US 20160015304A1

a9y United States

12 Patent Application Publication o) Pub. No.: US 2016/0015304 A1

ESENALIEYV et al.

(43) Pub, Date: Jan, 21, 2016

(54)

(71)

(72)

1)

22)

(60)

SYSTEMS AND METHODS FOR MEASURING
OXYGENATION

Applicant: NONINVASIX, INC., Galveston, TX
us)

Inventors: Rinat ESENALIEV, League City, TX
(US); Donald S. PROUGH, Galveston,
TX (US); Yuriy PETROV, Galveston,
TX (US); Irene PETROV, Galveston,
TX (US); George SAADE, Houston, TX
(US); Gayle L. OLSON, Galveston, TX
(US); Tommy G. COOPER,
Friendswood, TX (US)

Appl. No.: 14/794,037
Filed: Jul. 8, 2015
Related U.S. Application Data
Provisional application No. 62/021,946, filed on Jul. 8,

2014, provisional application No. 62/168,081, filed on
May 29, 2015.

Publication Classification

(51) Int.Cl
AGIB 5/145 (2006.01)
AGIB 5/1455 (2006.01)
AGIB 5/00 (2006.01)
(52) US.CL
CPC .. AGIB 5/14542 (2013.01); A61B 5/0095

(2013.01); A61B 5/14553 (2013.01); A61B
5/742 (2013.01); A61B 2562/0271 (2013.01)

(57) ABSTRACT

Optoacoustic diagnostic systems, devices, and methods are
described. A system may comprise a console unit and a hand-
held probe. The console unit comprises a controller, a proces-
sor, a photodiode array, an acoustic processing subsystem,
and a cooling subsystem. The probe directs light signals from
the photodiode array to patient tissue. The light signals each
have different wavelengths selected based on the physiologi-
cal parameter of interest. The probe further comprises an
acoustic transducer that receives acoustic signals generated in
response to the directed light signals. The probe may com-
prise a finger-held working end that can be directed to the
skull of a fetus within the uterus during labor. The probe can
then accurately determine blood oxygenation of the fetus to
determine if a caesarian section is necessary.
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SYSTEMS AND METHODS FOR MEASURING
OXYGENATION

CROSS-REFERENCE

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/021,946, filed Jul. 8, 2014 and
entitled “System and Methods for Measuring Fetal Cerebral
Oxygenation,” and 62/680,081, filed May 29, 2015 and
entitled “System and Methods for Measuring Fetal Cerebral
Oxygenation,” which applications are incorporated herein by
reference.

[0002] The subject matter of this application is related to
the subject matter of the following patents and patent appli-
cations: U.S, Pat. No. 6,309,352, issued Oct. 27, 1998 and
entitled “Real Time Optoacoustic Monitoring of Changes in
Tissue Properties,” U.S. Pat. No. 6,498,942, issued Dec. 24,
2002 and entitled “Optoacoustic Monitoring of Blood Oxy-
genation,” U.S. Pat. No. 6,725,073, issued Apr. 20, 2004 and
entitled “Methods for Noninvasive Analyte Sensing,” U.S.
Pat. No. 6,751,490, issued Jun. 15, 2004 and entitled “Con-
tinuous Optoacoustic Monitoring of Hemoglobin Concentra-
tionand Hematocrit,” U.S. Pat. No. 7,430,445, issued Sep. 30,
2008 and entitled “Noninvasive Blood Analysis by Optical
Probing of the Veins Under the Tongue,” U.S. Pat. No. 8,135,
460, issued Mar. 13, 2012 and entitled ‘“Noninvasive Glucose
Sensing Methods and Systems,” and U.S. Pat. No. 8,352,005,
issued Jan. 8, 2013 and entitled “Noninvasive Blood Analysis
by Optical Probing of the Veins Under the Tongue,” and U.S.
patent application Ser. No. 12/101,891, filed Apr. 11, 2007
and entitled “Optoacoustic Monitoring of Multiple Param-
eters,” and Ser. No. 13/538,687, filed Jun. 29, 2012 and
entitled “Noninvasive, Accurate Glucose Monitoring with
OCT by using Tissue Warming and Temperature Control,” the
contents of which are fully incorporated herein by reference.

NOTICE OF GOVERNMENT-SPONSORED
RESEARCH

[0003] This invention was made with Government support
under grant/contract number 1R43HD075551-01, awarded
by the National Institutes of Health (NIH). The Government
has certain rights in the invention.

BACKGROUND

[0004] Cerebral hypoxia during labor represents a risk fac-
tor for death or severe neurologic complications (e.g., cere-
bral palsy). At present, there are no commercially available
monitors that can be used to detect cerebral hypoxia, other
than fetal heart rate (FHR) monitors that use changes in basal
heart rate and changes in FHR variability and timing of FHR
decelerations to indirectly assess fetal asphyxia. Although
fetal heart rate monitoring provides important information
regarding fetal oxygenation, this information is somewhat
limited and provides no information regarding the risk of
cerebral palsy. As a consequence, many cesarean sections are
performed as a defensive measure to reduce the risk of intra-
partum fetal asphyxia by reducing the duration of labor.
Unfortunately, defensive cesarean sections entail added
maternal risk. Maternal death rates are 21% higher in states
with cesarean section rates exceeding 33% than those with
rates less than 33%.

[0005] Inview ofthe limited information provided by FHR
and the risks associated with cesarean procedures, it can be
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appreciated that it would be desirable to have a more direct
way of measuring fetal cerebral oxygenation (i.e., hemoglo-
bin saturation).

[0006] References that may be ofinterest include: U.S. Pat.
Nos. 4,537,197, 5,088,493, 5,099,842, 5,228,440, 5,348,002,
5,377,673, 5,823,952, 5,840,023, 5,941,821, 6,049,728,
6,381,480, 6,553,242, 6,594,515, 6,463,311, 6,466,806,
6,484,044, 6,567,678, 6,751,490, 6,846,288, 7,164,938,
7,322,972, 7,515,948, 7,747,301, 7,916,283, 8,121,663,
8,280,469, 8,332,000, 8,423,111, 8,501,099, 8,781,548,
8,852,095, 8,864,667, 8,885,155, 8,930,145, and 8,934,953;
U.S. Publication Nos. 2006/100530, 2006/184042, 2007/
015992, 2009/069652, 2009/108205, 2010/081904, 2011/
239766, 2013/112001, 2013/190589, 2013/324815, 2014/
142404, 2014/275943, 2014/343384, 2014/378811, 2015/
051473, and 2015/099973; German Patent Publication No.
DE 4400674 Al; and, “Noninvasive monitoring of cerebral
blood oxygenation in ovine superior sagittal sinus with novel
multi-wavelength optoacoustic system” to Petrova et al. (27
Apr. 2009/Vol. 17, No. 9/OPTICS EXPRESS 7285).

SUMMARY

[0007] The present disclosure relates generally to medical
devices and methods for their use, and particularly optoa-
coustic diagnostic devices and methods. Systems, devices,
and methods to determine one or more physiological param-
eters optoacoustically are described. An exemplary system
may comprise a convenient, desktop-sized console unit com-
prising a controller and/or a processor, a photodiode array, an
acoustic processing subsystem, and a cooling subsystem. The
system may further comprise a handheld probe that can be
coupled to the console unit. The probe may direct light signals
from the photodiode array of the console unit to patient tissue.
A plurality of light signals, each having different wave-
lengths, may be directed to the tissue. The wavelengths of the
light may be selected based on the physiological parameter(s)
of interest. The probe may further comprise an acoustic trans-
ducer that receives acoustic signals generated in response to
the directed light signals. The probe may have various form
factors. For example, the probe may comprise a finger-held
working end that can be directed to the skull of a fetus within
the uterus during labor. The probe can then accurately deter-
mine blood oxygenation of the fetus to determine if a cae-
sarian procedure is necessary, thereby improving outcomes
for the mother and child during labor and reducing malprac-
tice lawsuits and premiums. The console unit can show the
blood oxygenation levels (and/or other physiological param-
eter(s)) of the fetus or other target tissue and communicate
with other computerized healthcare systems, such as elec-
tronic health care records, to record and analyze blood oxy-
genation readings or other measured physiological param-
eters.

[0008] Aspects of the present disclosure provide appara-
tuses, such as a desktop-sized console, for monitoring oxy-
genation of a subject. The console may comprise a laser diode
subsystem for emitting light pulses directed to tissue of a
subject and an acoustic sensor subsystem for measuring
acoustic pressure generated in the tissue in response to the
emitted light pulses. The laser diode subsystem may comprise
a first laser diode with a first laser diode driver, a first tem-
perature controller with a first thermoelectric cooler and a
first temperature sensor, a second laser diode, a second tem-
perature controller with a second thermoelectric cooler and a
second temperature sensor, a first cooling fan, and a laser
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controller. The first laser diode may be configured to emit a
first light pulse having a first wavelength. The first thermo-
electric cooler may be coupled to the first laser diode to add or
remove heat to regulate a temperature of the first laser diode,
which may be detected by the first temperature sensor. The
second laser diode may be configured to emit a second light
pulse having a second wavelength different from the first
wavelength. The second thermoelectric cooler may be
coupled to the second laser diode to add or remove heat to
regulate a temperature of the second laser diode, which may
be detected by the second temperature sensor. The first and
second temperature controllers may be coupled to the first
cooling fan and the first and second thermoelectric coolers to
control the first cooling fan, the first thermoelectric cooler,
and the second thermoelectric cooler to regulate the tempera-
tures of the first and second laser diodes. The first and second
temperature controllers may be configured to keep the first
and second laser diodes in an optimal temperature range such
that the first and second laser diodes can consistently emit
light pulses at the desired wavelengths. Oxygenation of the
subject may be determined in response to the received acous-
tic pressure.

[0009] The laser diode subsystem may further comprise a
third laser diode and a third temperature controller, which
may comprise a third temperature sensor and a third thermo-
electric cooler. The third laser diode may be configured to
emit a third light pulse having a third wavelength different
from the first and second wavelengths. The third thermoelec-
tric cooler may be coupled to the third laser diode to regulate
a temperature of the third laser diode. The third temperature
sensor may be further coupled to the third thermoelectric
cooler to regulate the temperature of the third laser diode.

[0010] The first temperature controller may comprise the
first thermoelectric cooler and the first temperature sensor to
measure and control the temperature of the first laser diode.
The second thermoelectric controller may comprise a second
thermoelectric cooler and a second temperature sensor to
measure and control the temperature of the second laser
diode. And, the third temperature controller may comprise the
third thermoelectric cooler and the third temperature sensor
to measure and control the temperature of the third laser
diode. The first, second, and/or third temperature controllers
may be configured to regulate the temperatures of the first,
second, and/or third laser diodes in response to the tempera-
tures measured by the first, second, and third temperature
sensors, respectively. The first, second, or third wavelength
may be in a range of 685 nm to 715 nm, 715 nm to 745 nm,
745 nm to 775 nm, 790 nm to 820 nm, or 845 nm to 875 nm.

[0011] The console may further comprise a processor
coupled to the laser diode subsystem to control the laser diode
subsystem and coupled to the acoustic sensor subsystem to
receive the measured acoustic pressure. The processor may be
configured to determine oxygenation of the subject in
response to the measured acoustic pressure. The console may
further comprise a power supply coupled to the laser diode
subsystem, the acoustic sensor subsystem, and the processor.
The console may further comprise a display coupled to the
processor to display the determined oxygenation to a user.
The display may comprise a touch screen for operating the
console. The console may further comprise a desktop-sized
housing enclosing the laser diode subsystem, the acoustic
sensor subsystem, and the processor. The console may further
comprise a second cooling fan, which may be coupled to one
or more of the processor or acoustic sensor subsystem, for
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cooling the console. The processor may be capable of access-
ing medical records of the subject.

[0012] Theconsole may further comprise an output port for
the laser diode subsystem and an input port for the acoustic
sensor subsystem. The output port and the input port may be
configured to be coupled to a sensor module or an optoacous-
tic probe to emit the one or more light pulses to the tissue of
the subject and to receive the acoustic pressure generated in
the tissue. The output port and the input port may be config-
ured to be coupled to the sensor module or optoacoustic probe
with a cable comprising one or more optical fibers.

[0013] Aspects ofthe present disclosure also provide meth-
ods of monitoring oxygenation of a subject. A first light pulse
having a first wavelength may be generated with a first laser
diode. A second light pulse having a second wavelength dif-
ferent from the first wavelength may be generated with a
second laser diode. The temperatures of the first and second
laser diodes may be regulated with a first thermoelectric
cooler coupled to the first laser diode, a second thermoelectric
cooler coupled to the second laser diode, and/or a first cooling
fan. The generated first and second light pulses may be
directed to tissue of a subject. Acoustic pressure generated in
the tissue in response to the directed first and second light
pulses may be measured. Oxygenation of the subject may be
determined in response to the measured acoustic pressure.
[0014] A third light pulse having a third wavelength differ-
ent from the first and second wavelengths may be generated
with a third laser diode. A temperature of the third laser diode
may be regulated with a third thermoelectric cooler coupled
to the third laser diode and the first cooling fan. The generated
third light pulse may be directed to the tissue of the subject.
The measured acoustic pressure may be generated in the
tissue in response to the directed first, second, and third light
pulses.

[0015] The first temperature controller may comprise a first
temperature sensor to measure the temperature of the first
laser diode and a first thermoelectric cooler to add or remove
heat to regulate the temperature of the first laser diode in
response to the measured temperature. The second tempera-
ture controller may comprise a second temperature sensor to
measure the temperature of the second laser diode and a
second thermoelectric cooler to add or remove heat to regu-
late the temperature of the second laser diode in response to
the measured temperature. And, the third temperature con-
troller may comprise a third temperature sensor to measure
the temperature of the third laser diode and a third thermo-
electric cooler to add or remove heat to regulate the tempera-
ture of the third laser diode in response to the measured
temperature. The first, second, and third temperature control-
lers may be configured to regulate the temperatures of the
first, second, and third laser diodes in response to the tem-
peratures measured by the first, second, and third temperature
sensors, respectively. The first, second, or third wavelength
may be in a range of 685 nm to 715 nm, 715 nm to 745 nm,
745 nm to 775 nm, 790 nm to 820 nm, or 845 nm to 875 nm.
[0016] The determined oxygenation of the subject may be
displayed. The temperatures of the first, second, and/or third
laser diodes may be regulated with a second cooling fan. The
second cooling fan may be enclosed within a housing enclos-
ing the first laser diode, the second laser diode, the third laser
diode, and/or the first cooling fan. The generated first and
second light pulses may be directed to tissue of the subject by
directing the first and second light pulses with an optical
waveguide of a sensor module or an optoacoustic sensor
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coupled to the first and second photodiodes. The acoustic
pressure may be measured by an acoustic transducer of the
sensor module or the optoacoustic sensor.

[0017] Aspects of the present disclosure also provide meth-
ods for optoacoustically determining oxygenation of a sub-
ject. A first light having a first wavelength may be emitted to
tissue of the subject. A second light having a second wave-
length may be emitted to the tissue. The second wavelength
may be different from the first wavelength. A third light
having a third wavelength may be emitted to the tissue. The
third wavelength may be different from the first and second
wavelengths. Acoustic pressure generated by the tissue in
response to the first, second, and third emitted lights may be
detected.

[0018] The first wavelength may be in a range from 790 to
820 nm, such as 800 nm or 805 nm. The second or third
wavelength may beinarange from 685 nmto 715 nm, 715nm
to 745 nm, 745 nm to 775 nm, or 845 nm to 875 nm, such as
700 nm, 730 nm, 760 nm, or 860 nm, for example.

[0019] The first, second, and third lights may be emitted
from a common light source. The common light source may
be configured to rapidly switch between emitting the first
light with the first wavelength, the second light with the
second wavelength, and the third light with the third wave-
length. For example, the common light source may be a
commonly controlled laser diode array or an optical paramet-
ric oscillator (OPO). The first, second, and third lights may be
emitted to the tissue from a common optical fiber.

[0020] One or more of the first, second, or third lights may
have an energy level of at least 0.5 microjoules. One or more
of the emitted first, second, or third lights may have a pulse
width of at least 100 ns. One or more of the emitted first,
second, or third lights may have a repetition rate of 10 to
10,000 Hz.

[0021] Oxygenation may be determined in response to the
detected acoustic pressure by determining oxygenation in
response to a first difference in detected acoustic pressure in
response to the first emitted light and in response to the
second emitted light and a second difference in detected
acoustic pressure in response to the first emitted light and in
response to the third emitted light. Oxygenation may be deter-
mined by determining oxygenation in response to an average
of oxygenation determined in response to the first difference
and oxygenation determined in response to the second differ-
ence. The first wavelength may have substantially equal
absorption between oxyhemoglobin and deoxyhemoglobin.
The second and third wavelengths may have absorption dif-
ferences between oxyhemoglobin and deoxyhemoglobin.
[0022] Aspects of the present disclosure also provide sys-
tems for optoacoustically determining oxygenation of a sub-
ject. The system may further comprise a light source, an
acoustic transducer, and a processor. The light source may be
configured to emit to tissue a first light having a first wave-
length, a second light having a second wavelength different
from the second wavelength, and a third light having a third
wavelength different from the first and second wavelengths.
The acoustic transducer may be configured to detect acoustic
pressure generated by the tissue in response to the first, sec-
ond, and third emitted lights. The processor may be config-
ured to determine oxygenation in response to the detected
acoustic pressure.

[0023] The light source may comprise an array of laser
diodes or light emitting diodes. The array of laser diodes or
light emitting diodes may comprise a first laser diode config-
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ured to emit the first light, a second laser diode configured to
emit the second light, and a third laser diode configured to
emit the third light. The first wavelength may be in a range
from 790 to 820 nm, such as 805 nm. The second or third
wavelength may be in arange from 685 nmto 715 nm, 715nm
to 745 nm, 745 nm to 775 nm, or 845 nm to 875 nm, such as
700 nm, 730 nm, 760 nm, or 860 nm, for example.

[0024] The system may further comprise a controller con-
figured to rapidly switch the light source between emitting the
first light with the first wavelength, the second light with the
second wavelength, and the third light with the third wave-
length. For example, the light source may be a commonly
controlled laser diode array or an optical parametric oscillator
(OPO). The first, second, and third lights may be emitted to
the tissue from a common optical fiber.

[0025] One or more of the first, second, or third lights may
have an energy level of at least 0.5 microjoules. One or more
of the emitted first, second, or third light may have a pulse
width of at least 150 ns. One or more of the emitted first,
second, or third light may have a repetition rate of 10 to 2000
Hz.

[0026] The processor may be configured to determine oxy-
genation in response to a first difference in detected acoustic
pressure in response to the first emitted light and in response
to the second emitted light and a second difference in detected
acoustic pressure in response to the first emitted light and in
response to the third emitted light. The processor may be
configured to determine oxygenation in response to an aver-
age of oxygenation determined in response to the first differ-
ence and oxygenation determined in response to the second
difference. The first wavelength may have substantially equal
absorption between oxyhemoglobin and deoxyhemoglobin.
The second and third wavelengths may have absorption dif-
ferences between oxyhemoglobin and deoxyhemoglobin.
The system may further comprise a display configured to
display the determined oxygenation.

[0027] Aspects of the present disclosure may also provide
methods of monitoring oxygenation of a fetus, such as venous
oxygenation of the fetus. A sensor may be inserted into a
vagina. The sensor may comprise a light output and an acous-
tic transducer. The sensor may be advanced through a cervix
and into a uterus. The sensor may be positioned over a head of
the fetus. The light output of the sensor may emit light to the
head of the fetus and the acoustic transducer of the sensor may
detect acoustic pressure generated in response to the emitted
light. The sensor may determine oxygenation of the fetus in
response to the detected acoustic pressure.

[0028] The sensor may comprise a probe head, which may
be inserted into the vagina. The sensor may comprise an
oxygenation monitor configured to display the determined
oxygenation of the fetus and a cable connecting the probe
head with the oxygenation monitor. The oxygenation monitor
and at least a portion of the cable may remain outside the
uterus as the probe head is inserted into the vagina. The light
output may comprise a waveguide in the probe head. The
cable may comprise one or more optical fibers and the oxy-
genation monitor may comprise one or more laser diodes or
light emitting diodes coupled to the waveguide through the
one or more optical fibers. To insert the sensor into the vagina,
the probe head may be grasped between two finger tips of a
user. The sensor may be positioned over a head of the fetus by
positioning the light output and the acoustic transducer to face
a superior sagittal sinus of the fetus. To position the sensor
over a head of the fetus comprises, a tip of the light output
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extending from the probe head may be contacted with skin of
the head of the fetus, such as to pass through hair to reduce
loss of light intensity due to absorption by the hair.

[0029] The light output of the sensor may emit light to a
superior sagittal sinus of the fetus. The acoustic pressure
generated in response to the emitted light may be generated
by the superior sagittal sinus. The sensor may determine
oxygenation of the superior sagittal sinus. The sensor may be
inserted into the vagina/birth canal and uterus during labor.
[0030] The light emitted by the light output may have an
energy of 1 uJ to 1 mJ. The light emitted by the light output
may have wavelengths in range of two or more of 685-715
nm, 715-745 nm, 745-775 nm, 790-820 nm, or 845-875 nm,
such as wavelengths in range of two or more of 700 nm, 730
nm, 760 nm, 805 nm, or 860 nm.

[0031] Aspects of the present disclosure may also provide
further methods of monitoring oxygenation of a fetus, such as
venous oxygenation of the fetus. Light may be emitted from
a light output of a sensor positioned over a head of a fetus in
a uterus. Acoustic pressure may be detected with an acoustic
transducer of the sensor. The acoustic pressure may be gen-
erated in response to the emitted light. Oxygenation of the
fetus may be determined in response to the detected acoustic
pressure. The determined oxygenation of the fetus may be
displayed to the user with the sensor.

[0032] The sensor may comprise a probe head comprising
the light output and acoustic transducer. The light output may
comprise a tip extending out from a housing of the probe
head. The sensor may comprise an oxygenation monitor con-
figured to display the determined oxygenation of the fetus and
a cable connecting the probe head with the oxygenation
monitor. The light output may comprise a waveguide, such as
an optical fiber, in the probe head. The cable may comprise
one or more optical fibers and/or electrical cables. The oxy-
genation monitor may comprise one or more laser diodes or
light emitting diodes coupled to the waveguide through the
one or more optical fibers and/or other optical components
such as mirrors or lenses. The electrical cable(s) may connect
the acoustic transducer in the probe head to the oxygenation
monitor.

[0033] The light output and the acoustic transducer may be
positioned to face a superior sagittal sinus of the fetus. The
light output of the sensor may emit light to a superior sagittal
sinus of the fetus. The acoustic pressure generated in response
to the emitted light may be generated by blood in the superior
sagittal sinus. The sensor may determine the oxygenation of
venous blood in the superior sagittal sinus.

[0034] The light emitted by the light output may have an
energy of 1 uJ to 1 mJI. The light emitted by the light output
may have wavelengths in range of two or more of 685-715
nm, 715-745 nm, 745-775 nm, 790-820 nm, or 845-875 nm,
such as wavelengths in range of two or more of 700 nm, 730
nm, 760 nm, 800 nm, 805 nm, or 860 nm.

[0035] Aspects of the present disclosure also provide sys-
tems for monitoring oxygenation of a fetus, such as venous
cerebral oxygenation of the fetus. The system may comprise
a monitor, a cable, and a probe head. The monitor may com-
prise a processor, a light source, and a display. The probe head
may be configured to be held between two finger tips ofa user
and coupled to the monitor through the cable. The probe head
may comprise a light output and an acoustic transducer. The
light source may be configured to generate a light emitted to
the fetus through the light output of the probe head. The
acoustic transducer may be configured to detect acoustic
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pressure generated in response to the emitted light. The pro-
cessor may be configured to determine oxygenation of the
fetus in response to the detected acoustic pressure. The dis-
play may be configured to display the determined oxygen-
ation. The light output may comprise a tip extending out from
a housing of the probe head.

[0036] Thelightsource of the monitor may comprise one or
more laser diodes or light emitting diodes. The light source of
the monitor may be configured to generate light having an
energy of 1 pJto 1 mJ. The light source of the monitor may be
configured to generate light having wavelengths in range of
two or more of 685-715 nm, 715-745 nm, 745-775 nm, 790-
820 nm, or 845-875 nm, such as two or more of 700 nm, 730
nm, 760 nm, 800 nm, 805 nm, or 860 nm, for example. The
cable may comprise one or more optical fibers configured to
direct light generated by the light source to the light output of
the probe head.

[0037] Aspects of the present disclosure may also provide
fetal cerebral venous oxygenation probes. A fetal cerebral
venous oxygenation probe may comprise a probe head and a
cable. The probe head may include a light output configured
to emit light into a head ofthe fetus and an acoustic transducer
configured to detect acoustic pressure generated in response
to the emitted light. The cable may extend out of the probe
head to a monitor.

[0038] The probe head may be adapted to be held between
two finger tips of a user. The probe head may be cylindrical.
The light output may comprise a tip or output extending out
from a housing of the probe head, such as from a center of the
probe head. For example, the tip or output may comprise a
protrusion of the optical fiber coupled to the light source. The
light output may comprise an optical waveguide comprising a
continuous rounded groove encircling a center of the probe
head. The probe head may comprise a housing defining an
interior space where the acoustic transducer is positioned and
through which the light output passes. The light output may
comprise one or more optical fibers. The acoustic transducer
may comprise a piezoelectric transducer. The probe head may
further comprise an amplifier for the acoustic transducer. The
probe head may further comprise an electromagnetic shield
that shields the acoustic sensor and amplifier from electro-
magnetic interference. The probe head may further comprise
an acoustic attenuator configured to absorb undesired ringing
in the probe head. The light output may be configured to
channel light generated by a light source in the monitor.
[0039] The probe head may be configured to emit light
having an energy of 1 pJ to 1 mJ. The light emitted by the light
output may have wavelengths in range of two or more of
685-715 nm, 715-745 nm, 745-775 nm, 790-820 nm, or 845-
875 nm, such as two or more of 700 nm, 730 nm, 760 nm, 805
nm, or 860 nm, for example.

INCORPORATION BY REFERENCE

[0040] All publications, patents, and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publication,
patent, or patent application was specifically and individually
indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The novel features of the present disclosure are set
forth with particularity in the appended claims. A better
understanding of the features and advantages of the present
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disclosure will be obtained by reference to the following
detailed description that sets forth illustrative embodiments,
in which the principles of the invention are utilized, and the
accompanying drawings. Matching reference numerals des-
ignate corresponding parts throughout the figures, which are
not necessarily drawn to scale.

[0042] FIG. 1 shows a schematic diagram of a system for
optoacoustic diagnosis of one or more physiological param-
eters, according to many embodiments.

[0043] FIG. 2 shows a schematic diagram of an exemplary
laser diode subsystem of the system of FIG. 1.

[0044] FIG. 3 is a schematic view of an embodiment of a
system for measuring fetal cerebral oxygenation, according
to many embodiments.

[0045] FIG. 4is a perspective view of an embodiment of a
fetal cerebral oxygenation probe that can be used in the sys-
tem of FIG. 3, according to many embodiments.

[0046] FIG. 5 is a front view of the fetal cerebral oxygen-
ation probe of FIG. 4.

[0047] FIG. 6 is a side view of the fetal cerebral oxygen-
ation probe of FIG. 4.

[0048] FIG. 7 is a cross-sectional side view of the fetal
cerebral oxygenation probe of FIG. 4.

[0049] FIG. 8 is a schematic view illustrating a first
example grip used to hold a fetal cerebral oxygenation probe
during a fetal examination, according to many embodiments.
[0050] FIG. 9 is a schematic view illustrating a second
example grip used to hold a fetal cerebral oxygenation probe
during a fetal examination, according to many embodiments.
[0051] FIG. 10A is a graph that plots optoacoustic signals
recorded from the superior sagittal sinus (SSS) of a first baby
at various wavelengths, according to many embodiments.
[0052] FIG. 10B is a graph that plots typical optoacoustic
signals recorded from the SSS of a second baby at various
wavelengths, according to many embodiments.

[0053] FIGS.11A and 11B illustrate an exemplary configu-
ration of an optoacoustic probe, according to many embodi-
ments.

[0054] FIGS. 12A and 12B illustrate another exemplary
configuration of an optoacoustic probe, according to many
embodiments.

[0055] FIGS. 13A, 13B, and 13C illustrate a probe as
grasped by a user during a fetal cerebral oxygenation mea-
surement procedure, according to many embodiments.
[0056] FIGS.14A,14B, and 14C illustrate another probe as
grasped by a user during a fetal cerebral oxygenation mea-
surement procedure, according to many embodiments.
[0057] FIGS. 15A and 15B illustrate yet another probe as
grasped by a user during a fetal cerebral oxygenation mea-
surement procedure, according to many embodiments.
[0058] FIG. 16 shows a flowchart of an exemplary method
to measure or detect one or more physiological parameters
optoacoustically, according to many embodiments.

[0059] FIGS. 17A, 17B, and 17C illustrate an exemplary
configuration of an optoacoustic probe, according to many
embodiments.

[0060] FIG. 18A is a graph that plots differential optoa-
coustic signals recorded from a fetus during late stage labor,
according to many embodiments.

[0061] FIG. 18B is a graph that plots differential optoa-
coustic signals recorded from a fetus during late stage labor,
according to many embodiments.
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DETAILED DESCRIPTION

[0062] As described above, it would be desirable to have a
direct way of measuring fetal cerebral oxygenation, such as
cerebral venous blood oxygenation saturation. Disclosed
herein are systems and methods that are well suited for this
purpose. In many embodiments, a system for measuring fetal
cerebral oxygenation comprises a fetal cerebral oxygenation
probe that can be applied to the fetus’ head during labor. The
probe can be an optoacoustic probe that is configured to emit
light through the skull and brain tissue to the superior sagittal
sinus (SSS) and receive back acoustic waves that are induced
by the irradiation of the SSS. A determination of the blood
oxygen saturation can then be made from the acoustic waves.
In some embodiments, the probe is sized and configured to fit
between the fingers of an obstetrician to facilitate application
to the fetus’ head and comprises a wave guide that emits the
light and an acoustic sensor that detects the acoustic signal
emitted from the SSS.

[0063] In the following disclosure, various specific
embodiments are described. It is to be understood that those
embodiments are exaniple implementations of the disclosed
inventions and that alternative embodiments are possible. All
such embodiments are intended to fall within the scope of this
disclosure.

[0064] Disclosed herein are systems and methods for moni-
toring cerebral oxygenation that can be used to perform accu-
rate, noninvasive measurement of cerebral venous blood oxy-
gen saturation in fetuses during late-stage labor through the
open anterior fontanelle or through the thin cranial bones.
Cerebral venous oxygen saturation provides in a single num-
ber an assessment of the ability of cerebral blood flow and
cerebral blood oxygen content to meet cerebral oxygen
requirements. As described below, the systems and methods
enable optoacoustic measurement in the superior sagittal
sinus (SSS). Such a measurement technique provides high
contrast and high resolution that enables direct probing of
blood vessels. Because cerebral venous desaturation provides
direct evidence that cerebral oxygen availability is insuffi-
cient to satisfy cerebral oxygen requirements, decreasing SSS
oxygenation (SSS(SO,)) can provide an early warning of
cerebral hypoxia. Therefore, this technique can be used to
directly detect fetal asphyxia more rapidly than fetal heart rate
(FHR) monitoring, thereby reducing the risk of cerebral
palsy. This technique is also more specific than FHR moni-
toring, thereby reducing false-positive incidents of fetal dis-
tress and encouraging fewer defensive cesarean sections.
[0065] In contrast to previously studied techniques for
assessing fetal viability during late-stage labor, optoacoustic
monitoring of fetal SSS(SO,) during labor offers major
advantages. In virtually all fetuses, the anterior fontanelle is
palpable by vaginal examination once the maternal cervix has
dilated to greater than 5 cm and virtually all fetal distress
(detected by FHR monitoring only) occurs after that time. In
infants, unlike adults, the sagittal sinus is directly below the
scalp either without intervening skull or with thin overlying
cranial bones, so relatively low-intensity light penetrates
well. Because the generated ultrasound signal returns in a
straight line from the SSS, the actual saturation of hemoglo-
bin in the SSS can be accurately determined. While systems
and methods for venous blood oxygenation detection are
described, these systems and methods are equally applicable
to detect arterial or other blood oxygenation.

[0066] FIG. 1 shows a schematic diagram of a system 100
for optoacoustically measuring physiological parameters
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such as blood oxygenation, for example, fetal cerebral oxy-
genation (e.g., fetal SSS(SO,)) during labor or cerebral oxy-
genation generally such as for a patient with traumatic brain
injury. The system 100 may comprise a console 110 and a
patient interface 150 operatively coupled with a wire or cable
connection 145. The console 110 may comprise a console
comprising one or more subsystems or components config-
ured to provide measurement of fetal cerebral oxygenation in
a patient PA via the patient interface 150. The console 110
may comprise a computer board or processor 115, a user
interface 120, a power supply subsystem 130, a laser emitter
or diode subsystem 135, and an acoustic sensor subsystem
140. The processor 115 may be in communication with the
one or more subsystems or components of the console 110, so
as to control and monitor the operation of the subsystems. For
example, the processor may comprise one or more universal
serial bus (USB) ports or other types of data transfer ports
configured to connect to the one or more subsystems. The
processor 115 may further comprise an audio port to output
alarms and message(s) through a speaker. The power supply
subsystem 130 may be configured to provide power to one or
more components of the system 110, such as the processor,
user interface, laser diode subsystem, and acoustic sensor
subsystem. The power supply subsystem 130 may be config-
ured to connect to an external AC or DC power source and
may comprise a battery to provide back-up power in case of
loss of external power.

[0067] A userofthe system 100, such as medical personnel
trained to operate the system, can interact with the system via
the user interface 120. The user interface 120 may, for
example, comprise a display 125 such as a backlit LCD with
a touch screen configured to receive one or more inputs from
the user. The user interface 120 may further comprise hard-
ware controls for controlling the operation of the system, such
as on/off keys and a stop switch configured to put the system
in a “safe” mode, wherein all laser diodes are turned off. The
user interface 120 may also comprise an input for data such as
patient identification, time, temperature, etc. The processor
115 can receive user input via the user interface 120, and
transmit instructions based on the user input to one or more
subsystems, such as the laser diode subsystem 135, acoustic
sensor subsystem 140, and/or power supply subsystem 130.
Based on instructions received from the processor 115, the
laser diode subsystem 135 may generate and emit light pulses
which may be directed to a target tissue of the patient PA
through the patient interface 150. The light pulses can be
conducted through the cable connection 145, such as a fiber
optic cable and/or a multiwire shielded cable, to the patient
interface 150. For example, the light pulses can be transmitted
to an optical fiber module of the patient interface 150 that is in
contact with the target tissue, such as the superior sagittal
sinus (SSS). The light pulses can pass through the tissue and
bone to the venous blood, wherein absorption of the light
pulses can result in the generation of acoustic pressure. The
patient interface 150 can detect the acoustic pressure from the
target tissue and transmit the acoustic signals back to the
console 110, for example via the cable connection 145 to the
acoustic sensor subsystem 140. The patient interface 150 can
comprise, for example, a high speed digitizer configured to
detect and digitize the acoustic pressure. The acoustic sensor
subsystem 140 can receive and/or at least partially process the
measured acoustic pressure signals then digitize the signals,
and transmit the signals to the processor 115 for further pro-
cessing and analysis. The processor 115 can, for example,
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compute the venous oxygen saturation from the measured
acoustic pressure, and transmit results of the measurement to
the user interface 120 to be displayed to the user via the
display 125. The display 125 may be configured to display
oxygen saturation readings (e.g., venous oxygen saturation
readings) or other physiological parameters continuously,
with updates once per minute, for example. In some embodi-
ments, the system 100 may further comprise a communica-
tions subsystem to communicate with other electronic or
computerized healthcare management systems. For example,
the physiological parameter data measured may be stored and
archived (to generate electronic medical records) and ana-
lyzed with another computerized system in communication
with the system 100.

[0068] The system 100 may be configured to have a com-
pact size to accommodate limited spaces available in trans-
port vehicles, forward aid stations, or intensive care units. For
example, the console 110 may be desktop-sized. Components
of the system 100 may be ergonomically designed so as to
allow easy operation for medical personnel who may be gen-
erally unfamiliar with opto-acoustic measurements. The dis-
play 125 of the system 100 can provide user guidance for use
of the system 100, as well as display the status of various
alarms of the system 100, in order to help users understand
causes of the alarms and take appropriate remedial actions.
The system 100 may be configured to allow up to about 24
hours of continuous monitoring without changing locations.
A powerloss alarm may be implemented with the system 100,
in order to alert the user of signal loss or cable disconnection
during monitoring. The system 100 may further be configured
to have a user-selectable transport mode that can support
battery-operated use of the system 100 for up to about one
hour. In the transport mode, the system 100 may be config-
ured to operate with low power (e.g., lower power than in the
operational mode), and the power loss alarm may be disabled.
The system 100 may be further configured to allow users to
input patient identification data, access patient medical
records, and download the measurement data collected dur-
ing the monitoring process for archival and evaluation pur-
poses, for example through the communications subsystem
described above.

[0069] The system 100 may be configured to monitor vari-
ous physiological parameters. In many embodiments, oxygen
saturation is measured. For example, venous oxygen satura-
tion in the range from about 20% to about 100% (calculated as
oxyhemoglobin+total hemoglobin concentration [THb], as
described further herein) may be measured. The system 100
may have an accuracy of about +/-3% over the saturation
range from about 40% to about 90%, for example.

[0070] The acoustic sensor subsystem 140 may receive
acoustic signals from the patient interface 150. The acoustic
sensor subsystem 140 may comprise a one or more signal
amplifiers configured to provide a gain for the received sig-
nals. The gain may be, for example, about 40 dB of gain at 500
kHz and may have, for example a -3 dB bandwidth of 50 kHz
to 3.5 Mhz. The acoustic sensor subsystem 140 may comprise
a high speed digitizer that may sample the amplified acoustic
signal from the amplifier. This sampling may be performed at
a minimum rate 20 MHz, for example. The digitizer may
receive a trigger signal from the laser diode subsystem 135
and store samples, such as a 100, 200, 300, 400, 500, 600,
700, 800, 900, or 1000 samples, of the acoustic signal. The
digitizer may transfer the block of samples to the processor
115 for waveform averaging. Often, the acoustic signals gen-
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erated by the target tissue is low level and averaging readings
over hundreds of repetitive cycles can extract the waveform
out of background noise.

[0071] The patient interface 150 may comprise an optoa-
coustic sensor assembly or sensor module, such as the cere-
bral oxygenation probe 20 as described in further detail
herein. An optoacoustic sensor assembly can comprise a light
output configured to emit light pulses directed at the target
tissue, and an acoustic transducer configured to measure the
acoustic pressure generated in response to the light pulses.
The light output may output light from a light source. The
light source may comprise, for example, a light emitting
diode (LED) array or a high power pulsed laser diode array
configured to generate high intensity light pulses at one or
more wavelengths. The light output can be connected to the
console 110 via a fiber optic cable, for example. The light
source may comprise the laser diode subsystem 135 of the
console 110. The acoustic transducer can comprise, for
example, a piezoelectric sensor, connected to the console via
a multiwire shielded cable. The cables 145 connecting the
patient interface 150 and the console 110 may comprise con-
nectors to removably couple the cables to the console. The
light source and the acoustic transducer may be supported
with a probe that can be placed over a portion of the patient’s
head, such as the surface of the scalp over the SSS. The probe
20 may be held in place with a strap system, which may
comprise a disposable, single-use mounting strap in order to
reduce or eliminate the need for cleaning and disinfection
between uses.

[0072] FIG. 2 shows a schematic diagram of the laser diode
subsystem 135 of the system 100 of FIG. 1. The laser diode
subsystem 135 may comprise a laser diode array comprising,
for example, a first laser emitter or diode 152 A, a second laser
emitter or diode 152B, and a third laser emitter or diode 152C.
The laser diode subsystem 135 may comprise a laser control
processor 156 in communication with the processor 115 of
the console 110 of the system. The laser control processor 156
can receive instructions from the console processor 115 based
on one or more user inputs provided to the console 110. For
example, the processor 115 can set and monitor operational
parameters, and start and stop measurement cycles by the
laser diode subsystem 135. The laser diode subsystem 135
may further comprise a laser supervisor processor 158, in
communication with the laser control processor. The laser
supervisor processor 158 may monitor the operation of the
laser diodes 152A, 152B, and/or 152C to ensure that the
temperature of the diodes 152A, 152B, and/or 152C is sub-
stantially constant or within an acceptable range to maintain
wavelength accuracy. For example, an acceptable operational
temperature range may be from 10° C. to 40° C. Together, the
laser control processor 156 and the laser supervisor processor
158 can control and monitor the operation of one or more
laser drivers 154. The laser controllers 154 can be configured
to receive instructions from the laser control processor 156
and the laser supervisor processor 158, and in response to the
received instructions, control operation of the laser emitter or
diodes 158A, 152B, and/or 152C coupled to the laser con-
trollers 154. The laser controllers 154 can further be config-
ured to control operation of one or more laser emitter coolers,
such as coolers 152A", 152B', and/or 152C', coupled to and
configured to cool the corresponding laser emitters 1524,
152B, and/or 152C, respectively. The laser controllers 154
may comprise laser drivers for the laser diodes 1524, 1528,
and 152C and their respective coolers 152A, 152B', and
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152C". For example, the laser emitter coolers may comprise
thermoelectric coolers (TEC) and/or two temperature sensors
(primary and secondary) mounted on the back of each laser
diode 1524, 152B, and/or 152C. The temperature sensors can
be configured to measure the temperature of the laser diodes
152A,152B, and/or 152C, and the TECs can be configured to
control the temperature of the laser diodes 152 A, 152B, and/
or 152C to keep them in an optimal operational temperature
range, such as by adding or removing heat depending on the
temperature measured and the temperature range desired. For
example, the wavelengths of the laser diodes 152A, 152B,
and 152C may have a dependency of about 0.3 nm/degC. The
laser drivers may be configured to generate high amperage,
short duration current pulses to drive the laser diodes 152A,
152B, and 152C. The light pulses generated by the laser
emitters 152A, 152B, and/or 152C can be conducted through
the cable connection 145 to a patient interface 150, which
may comprise an optoacoustic sensor assembly or probe as
described herein.

[0073] Thelaser diode subsystem 135 can further comprise
a cooling fan 160, configured to provide an air stream shown
by the arrow 162, directed towards to the components of the
laser diode subsystem 135. Such a cooling fan 160 can help
control the temperature of the components, which may be
disposed in a closed laser cavity to as to prevent dust con-
tamination of the optical components. The cooling fan 160
may further comprise a second fan configured to circulate
outside air over the control electronics. The laser cavity may
be surrounded by a laser diode subsystem enclosure, con-
structed from metal plates. The enclosure of the laser diode
subsystem 135 can be securely mounted to the enclosure for
the console 110, for example via mechanical fasteners.

[0074] At start-up, the laser diode subsystem 135 may have
a temperature stabilization time for the laser diodes 152A,
152B, and/or 152C. The temperature stabilization status can
be displayed on the display 125 of the console 110. During
operation of the laser diodes 152A, 152B, and/or 152C, the
operational parameters of the laser diodes 152A, 152B, and/
or 152C, including the temperature measurements generated
by the laser emitter coolers 152A", 152B' and/or 152C', can be
transmitted back to the laser control processor 156 and/or the
laser supervisor processor 158, for feedback control of laser
diode operation. For example, in embodiments wherein the
laser emitter coolers comprise a TEC and temperature sensors
coupled to each laser diode, the laser control processor 156
can comprise instructions to drive current through the TEC to
control the measured temperature from the temperature sen-
SOrS.

[0075] The laser emitters 152A, 152B, and/or 152C of the
laser diode subsystem 135 may comprise pulsed laser diodes
having nominal center wavelengths of about 760 nm, 800 nm,
and 860 nm, respectively, for example. Other wavelengths
such as 700 nm, 730 nm, 850 nm, 905 nm, 970 nm, 975
nm,1064 nm, 1100 nm, 1200 nm, 1230 nm, and 1450 nm, to
name a few, are also contemplated. The wavelengths may be
chosen to correspond with the peak acoustic response of
parameters of interest such as water, fat, hemoglobin, oxyhe-
moglobin, deoxyhemoglobin, carboxyhemoglobin, reduced
hemoglobin, methemoglobin, lactate, myoglobin, choles-
terol, body pigments, exogenous dyes such as indocyanine
green (ICG), to name a few. While the determination of blood
oxygenation is discussed herein, the interrogation of other
physiological parameters and concentrations is also contem-
plated. The concurrent determination of two or more physi-
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ological parameters or concentrations is described in U.S.
Publication No. 2008/0255433 Al, which is incotporated
herein by reference.

[0076] The nominal center wavelengths may have a stabil-
ity of about +/-1 nm, 0.9 nm, 0.8 nm, 0.7 nm, 0.6 nm, 0.5 nm,
0.4 nm, 0.3 nm, 0.2 nm, or 0.1 nm over the operational
temperature range. The spectral width (full width half maxi-
mum) of the light output of each laser diode may be about 25
nm, 20 nm, 15 nm, 10 nm, 5 nm, or 1 nm nominally, as
measured at 50% of peak output. Each laser diode 152A,
152B, and/or 152C may comprise a driver configured to
deliver about 3.3 kW peak power (nominal) with a pulse
width of about 150 ns (measured at 50% of amplitude) and a
repetition rate of about 10 to about 2000 Hz, or about 0.5% of
setting. Each light pulse can be configured to deliver about 0.5
mJ of energy (3300 Wx150 ns), nominally. The output of a
plurality of laser diodes 152A, 152B, and/or 152C can be
combined together into a single fiber. For each light pulse, the
laser diode subsystem 135 may be configured to output a
trigger signal to a digitizer coupled to the laser diode sub-
system 135, such that the digitizer may start the sampling
sequence.

[0077] While an array of three laser diodes is described,
other configurations are also contemplated. For example, the
array may have two laser diodes or four or more laser diodes.
Alternatively or in combination to using an array of laser
diodes to produce light output at different wavelengths, the
laser subsystem 135 may comprise an optical parametric
oscillator (OPO) to rapidly switch a laser output between
multiple wavelengths.

[0078] FIG. 3 illustrates the system 100 in use to measure
cerebral oxygenation (such as SSS(SO,)) of a fetus FE
present in the uterus UT during labor. As shown in FIG. 3 and
described above and herein, the system 100 generally com-
prises an optoacoustic monitor or console 110 and the patient
interface or cerebral oxygenation probe 150 that is connected
to the monitor. The monitor or console 110 may comprises a
light source such as the photodiode subsystem 135 that gen-
erates light, such as near infrared (NIR) laser light that can, as
indicated in FIG. 3, be emitted from the tip of the probe 150
and into a fetus’ head. The absorption of the light’s energy in
a medium can be followed by thermal expansion of the irra-
diated medium, in this case the blood in the SSS, which
induces mechanical stress that propagates in the form of
acoustic (e.g., ultrasonic) pressure waves. These waves can
travel through the brain tissue with minimal scattering and
can be detected by an acoustic sensor within the probe that
converts the waves into electrical signals that can be provided
to the monitor or console 110 and/or to a computer for pro-
cessing.

[0079] Insomeembodiments, the emitted light is within the
low end of the NIR spectral range, such as approximately 600
to 1300 nm, for example 760 nm, 800 nm, and 860 nm as
discussed above and herein. Such a wavelength range can
result in deep penetration of the NIR radiation, which is
sufficient for optoacoustic monitoring of hemoglobin satura-
tion. The amount of laser energy applied for monitoring may
be small and cannot induce any thermal or mechanical dam-
age to a patient’s skin or a patient’s or operator’s ocular
tissues because laser fluence levels are well below the maxi-
mum permissible exposures (MPE) for ocular tissues. In
some embodiments, the laser energy is delivered at a power of
approximately 1 pJ to 1 mJ.
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[0080] Oxyhemoglobin and deoxyhemoglobin have high
absorption coefficients in the visible and NIR spectral range.
Therefore, both the amplitude and spatial distribution of the
generated optoacoustic pressure induced in blood are gener-
ally dependent on total hemoglobin concentration [THb] and
hemoglobin saturation (calculated as oxyhemoglobin+
[THb]). The high resolution of the disclosed measurement
technique enables direct measurement of [THb] and satura-
tion in large blood vessels. In some embodiments, saturation
can be assessed using an optical parametric oscillator (OPO)
pumped by Nd-YAG laser to generate four important wave-
lengths: 800 or 805 nm (isosbestic point where oxy- and
deoxyhemoglobin have equal absorption) and 700, 730, and
760 nm, which are wavelengths at which oxy- and deoxyhe-
moglobin have strong differences in absorption. In some
embodiments, the concentration of different molecules may
be of interest such that other wavelengths are chosen. For
example, one of the photodiodes 152A, 152B, and/or 152C
may be configured to output a light signal at 860 nm, the
wavelength at which an exogenous dye such as indocyanine
green (ICG) shows very low acoustic response, while at about
900 nm, it has a peak acoustic response. This contrast may
provide high accuracy of ICG monitoring.

[0081] The acoustic signal generally returns in a straight
line from the target. Laser optoacoustic imaging techniques
combine the merits of optical tomography (high optical con-
trast) and ultrasound imaging (minimal scattering of acoustic
waves) to yield a noninvasive diagnostic modality with high
contrast, sensitivity, and resolution. The high resolution, sen-
sitivity, and contrast of optoacoustic techniques provide
monitoring of [THb], oxygenated and deoxygenated hemo-
globin with excellent accuracy, specificity and sensitivity.
Transmission of ultrasound signals in a straight line differen-
tiates optoacoustic measurements from pure optical tech-
niques in which both incident and returning optical signals
are scattered by passage through tissue. Optoacoustic imag-
ing can visualize structures in optically turbid and opaque
tissues at depths as great as several centimeters with a spatial
resolution =0.5 mm and can reconstruct optoacoustic images.
In summary, the merits of optoacoustic monitoring include,
butare not limited to: (1) noninvasiveness, (2) accurate, quan-
titative measurements, (3) continuous, real-time monitoring,
(4) high spatial resolution, and (5) compact dimensions.

[0082] FIGS. 4-6 illustrate an example a cerebral oxygen-
ation probe 20 that can be used in the system 10 shown in FIG.
3. The patient interface 150 may comprise the probe 20. As
the probe 20 may be designed to emit light and detect acoustic
waves, the probe can be referred to as an optoacoustic probe.
Generally speaking, the probe 20 comprises a head 22 from
which may extend one or more cables 24 that connect the
probe 20 to the remainder of the system 100.

[0083] The head 22 can be made of a biocompatible poly-
meric material such as polyamide (e.g., PA 2200), polycar-
bonate (e.g., PC-1SO), or acrylonitrile butadiene styrene (e.g.,
ABS-M30) and can comprise one or more pieces. In cases in
which the head 22 comprises more than one piece, the pieces
may be sealed together so as to prevent the ingress of air or
fluid into the interior of the head. As is apparent from FIGS.
4-6, the head 22 can comprises a generally cylindrical hous-
ing 26. The medial portion of the housing 26 (along its lon-
gitudinal axis) can be narrower than the ends of the housing.
More particularly, the housing 26 may gradually narrow from
each housing end so that the center of the housing is its
narrowest point. Because of this a configuration, the housing
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26 may have a rounded hourglass shape that can be seen most
clearly in FIG. 6. This shape can form a continuous rounded
groove 28 that encircles the center of the housing 26. In some
embodiments, this groove 28 has a radius of curvature of
approximately 5 to 50 mm. As described below, this groove
28 can facilitate gripping of the head 22 during an oxygen-
ation measurement procedure. Although the dimensions of
the housing 26 can be varied to suit the application and/or the
user, in some embodiments, the housing is approximately 5 to
30 mm in height (H), the ends of the housing are approxi-
mately 8 to 20 mm in diameter (D), and the center of the
housing is approximately 3 to 15 mm in diameter (d) (see
FIG. 6). Asis also apparent in FIG. 6, the edges of the ends of
the housing 26 can be rounded. The head 22 can comprise a
flexible or soft material, or a rigid material having smooth
edges. the material preferably providing electrical isolation of
the electrical components housed within the probe 20.
[0084] As indicated most clearly in FIGS. 4 and 5, the front
end 30 of the housing 26 is the working end of the probe,
which is configured to interface with the head of the fetus. At
this end of the probe 20, the housing 26 may comprise a
circular opening 32 that provides access to the housing inte-
rior. Visible through this opening 30 may be an internal elec-
tromagnetic shield 34 thatis positioned behind a cover 36 that
seals the opening 32. Extending from the center of the cover
36 along a direction parallel to the longitudinal axis of the
housing 26 may be the tip of an optical waveguide 38. The
nature and function of these components are described below
in relation to the cross-sectional view of F1G. 7.

[0085] With further reference to FIGS. 4-6, extending from
the housing 26 is a strain relief element 40 that provides strain
relief for the cables 24 extending from the probe head 22. In
some embodiments, the strain relief element 40 can be made
of the same material as the housing 26 and may be unitarily
formed therewith. As shown in FIGS. 4-6, the cables 24 may
include an electrical cable 42 and an optical cable 44, which
are used to transmit electrical and optical signals, respec-
tively. It is noted, however, that these cables 42, 44 can be
combined into a single cable, if desired. As indicated most
clearly in FIG. 6, the strain relief element 40 can extend out
from the rear end 46 of the housing 26 in a direction that is
generally perpendicular to the longitudinal axis of the hous-
ing. As is apparent from comparison of FIGS. 5 and 6, the
stain relief element 40 can have a width dimension (FIG. 5)
that is greater than its height dimension (F1G. 6). The optical
cable 44 may be flexible and small (e.g., diameter of about 1
mm), such that the cable can bend to fit in housing.

[0086] The housing 26 and the strain relief element 40 can
be configured to allow the user to position the probe over the
anterior fontanel of a fetus head positioned in various orien-
tations, and over a range of depths within the birth canal. For
example, the probe 20 may be dimensioned to fit between the
fetus head and the cervix wall, or to sit on top of the fetus head
in the cervical opening. The strain relief element may be
configured to have a flexible or adjustable angle of exit for the
cables, in order to allow the user to move the probe to the
appropriate position for measurement.

[0087] FIG. 7 illustrates an example construction for the
optoacoustic probe 20 shown in FIGS. 4-6. As indicated in
FIG. 7, the probe head 22 can be formed from two pieces of
material that are coupled together to define the housing 26 and
the strain relief 40. Alternatively, the probe head 22, including
the housing 26 and the strain relief 40, may be formed from a
single, integral piece of material. More particularly, the head
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22 can comprise a top portion 50 and a bottom portion 52 that
each defines part of the housing 26 and the strain relief 40 and
that are attached to each other so as to seal a hollow interior
space 54 in which internal components of the probe reside. As
is indicated in FIG. 7, these components include the electro-
magnetic shield 34, cover 36, and optical waveguide 38 ref-
erenced above, as well as an acoustic sensor 56, a spacer
element 58, a printed circuit board (PCB) 60, and an acoustic
backing material 62. The purpose of each of these compo-
nents is described below.

[0088] The electromagnetic shield 34 may be an element
that surrounds the other internal components of the probe 20,
including the acoustic sensor 56 and the PCB 60, and may
shield them from electromagnetic interference. The shield 34
may be made of an electrically conductive material, such as
copper foil, and can act as a shield from electromagnetic noise
that would otherwise interfere with the proper operation of
the probe 20.

[0089] Thecover 36 caninsulate the electromagnetic shield
34 and seals the front end 30 of the housing 26 to prevent air
or liquid from passing through its opening 32. In some
embodiments, the cover 36 is made of a transparent poly-
meric material, such as poly(methyl methacrylate).

[0090] The optical waveguide 38 can be used to deliver
pulsed NIR light to the tissues within the brain of the fetus so
as to induce ultrasonic waves from the SSS that can be
detected by the acoustic sensor 56. The optical waveguide 38
can comprise a single optical fiber or multiple optical fibers.
In the latter case, the optical fibers can be bundled together, as
with an optical fiber cable, or can be spatially separated from
each other. In some embodiments, the optical waveguide 38
comprises a single optical fiber having a 10 to 1,500 um core
and an outer diameter of approximately 12 to 2,000 pm.
Irrespective of the particular nature of the optical waveguide
38 that is used, the tip of the waveguide extends beyond the
outer surface of the cover 36. This extension can facilitate
placing the optical waveguide 38 in direct contact with the
scalp in cases in which the fetus has a significant amount of
hair. In some embodiments, the tip extends approximately 1
to 3 mm beyond the outer surface of the cover 36. For
example, the optical waveguide may comprise a plurality of
optical fibers having a diameter of about 1 mm, protruding
from the housing to form a “brush” of fibers that can pass
through the hair to contact the scalp, thereby reducing loss of
light intensity due to absorption by the hair. The optical fibers
may extend through the center of the bottom of the housing as
shown in FIG. 7, and extend about 2 mm beyond the outer
surface of the cover 36. The plurality of fibers may be spaced
center-to-center in such a way that the fibers can be located
over the SSS. The fibers are preferably configured to be
comfortable for up to 24 hours of continuous contact with the
target tissue.

[0091] As mentioned above, the acoustic sensor 56 can
detect the ultrasonic waves that are generated by the SSS of
the fetus. In some embodiments, the acoustic sensor 56 com-
prises a piezoelectric transducer that uses the piezoelectric
effect to measure changes in pressure, acceleration, strain, or
force and convert them into an electrical signal. The sensor 56
may be separated from the electromagnetic shield 34 by the
spacer element 58, which can be made of a polymeric mate-
rial, such as polyamide. In some embodiments, the spacer
element 58 is approximately 0.005 to 5 mm thick.

[0092] Theelectrical signals generated by the acoustic sen-
sor 56 are transmitted to the PCB 60 via one or more electrical
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wires 64. The PCB 60 comprises a preamplifier that amplifies
the signals received from the sensor 56 before transmitting
them to a monitor or computer of the system along further
electrical wires 66. The preamplifier can be configured to
provide about 40 dB of gain at about 500 kHz, having a
bandwidth of about 3 dB in the range from about 40 kHz to
about 10 MHz. The PCB may further comprise a digitizer
configured to digitize the acoustic signal detected by the
acoustic sensor 56. For example, the digitizer can be config-
ured to sample the acoustic signal from the preamplifier at
least at about 20 MHz, in response to a trigger signal from the
laser diode subsystem connected to the probe, as described
herein. The digitizer can, for example, store about 1000
samples of the acoustic signal, and transfer the block of
samples to the processor of the console unit 100 connected to
and controlling the operation of the optoacoustic probe, for
waveform averaging of the samples.

[0093] The acoustic backing material 62 is positioned
behind the acoustic sensor 56. It provides backing for the
sensor 56 (for wideband detection of pressure waves) and
absorbs the vibrations that travel through the sensor to prevent
undesired ringing in the signal and separate part of the signal
from ringing noise. In some embodiments, the attenuator 62
comprises a mass of epoxy.

[0094] Thehollow interior space 54, within which the inter-
nal components of the probe reside, may be substantially
cylindrical as shown in FI1G. 7, with a diameter 544 in a range
from about 8 to about 10 mm, and a height 54/ of about 10
mm.

[0095] The probe 20 may be designed to reduce areas that
cannot be easily cleaned and disinfected between uses, such
as grooves or pockets of in the exterior surface of the housing.
Alternatively or in combination, the probe 20 may comprise a
disposable cover configured to be placed over the housing, in
order to reduce the need for cleaning and disinfecting the
probe between uses. The probe 20 is preferably configured
such that its components can withstand soaking in a disin-
fecting solution for sterilization.

[0096] FIGS.11A and 11B illustrate an exemplary configu-
ration of an optoacoustic probe 20 as described herein. The
probe 20 may comprise a head 22 extending from a cable
bundle 24 connected to a console that controls operation of
the probe, such as console 110 described in reference to FIGS.
1 and 2. The head 22 can comprise a housing 26, a top portion
50, and a bottom portion 52 comprising substantially the
same shape. For example, the housing 26 can have a substan-
tially cylindrical shape, for example with a diameter D in a
range from about 30 mm to about 40 mm and a height H of
about 18 mm. The top portion 50 and bottom portion 52 may
be substantially circular with substantially the same diameter
D, oriented substantially parallel to one another. The housing
can comprise an annular groove 28 extending continuously
about the side of the housing at the center portion of the
housing. The groove 28 can form a concave side surface of the
housing that facilitates gripping of the probe head 22 by the
user while the user places the bottom portion 52 in contact
with the target tissue for oxygenation measurement.

[0097] FIGS. 12A and 12B illustrate another exemplary
configuration of an optoacoustic probe 20 as described
herein. The probe 20 may comprise a head 22 extending from
a cable bundle 24 connected to a console that controls opera-
tion of the probe, such as console 110 described in reference
to FIGS. 1 and 2. The head 22 can comprise a housing 27
having a top portion 51 and a bottom portion 53 comprising
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different shapes. For example, the bottom portion 53 may
comprise a substantially circular shape having a diameter D,
while the top portion 51 may comprise an elongated shape
extending over the diameter D of the bottom portion. The
plane of the top portion 51 may be disposed at an angle 55
with respect to the plane of the bottom portion 53, such that a
first end 51a of the top portion connects directly to the bottom
portion 53. The maximum height H of the housing may be
about 25 mm, and the diameter D of the bottom portion may
be about 30 mm to about 40 mm. The housing may comprise
a groove 29 extending continuously about a portion of the
side of the housing. As shown in FIG. 12B, the groove 29 may
have a taper that corresponds to the angle 55 between the top
portion 51 and bottom portion 53 of the housing, such that the
groove terminates at the point the first end 51a of the top
portion connects with the bottom portion. The groove 29 may
form concave rear and side surfaces of the housing that facili-
tate gripping of the probe head 22 by the user while the user
places the bottom portion 53 in contact with the target tissue
for oxygenation measurement. The strain relief element 40,
coupled to the probe head 22 and configured to relieve strain
placed on the cables 24, may have a streamlined or tapered
shape as shown.

[0098] FIGS. 8 and 9 illustrate two examples of the manner
in which the probe 20 can be grasped by an obstetrician
during a fetal cerebral oxygenation measurement procedure.
In both cases, the head 22 of the probe is pinched between the
tips of the index and middle fingers. As shown in the figures,
the groove 28 within the probe head housing 26 facilitates the
pinch grip. The cable(s) 24 of the probe 20 can be run either
along the inside of the hand, as indicated in FIG. 8, or along
the outside of the hand, as indicated in FIG. 9. Once the
desired grip and cable routing have been attained, the obste-
trician can then insert his hand through the vagina and into the
birth canal to place the front end of the probe head 22 in
contact with the head of the fetus, as illustrated in FIG. 3.
Measurements can then be obtained using the probe 20 and
processed to determine cerebral oxygenation. Preferably, the
probe head 22 is placed over the anterior fontanel of the head
of the fetus, wherein the fetus is in any head down position
(e.g., direct occiput anterior (OA), left occiput anterior
(LOA), right occiput anterior (ROA), left occiput transverse
(LOT), right occiput transverse (ROT), direct occiput poste-
rior (OP), left occiput posterior (LOP), right occiput posterior
(ROP)). In a typical scenario, the fetus’s head may be
recessed about 50 mm into the birth canal and the cervix may
be dilated to about 4 to 5 cm. The insertion, positioning, and
measurement with the optoacoustic probe can have a duration
of about 30 to about 45 seconds, for example.

[0099] The probe 20 may be used with ultrasound gel, or
may be used without ultrasound gel with the probe head in
close contact with the fetal scalp. If used without ultrasound
gel, the inherent moisture in the environment surrounding the
probe head may provide adequate acoustic coupling.

[0100] FIGS. 13A-13C illustrate an exemplary configura-
tion of a probe 20 as grasped by a user during a fetal cerebral
oxygenation measurement procedure. The probe 20 may
comprise a probe head 22 having a shape as illustrated in
FIGS. 12A-12B, wherein the top portion 51 and the bottom
portion 53 of the housing comprise different shapes. The
probe head 22 can be grasped between the index and middle
fingers of the user, with the distal portions of the fingers
engaging a groove 29 in the housing of the head as described
herein. The cable bundle 24 can be run along the inside of the
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hand, as shown in FIGS. 13B and 13C. The head 22 may be
compactly sized to easily fit within the distal portions of the
user’s fingers. For example, the length 70 from the tip of the
head 22 to the end of the strain relief element 40 may be about
40 mm, as shown in FIG. 13A. The bottom portion 53 of the
housing of the head may have a thickness 71 of about 10 mm,
as shown in FIG. 13B. The diameter D of the bottom portion
of the housing may be about 18 mm to about 20 mm, as shown
in FIG. 13C.

[0101] FIGS. 14A-14C illustrate another exemplary con-
figuration of a probe 20 as grasped by a user during a fetal
cerebral oxygenation measurement procedure. The probe 20
may comprise a probe head 22 having a shape as illustrated in
FIGS. 11A-11B, wherein the top portion 50 and the bottom
portion 52 of the housing comprise substantially the same
circular shape. The probe head 22 can be grasped between the
index and middle fingers of the user, with the distal portions
of the fingers engaging a groove 28 in the housing of the head
as described herein. The cable bundle 24 be run along the
inside of the hand, as shown in FIGS. 14B and 14C. The head
22 may be compactly sized to easily fit within the distal
portions of the user’s fingers. For example, the length 72 from
the tip of the head 22 to the end of the strain relief element 40
may be about 20 mm to about 30 mm, as shown in FIG. 14A.
The bottom portion 52 of the housing of the head may have a
thickness 73 of about 10 mm, as shown in FIG. 14B. The
diameter D of the bottom portion of the housing may be about
18 mm to about 20 mm, as shown in FIG. 14C.

[0102] FIGS. 15A and 15B illustrate another exemplary
configuration of a probe 20 as grasped by auser during a fetal
cerebral oxygenation measurement procedure. The probe 20
may comprise a probe head 22 and strain relief element 40 as
described herein, wherein the head 22 may comprise a hous-
ing having a groove, such as groove 28 or 29 as shown in
FIGS. 11B and 12B. The user may grasp the head 22 with two
fingers as described herein, or the user may place the tip ofa
single finger within the groove. As shown in FIG. 15A, a
finger cot 80 may be placed over the one or two fingers
engaging the head 22, in order to securely couple the head to
the one or two fingers of the user. The head 22 disposed within
the finger cot 80 may have a height 81 of about 40 mm, with
the bottom portion of the housing having a diameter D of
about 20 mm. A portion of the cables 24, extending out of the
strain relief element 40, may be enclosed within the finger cot
80, with the remainder of the cable configured to be run along
the inside of the hand. Alternatively, as shown in FIG. 15B, a
finger glove 82 may be placed over the one or two fingers of
the user engaging the probe head 22, wherein the finger glove
may have straps that are secured around the wrist of the user
in order to securely couple the finger glove to the user’s hand.
To facilitate insertion of the finger and the probe head into the
finger glove 82 or finger cot 80, the probe head 22 may
comprise a tapered “bull-nose” shape on the tip of the head, as
shown in FIG. 15B. The strain relief 40 may also comprise a
tapered bull-nose shape, so as to further relieve tension placed
on the cables 24. The housing of the probe may comprise the
bull-nose shape as shown, or alternatively, an adaptor may be
placed over the housing to provide the bull-nose shape. The
bull-nose shaped probe head 22 of FIG. 15B canhave a height
83 of about 40 mm, a bottom diameter D of about 20 mm, and
a maximum diameter 84 of about 30 mm to about 35 mm.

[0103] FIGS. 17A-17C show a further embodiment of the
probe 20. In this embodiment, the probe 20 may comprise a
housing 26 which may include a continuous rounded groove
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28 that encircles the center of the housing 26. The housing 26
may further comprise a finger pocket 117 where a user can
place his or her finger to manipulate and position the probe 20
while using another finger to palpate for the SSS or fontanel
on the fetus. The finger pocket 117 may be located on one end
of the probe 20 while the light output and acoustic transducer
is located on the other end as described above and herein. The
cables 24 may extend in a straight manner proximally from
the housing 26 (F1G. 17B) or at an angle (FI1G. 17C).

[0104] FIG. 16 shows a flowchart of a method 160 of deter-
mining one or more physiological parameters optoacousti-
cally.

[0105] In a step 1600, a measurement sequence may be
started.
[0106] Ina step 1605, the temperatures of the first, second,

and third light pulse generators may be managed as described
above and herein. For example, the temperatures may be
managed to keep the light pulse generators in an optimal
temperature range for operation, for example, 10° C.t0 40° C.
The first, second, and third light pulse generators may com-
prise laser diodes (for example, laser diodes 152A, 1528,
and/or 152B described above) for which the stability of the
light output frequency is dependent on temperature. The step
1605 may comprise sub-steps of continuously measuring the
temperatures of the first, second, and third light pulse genera-
tors; directing a cooling air current (from cooling fan 160, for
example) to the first, second, and third light pulse generators;
activating first, second, and third thermoelectric coolers (for
example, thermoelectric coolers 152A', 152B', and/or 152C'
described above) coupled to the first, second, and third light
pulse generators, respectively, to direct heat away from the
first, second, and third light pulse generators; and, adjusting
the cooling air current and thermoelectric coolers to maintain
the first, second, and third light pulse generators in the opti-
mal, operational temperature range.

[0107] Inastep 1610, a first light pulse train may be gen-
erated as described above and herein, and the first light pulse
train may have a first wavelength.

[0108] In a step 1620, each light pulse of the generated
pulse train may be directed onto tissue as described above and
herein. The generated light pulses may be directed onto the
tissue of interest such as with a patient interface device, for
example, the patient interface 150 described above and/or the
optoacoustic probe 14. The step 1610 may comprise sub-
steps of providing the handheld probe 20 and positioning the
probe 20 adjacent the tissue of interest to be interrogated such
as the anterior fontanel of a fetus as described above).

[0109] Inastep 1622, the acoustic response from the tissue
can be measured as described above and herein. The acoustic
response may comprise the acoustic response of the superior
sagittal sinus of the fetus as described above. As described
above, for example, the acoustic response may be captured
with an acoustic sensor 56 of the probe 20 or other effector
portion of the patient interface 150.

[0110] Inastep 1624, the acoustic response from each light
pulse may be amplified and digitized as described above and
herein. As described above, for example, the electrical signals
generated by the acoustic sensor 56 may be amplified with a
preamplifier of the probe 20. The preamplified signals may be
received by the acoustic subsystem 140 of the console unit
100. The preamplified signals may then be further amplified
by the acoustic subsystem 140 and then sampled with a digi-
tizer. The sampled signals may then be transferred to the
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processor 115 of the console 110 for waveform averaging to
extract the waveform out of background noise.

[0111] In astep 1626, the acoustic response waveform for
the pulse train may be averaged as described above and
herein.

[0112] In astep 1628, the amplitude of the wavelet for the
acoustic response from the blood analyte can be detected as
described above and herein.

[0113] In a step 1630, a second light pulse train may be
generated as described and herein, and the second light pulse
train may have a second wavelength different from the first
wavelength.

[0114] Inastep 1635, the steps 1620 through 1628 may be
repeated for the second wavelength.

[0115] In a step 1640, a third light pulse train may be
generated as described and herein, and the third light pulse
train may have a third wavelength different from the first and
second wavelengths.

[0116] Inastep 1645, the steps 1620 through 1628 may be
repeated for the second wavelength. As described herein and
above, the first, second, and third wavelengths may be differ-
ent from one another and may be selected to match the
absorption peak and acoustic response peak of the target
parameter of interest. As described herein and above, exem-
plary wavelengths include 700 nm, 730 nm, 760 nm, 800 nm,
805 nm, and 860 nm, to name a few. For example, the first
wavelength may be 800 nm or 805 nm, the isosbestic point
where oxyhemoglobin and deoxyhemoglobin have equal
absorption and the second and third wavelengths may be
wavelengths where oxyhemoglobin and deoxyhemoglobin
have strong differences in absorption such as 700 nm, 730 nm,
and 760 nm.

[0117] In a step 1650, the physiological parameter(s) may
be determined from the acoustic response. The processor 115
of the console umt 100 may be configured to make such a
determination. For example, the physiological parameter(s)
of interest, such as blood oxygenation or SSS(SQ,), may be
determined by comparing the acoustic response at two differ-
ent wavelengths of the light pulses. To provide a more accu-
rate and reliable reading of the physiological parameter(s) of
interest, two or more of the determined physiological param-
eter(s) may be averaged together as described herein.

[0118] Inastep 1655, the determined physiological param-
eter(s) may be displayed as described above and herein, such
as with a display 125 of the console unit 100 as described
above. In some embodiments, the averaged physiological
parameter(s) are displayed.

[0119] Inastep 1660, the determined physiological param-
eter(s) may be stored in a memory. For example, the physi-
ological parameter(s) measured may be electronically sent to
an electronic health record management system by the con-
sole unit 100.

[0120] Inastep 1670, the user may be queried as to whether
to continue measurements. If the user desires to continue the
measurements, the measurement sequence may be restarted
with the step 1600. In the user desires to end the measure-
ments, the measurement sequence may be stopped with the
step 1680. It can be determined whether further steps are
necessary may be determined. For example, a physician or
other medical professional can make a determination of
whether a caesarian procedure is necessary based on the
measured blood oxygenation shown by the console unit 100.
Alternatively or in combination, the console unit 100 may be
configured to make and show a recommendation as to
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whether a caesarian or other procedure is necessary based on
the measured blood oxygenation shown.

[0121] Although the above steps show the method 160 of
determining one or more physiological parameters optoa-
coustically in accordance with many embodiments, a person
of ordinary skill in the art will recognize many variations
based on the teaching described herein. The steps may be
completed in a different order. Steps may be added or deleted.
For example, oxygenation or other physiological parameter
of interest may be determined using pulse trains of light at two
or fewer wavelengths. Some of the steps may comprise sub-
steps. Many of the steps may be repeated as often as beneficial
to the diagnostic measurement(s).

[0122] One or more of the steps of the method 160 may be
performed with various circuitry, as described herein, for
example one or more of the processor, controller, or circuit
board described above and herein. Such circuitry may be
programmed to provide one or more steps of the method
1600, and the program may comprise program instructions
stored on a computer readable memory or programmed steps
of the logic circuitry such as programmable array logic or a
field programmable gate artay, for example.

[0123] Aspects of the present disclosure also include meth-
ods of measuring oxygenation. Such methods include the
application of formulas to measure oxygenation when signals
are good (i.e., there is low background). Exemplary formulas
to determine blood oxygenation at different wavelengths of
light signals are listed below, where R is the ratio of optoa-
coustic amplitudes at 760 and 800 nm (R=A ¢,/ Ago)-

760 nm: SO,=1.54-0.76:R—-R=2.02-1.31-80,
850 nm: SO,=-2.42+2.66-R—+R=0.91+0.38-S0,

[0124]

[0125] For instance, introducing 1.0 to generate a differ-
ence of signals would yield:

In general, for any wavelength: R=a,+b,-SO,

R—1=(li+bi'502—1

Aréo

= +b-S0s—1
Ao a; i 2

[0126] And, thedifferential signal D, ,=A. ,~A,, may be
represented by the equation:

A760 — Agoo
Asoo
bSOy +a—1=—131.50, +2.02—1 = —1.31 .80, + 1.02
[0127] So, in general, for any wavelength, the below equa-

tion (Eq. 1) may apply:

Aj = Asoo
Asoo

=b;-80, +a; -1



US 2016/0015304 A1

[0128] And, a third wavelength (e.g. 850 nm) may be intro-
duced to remove Ay, as follows with the following equation

(BEq. 2):

Agso - A
Z80 7 780 _.38-50, +0.91 - 1 = 0.38-50, - 0.09
Asoo

[0129]
follows.

To remove Agy,, Eq. 1 may be divided by Eq. 2 as

-1.31-50, +1.02
0.38-50, -0.09

Azen— A
RDs = J160 = As0

" Agso—Asoo
(0.38-50, —0.09)- (Arg0 — Ago0) = (~1.31-50, + 1.02) - (Agso — Ason)
And where
D16y = A7g0 — Ason
and
Dygso = Asso — Ason
0.38-Dygy -S5Oy —0.09- Dygy = —L 31 - Dgsg - SO5 + 1.02- Dyso
0.38- Drgo - SO, + 1.31 - Dgsp - SO = 1.02- Dgsg +0.09- Dygo
505(0.38- Drgo + 131 Dgsy) = 1.02- Dys + 0.09- Dago

1.02- Dgso +0.09- Dyg

S0z —m408 8 —— M
z 0.38-D760 +1.31 - Dgso

[0130] The last above equation for SO, can be used to
measure oxygenation using any (bad or good) signals with
high background from hair or skin melanin, for instance,
(such as in fetuses, neonatal and adult heads, and dark skin)
Therefore, three or more wavelengths of light signals or two
or more wavelength pairs for light signals may be used to
measure oxygenation optoacoustically, even in conditions of
high background. The wavelengths noted above are examples
only, and other wavelengths are also contemplated for use as
described above and herein. The above coefficients for the
various formulas and equations are examples only as well,
and other coefficients for the above formulas and equations
are also contemplated for use.

[0131]

[0132] In an experimental procedure, hemodynamically
stable neonates were optoacoustically measured in order to
simulate optoacoustic monitoring of a fetus. An optical para-
metric oscillator (OPO) was controlled by a personal com-
puter that was programmed to rapidly switch between three
wavelengths: 800 nm (isobestic point), 760 nm, and 700 nm at
an energy level of 15 microjoules, similar to the energy pro-
duced by pulsed laser diodes. SSS(SO,) was then calculated
from each of two pairs of wavelengths (760 nm and 800 nm)
and (700 nm and 800 nm) and then the mean of the two
calculations was determined. By taking the mean of two or
more calculations, a more accurate measurement of blood
oxygenation can be made.

[0133] Inthe first of two neonates (Baby 1: weight 1,795 g;
current weight 2,885 g; gestational age 32 wks), at two time
intervals, SSS(S0,) was 58% and 69%. In the second neonate
(Baby 2: weight 3,040 g; gestational age 39 wks), at three
time intervals, SSS(SO,) was 55%, 60%, and 62%. These
measurements are consistent with the expected ranges and

Experimental Data
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with physiologic changes over time. FIGS. 10A and 10B
show the raw data from which SSS(8O,) was calculated for
Babies 1 and 2.

[0134] While measurements at three different wavelengths
can be taken, it is noted that measurements can be taken at
other numbers of wavelengths. For example, in some embodi-
ments, measurements can be taken at 760 nm and 800 nm.
Furthermore, while the optoacoustic probe described herein
comprises an optical waveguide that turns light generated by
a light source through 90°, it is noted that the light can be
emitted from the probe at any angle from 0° (i.e., straight from
the tip of the probe) to 90°. The particular angle that is used
may depend upon which angle provides the easiest access to
the fetal head and fontanel depending upon fetal head posi-
tion and anatomy.

[0135] Inanother experimental procedure, acoustic signals
were measured from a fetus during late stage labor. The
acoustic response was generated by directing light signals to
tissue at 760 nm, 800 nm, and 850 nm. FIG. 18A shows a
measured differential signal where the signal obtained at 800
nm was subtracted from the signal obtained at 760 nm. FIG.
18B shows a measured differential signal where the signal
obtained at 800 nm was subtracted from the signal obtained at
850 nm. The two peaks shown in each graph may represent
the acoustic response from skin and the acoustic response
from the superior sagittal sinus (SSS). The peak from the SSS
may be used to determine the venous oxygenation of the fetus
at the SSS.

[0136] While preferred embodiments of the present disclo-
sure have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and
substitutions will now occur to those skilled in the art without
departing from the scope of the present disclosure. It should
be understood that various alternatives to the embodiments of
the present disclosure described herein may be employed in
practicing the inventions of the present disclosure. It is
intended that the following claims define the scope of the
invention and that methods and structures within the scope of
these claims and their equivalents be covered thereby.

We claim:

1. A desktop-sized console for monitoring oxygenation of
a subject, said console comprising:

alaser diode subsystem for emitting light pulses directed to
tissue of a subject, the laser diode subsystem comprising

a first laser diode configured to emit a first light pulse
having a first wavelength,

a first thermoelectric cooler coupled to the first laser
diode to regulate a temperature of the first laser diode,

a second laser diode configured to emit a second light
pulse having a second wavelength different from the
first wavelength,

a second thermoelectric cooler coupled to the second
laser diode to regulate a temperature of the second
laser diode,

a first cooling fan, and

at least one controller coupled to the one or more of the
first cooling fan, the first thermoelectric cooler, or the
second thermoelectric cooler to control one or more
of the first cooling fan, the first thermoelectric cooler,
and second thermoelectric cooler to regulate the tem-
peratures of the first and second laser diodes; and
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an acoustic sensor subsystem for measuring acoustic pres-
sure generated in the tissue in response to the emitted
light pulses,

wherein oxygenation of the subject is determined in

response to the received acoustic pressure.

2. The console of claim 1, wherein the laser diode sub-
system further comprises a third laser diode configured to
emit a third light pulse having a third wavelength different
from the first and second wavelengths and a third thermoelec-
tric cooler coupled to the third laser diode to regulate a tem-
perature of the third laser diode, and wherein the at least one
controller is further coupled to the third thermoelectric cooler
to regulate the temperature of the third laser diode.

3. The console of claim 2, wherein the laser diode sub-
system further comprises a first temperature sensor to mea-
sure the temperature of the first laser diode, a second tem-
perature sensor to measure the temperature of the second
laser diode, and a third temperature sensor to measure the
temperature of the third laser diode, and wherein the at least
one controller is configured to regulate the temperatures of
the first, second, and third laser diodes in response to the
temperatures measured by the first, second, and third tem-
perature sensors.

4. The console of claim 1, wherein the first, second, or third
wavelength is in a range of 685 nm to 715 nm, 715 nm to 745
nm, 745 nm to 775 nm, 790 nm to 820 nm, or 845 nm to 875
nm.

5. The console of claim 1, wherein the laser diode sub-
system further comprises a first temperature sensor to mea-
sure the temperature of the first laser diode and a second
temperature sensor to measure the temperature of the third
laser diode, and wherein the controller is configured to regu-
late the temperatures of the first and second laser diodes in
response to the temperatures measured by the first and second
temperature sensors.

6. The console of claim 5, wherein the first or second
wavelength is in a range of 685 nm to 715 nm, 715 nm to 745
nm, 745 nm to 775 nm, 790 nm to 820 nm, or 845 nm to 875
nm.

7. The console of claim 1, further comprising a processor
coupled to the laser diode subsystem to control the laser diode
subsystem and coupled to the acoustic sensor subsystem to
receive the measured acoustic pressure.

8. The console of claim 7, wherein the processor is config-
ured to determine oxygenation of the subject in response to
the measured acoustic pressure.

9. The console of claim 7, further comprising a power
supply coupled to the laser diode subsystem, the acoustic
sensor subsystem, and the processor.

10. The console of claim 7, further comprising a display
coupled to the processor to display the determined oxygen-
ation to a user.

11. The console of claim 10, wherein the display comprises
a touch screen for operating the console.

12. The console of claim 7, further comprising a desktop-
sized housing enclosing the laser diode subsystem, the acous-
tic sensor subsystem, and the processor.

13. The console of claim 12, further comprising a second
cooling fan coupled to one or more of the processor or acous-
tic sensor subsystem for cooling the console.

14. The console of claim 7, wherein the processor is
capable of accessing medical records of the subject.
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15. The console of claim 1, further comprising an output
port for the laser diode subsystem and an input port for the
acoustic sensor subsystem.
16. The console of claim 15, wherein the output port and
the input port are configured to be coupled to a sensor module
or an optoacoustic probe to emit the one or more light pulses
to the tissue of the subject and to receive the acoustic pressure
generated in the tissue.
17. The console of claim 16, wherein the output port and
the input port are configured to be coupled to the sensor
module or optoacoustic probe with a cable comprising one or
more optical fibers.
18. A method of monitoring oxygenation of a subject, said
method comprising:
generating, with a first laser diode, a first light pulse having
a first wavelength;

generating, with a second laser diode, a second light pulse
having a second wavelength different from the first
wavelength;
regulating temperatures of the first and second laser diodes
with a first thermoelectric cooler coupled to the first
laser diode, a second thermoelectric cooler coupled to
the second laser diode, and a first cooling fan;

directing the generated first and second light pulses to
tissue of a subject;

measuring acoustic pressure generated in the tissue in

response to the directed firstand second light pulses; and
determining oxygenation of the subject in response to the
measured acoustic pressure.

19. The method of claim 18, further comprising:

generating, with a third laser diode, a third light pulse

having a third wavelength different from the first and
second wavelengths;

regulating a temperature of the third laser diode with a third

thermoelectric cooler coupled to the third laser diode
and the first cooling fan; and

directing the generated third light pulse to the tissue of the

subject,

wherein the measured acoustic pressure is generated in the

tissue in response to the directed first, second, and third
light pulses.

20. The method of claim 19, further comprising measuring
the temperature of the first laser diode, measuring the tem-
perature of the second laser diode, measuring the temperature
of the third laser diode, and regulating the temperatures of the
first, second, and third laser diodes in response to the tem-
peratures measured.

21. The method of claim 19, wherein the first, second, or
third wavelength is in a range of 685 nm to 715 nm, 715 nm
to 745 nm, 745 nm to 775 nm, 790 nm to 820 nm, or 845 nm
to 875 nm.

22. The method of claim 18, further comprising measuring
the temperature of the first laser diode and the temperature of
the second laser diode, and regulating the temperatures of the
first and second laser diodes are regulated in response to the
temperatures measured.

23. The method of claim 18, wherein the first or second
wavelength is in a range of 685 nm to 715 nm, 715 nm to 745
nm, 745 nm to 775 nm, 790 nm to 820 nm, or 845 nm to 875
nm.

24. The method of claim 18, further comprising displaying
the determined oxygenation of the subject.
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25. The method of claim 18, further comprising regulating
temperatures of the first and second laser diodes with a second
cooling fan.

26. The method of claim 25, wherein the second cooling
fan is enclosed within a housing enclosing the first laser
diode, the second laser diode, and the first cooling fan.

27. The method of claim 18, wherein directing the gener-
ated first and second light pulses to tissue of the subject
comprises directing the first and second light pulses with an
optical waveguide of a sensor module or an optoacoustic
sensor coupled to the first and second photodiodes.

28. The method of claim 27, wherein the acoustic pressure
is measured by an acoustic transducer of the sensor module or
the optoacoustic sensor.
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