance with the chang-
ing amount of blood constituent in the tissue and the related
light absorption. Red and infrared (IR) wavelengths may be
used because that highly oxygenated blood will absorb rela-
tively less Red light and more IR light than blood with a lower
oxygen saturation. By comparing the intensities of two wave-
lengths at different points in the pulse cycle, it is possible to
estimate the blood oxygen saturation of hemoglobin in arte-
rial blood.

FIG. 11 is a flow diagram 1100 of illustrative steps for
using a measured SpO, value and a photoacoustic analysis to
determine a physiological parameter of a subject, in accor-
dance with some embodiments of the present disclosure.
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Step 1102 may include physiological monitoring system
400 detecting an attenuated photonic signal. One or more
suitable photodetectors of physiological monitoring system
400 may be used to detect the attenuated photonic signal. In
some embodiments, the one or more photodetectors may be
triggered by light drive circuitry to detect multiplexed photo-
nic signals. For example, a time division multiplexed (TDM)
photonic signal of RED, IR, and ambient light may be
detected by the one or more photodetectors, and de-multi-
plexed by processing equipment of system 400. In some
embodiments, a suitable light source of system 400 may
provide the first photonic signal to the subject. In some
embodiments, the light source may include LEDs of two
wavelengths (e.g., one RED and one IR). For example, sys-
tem 400 may include oximeter system 404, which may
include both LEDs and a suitable light drive circuit. The
LEDs may be driven using any suitable technique such as, for
example, TDM, frequency division multiplexing (FDM),
code-division multiplexing (CDM), any other suitable multi-
plexing technique, any suitable modulating technique, or any
combination thereof.

Step 1104 may include suitable processing equipment of
system 400 determining an SpO2 value based at least in part
on the detected attenuated photonic signal of step 1102. A
convenient starting point for determining the oxygen satura-
tion of hemoglobin assumes a saturation calculation based at
least in part on Lambert-Beer’s law. The following notation
will be used herein:

I0u=1o(h) exp (={sPo(M+{1-9)B, (M) 36

where:

A=wavelength;

t=time;

I=intensity of light detected;

I,=intensity of light transmitted;

s=oxygen saturation;

Bo, p,=empirically derived absorption coefficients; and

I(t)=a combination of concentration and path length from
emitter to detector as a function of time.

In some embodiments, system 400 measures light absorp-
tion attwo wavelengths (e.g., Red and IR), and then calculates
saturation by solving for the “ratio of ratios™ as follows.

1. The natural logarithm of Eq. 36 is taken (“log” will be used
to represent the natural logarithm) for IR and Red to yield:

log I=log Io=(spo+{1-5)B,)I(2)). G7

2.Eq.37is then differentiated with respect to time to yield the
following:

dlogl _
dr

(38

di
~fe+ (L =5)B)—.

3. Eq. 38, evaluated at the Red wavelength A, is divided by
Eq. 38 evaluated at the IR wavelength A in accordance
with the following:

dlogldp)/di _ —(sPo(Ap) + (1 =5)B,(Ar))
dlogiAg)/dr ™~ —(sPo(Air) + (1 = $)BiR))

(39
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4. Solving for s yields the following:

dlogl(Ag) dlogi(Ag)
di ST,
dlogl(Ag)
}1; = (Boldim) - By (Aag))
dlogl(d;g)
dr

(40)

Brdir)

(Bo(Ar) = Br(Ag))

5. Note that, in discrete time, the following approximation
can be made:

dlogld, 1)
dr

@An

= logl(A, i) — logl(A, 1;).
6. Rewriting Eq. 41 yields the following:

dlogiL0) (1(/1, 12))
a %)

7. Thus, Eq. 39 can be expressed as follows:

dlogl(Ag) o ('I(AR,tl))

dr B0k _
dlogl(Ag, 1) ~ (I(MR,Il))
dr (AR, 1)

where R represents the “ratio of ratios.”
8. Solving Eq. 39 for s using the relationship of Eq. 40 yields:

. Br(Ag) = RB(Asp)
R(Boir) = Br(ir)) — Bo(g) + B (Ap)”

@4

9. From Eq. 43, R can be calculated using two points (e.g,,
PPG maximum and minimum), or a family of points. One
method applies a family of points to a modified version of
Eq. 43. Using the following relationship:

dlogl _ dljdt (49)
e~ 17
Eq. 43 becomes
dlogl(Ag) 1A, 1) = I(Ag, 11) (46)
dt - Az, 1)
dlogl(Ag, 1) — 1{Ag, ) = IAz, 11)
dr IR, 1)

_ (I{(Ap, 02) = 1QAp, (AR, 11)
(TR, 1) = IR, 1)) (AR, 11)
=R,

which defines a cluster of points whose slope of y versus x
will give R when

¥=((hg,12)~1(hr, 1)) (Mg y), 47
and
V=T 1)~ 1))y, 7). (48)
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Once R is determined or estimated, for example, using the
techniques described above, the blood oxygen saturation can
be determined or estimated using any suitable technique for
relating a blood oxygen saturation value to R. For example,
blood oxygen saturation can be determined from empirical
data that may be indexed by values of R, and/or it may be
determined from curve fitting and/or other interpolative tech-
niques.

Step 1106 may include physiological monitoring system
400 detecting an acoustic pressure signal. Absorption of a
second photonic signal, or a portion thereof, by the subject, or
a constituent of the subject, may cause an acoustic pressure
response in the subject via the photoacoustic effect. In some
embodiments, an acoustic detector such as, for example, an
ultrasound detector of physiological monitoring system 400
may receive the acoustic pressure signal. The acoustic detec-
tor may output an electrical signal to suitable processing
equipment of physiological monitoring system 400. In some
embodiments, a suitable light source of system 400 may
provide the second photonic signal to the subject. In some
embodiments, the second photonic signal may be provided to
the subject to cause a photoacoustic response within the sub-
ject. The second photonic signal may be pulsed, CW, modu-
lated, any other suitable type of photonic signal, or any com-
bination thereof. For example, in some embodiments, the
second photonic signal may be a CW photonic signal, modu-
lated using a linear frequency modulation (e.g., a “chirp”
modulation). In a further example, in some embodiments, the
second photonic signal may include pulses of nanosecond-
scale pulses. In some embodiments, the second photonic sig-
nal may be spatially modulated. For example, the second
photonic signal may be focused using optics to increase spa-
tial resolution.

Step 1108 may include processing equipment of physi-
ological monitoring system 400 determining one or more
physiological parameters of the subject based at least in part
on the detected acoustic pressure signal of step 1106 and
based at least in part on the determined SpO, value of step
1104. In some embodiments, step 1108 may include deter-
mining (e.g., estimating) the optical fluence at a region of
interest of the subject. Physiological parameters determined
at step 808 may include pulse rate, blood oxygen saturation
(e.g., arterial, venous, or both), hemoglobin concentration
(e.g., oxygenated, deoxygenated, or total), any other suitable
physiological parameters, or any combination thereof.

In an illustrative example of step 1108 of flow diagram
1100, a photoacoustic system may use a 905 nanometer
pulsed laser to supply a photonic signal to each of an artery
(the carotid artery in this example) and a vein (the jugular vein
in this example), both located in the subject’s neck. In some
embodiments, the pulsed light source may be relatively
cheaper, compact, or both as compared to other light sources.
Shown in Egs. 49 and 50:

P oz )T, o™ 49

Pz, ) T, o™ (0

are expressions for received photoacoustic signals P (z,,) and
P(z) of the carotid artery and jugular vein, respectively.
Accordingly, the region of interest is different for the carotid
artery relative to the jugular vein, as indicated by artery posi-
tion z,, and vein position z,.. In some embodiments, the initial
optical fluence ¢, and Griineisen parameter I of Egs. 49 and
50 may be combined into coefficient K, as shown by respec-
tive Egs. 51 and 52. It will be understood that, in some
embodiments, the optical fluence at the region of interest may
be determined using a computational model (e.g., a Monte
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Carlo simulation), rather than a single mathematical formula
as in the present example. Coefficient K may have a constant
value for a particular arrangement and region of interest, and
accordingly is treated as a constant in this example. In the
following Egs. 51 and 52:

)

P corr™Ktls =K (Cox o€ 030 Ciip a€tip.3.)

P corm Kty yTK(C o € oo, €115 2) (52)

the effective absorption coefficients have been replaced with
expressions which include arterial and venous oxy-hemoglo-
bin concentration (¢, ,and ¢, ), arterial and venous deoxy-
hemoglobin concentration (¢, , and cg, ), spectral oxy-
hemoglobin extinction coefficient €, ,, and spectral deoxy-
hemoglobin extinction coefficient €, ;, in which A is the
wavelength of the pulsed light source (e.g., 905 nm in this
example). Note that the “corrected” photoacoustic signals
P, and P, include (e.g., via division) the respective
exponential depth correction factors e™ <= and e™*. A fur-
ther mathematical relationship, shown by Eq. 53:

Coxa

(53)
SpOy = ——
e Coxa +CHpa

among the arterial oxy-hemoglobin and deoxy-hemoglobin
concentrations may be extracted from an SpO, measurement
taken using a pulse oximeter, for example. The SpO, mea-
surement may be taken at a finger digit, forehead, or other
suitable location of the subject. A combination of Eqs. 51 and
53 leads to Eq. 54:

Pocorr (54)

1-S8p0,
Sp0O,

Coxa =

K| (on,/\ + SHM]

which is an expression for the arterial oxy-hemoglobin con-
centration. Accordingly, shown by Eq. 55:

1-Sp0o,
Wcox,a

(55
Chba =

a corresponding expression for the arterial deoxy-hemoglo-
bin concentration may also be derived. Note that for a subject
with a blood oxygen saturation near unity (i.e., 100%), the
arterial deoxy-hemoglobin concentration may be a relatively
small number, and accordingly may be ignored in some cir-
cumstances. In some such cases, the total hemoglobin con-
centration is then approximately equal to the arterial oxy-
hemoglobin concentration. Eqs. 54 and 55 may be summed,
as shown by Eq. 56:

LB Cox ot Chb,a™ ContChb,y (56)

to determine the total hemoglobin concentration, which is
independent of oxygen saturation. A combination of Eqs. 44
and 56 is shown by Eq. 57:

Py corr (57
—— ~luBChp)

Coxy =
Eox A — EHbA
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from which the venous oxygen saturation may be determined,
as shown by Eq. 58:

Cox,y

SVOz = (5 8)
Inp

#100%

where the venous oxygen saturation SvO, is given in percent-
age. Accordingly, step 1112 of flow diagram 1100 may
include determining a venous oxygen saturation, any other
suitable physiological parameter, or any combination thereof.

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 presented
for purposes of illustration and not of limitation. The present
disclosure also can take many forms other than those explic-
itly described herein. Accordingly, it is emphasized that this
disclosure is not limited to the explicitly disclosed methods,
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 is:

1. A physiological monitoring system for monitoring a
subject, the system comprising:

at least one photodetector configured to detect a first pho-

tonic signal attenuated by the subject, wherein the first
photonic signal comprises light of two different wave-
lengths;

at least one acoustic detector configured to detect an acous-

tic pressure signal from the subject, wherein the acoustic

pressure signal is caused by absorption of a second pho-

tonic signal by at least one constituent ofthe subject; and

processing equipment communicatively coupled to the at

least one acoustic detector and the at least one photode-

tector, the processing equipment configured to:

determine an SpO2 value based at least in part on the
attenuated first photonic signal;

determine a first hemoglobin concentration value based
at least in part on the determined SpO2 value, and
based at least in part on the detected acoustic pressure
signal; and

determine a second hemoglobin concentration value
based at least in part on the first hemoglobin concen-
tration value and based at least in part on the deter-
mined SpO2 value.

2. The system of claim 1, further comprising a first light
source configured to provide the first photonic signal to the
subject.

3. The system of claim 2, wherein the first light source
comprises:

a first light emitting diode configured to provide a first

wavelength of the two different wavelengths; and

a second light emitting diode configured to provide a sec-

ond wavelength of the two different wavelengths.

4. The system of claim 3, wherein the first wavelength
comprises a wavelength in the red spectrum, and wherein the
second wavelength comprises a wavelength in the infrared
spectrum.

5. The system of claim 1, further comprising a second light
source configured to provide the second photonic signal to the
subject.

6. The system of claim 5, wherein the second light source
comprises an intensity modulator, and wherein the second
photonic signal comprises a modulated photonic signal.
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7. The system of claim 1, wherein the first hemoglobin
concentration value comprises an arterial oxy-hemoglobin
concentration value.

8. The system of claim 1, wherein the second hemoglobin
concentration value comprises a total hemoglobin concentra-
tion value.

9. The system of claim 1, wherein the processing equip-
ment is further configured to determine a venous oxygen
saturation value based at least in part on the determined SpO2
value.

10. The system of claim 1, wherein the first hemoglobin
concentration value comprises an oxy-hemoglobin concen-
tration value and wherein the second hemoglobin concentra-
tion value comprises a total hemoglobin concentration value.

11. A method for monitoring a physiological parameter of
a subject, the method comprising:

detecting a first photonic signal attenuated by the subject,

wherein the first photonic signal comprises light of two
different wavelengths;

detecting an acoustic pressure signal from the subject,

wherein the acoustic pressure signal is caused by
absorption of a second photonic signal by at least one
constituent of the subject;

determining an SpO2 value based at least in part on the

attenuated first photonic signal;

determining a first hemoglobin concentration value based

at least in part on the determined SpO2 value, and based
at least in part on the detected acoustic pressure signal;
and

determining a second hemoglobin concentration value

based at least in part on the first hemoglobin concentra-
tion value and based at least in part on the determine
SpO2 value.
12. The method of claim 11, further comprising providing
the first photonic signal to the subject.
13. The method of claim 12, wherein the providing the first
photonic signal to the subject further comprises:
provide the light of the first wavelength of the two different
wavelengths using a first light emitting diode; and

provide the light of the second wavelength of the two
different wavelengths using a second light emitting
diode.

14. The method of claim 13, wherein the first wavelength
comprises a wavelength in the red spectrum, and wherein the
second wavelength comprises a wavelength in the infrared
spectrum.

15. The method of claim 11, further comprising providing
the second photonic signal to the subject.

16. The method of claim 15, further comprising modulat-
ing the intensity of the second photonic signal before attenu-
ation of the second photonic signal by the subject.

17. The method of claim 11, wherein the first hemoglobin
concentration value comprises an arterial oxy-hemoglobin
concentration.

18. The method of claim 11, wherein the second hemoglo-
bin concentration value comprises a total hemoglobin con-
centration value.

19. The method of claim 11, further comprising determin-
ing a venous oxygen saturation value based at least in part on
the determined SpO2 value.

20. The method of claim 11, wherein first hemoglobin
concentration value comprises an oxy-hemoglobin concen-
tration value and wherein the second hemoglobin concentra-
tion value comprises a total hemoglobin concentration value.
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