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(57) ABSTRACT

Disclosed herein are systems and methods for monitoring
one or more of cerebral oxygenation and total hemoglobin
concentration that can be used to perform accurate, nonin-
vasive measurement of cerebral venous blood oxygen satu-
ration (oxygenation) in neonatal patients. A neonatal cere-
bral oxygenation detection apparatus comprises a wearable
support having a light emitter and an acoustic sensor
coupled thereto. The wearable support can be secured onto
a head of an infant, and the light emitter can be configured
to emit a light toward a superior sagittal sinus of the infant’s
head. The acoustic sensor can be configured to detect
acoustic pressure generated by blood in the superior sagittal
sinus when the superior sagittal sinus blood absorbs the
light. Cerebral oxygenation and/or total hemoglobin con-
centration can be determined based on the acoustic pressure
detected by the acoustic detector.
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SYSTEMS AND METHODS FOR
MEASURING NEONATAL CEREBRAL
OXYGENATION

CROSS-REFERENCE

[0001] This application is a continuation of copending
U.S. Non-Provisional application having Ser. No. 15/067,
707, entitled, “Systems And Methods For Measuring Neo-
natal Cerebral Oxygenation,” and filed Mar. 11, 2016, which
claims the benefit of U.S. Provisional Application No.
62/133,304, filed Mar. 14, 2015 and entitled “Systems and
Methods for Measuring Neonatal Cerebral Oxygenation”,
both of which applications are incorporated herein by ref-
erence.

[0002] The subject matter of this application is related to
the subject matter of the following patents and patent
applications: 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 Oxygenation,” 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 “Continuous Optoacoustic Monitoring of Hemoglo-
bin Concentration and 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,” and U.S. Pat. No. 8,352,005, issued Jan. 8, 2013
and entitled “Noninvasive Blood Analysis by Optical Prob-
ing of the Veins Under the Tongue,” and U.S. patent appli-
cation Ser. No. 12/101,891, filed Apr. 11, 2007 and entitled
“Optoacoustic Monitoring of Multiple Parameters,” Ser. No.
14/793,969, filed Jul. 8, 2015 and entitled “Systems and
Method for Measuring Fetal Cerebral Oxygenation,” Ser.
No. 14/794,022, filed Jul. 8, 2015 and entitled “Systems and
Method for Measuring Oxygenation,” and Ser. No. 14/794,
037, filed Jul. 8, 2015 and entitled “Systems and Method for
Measuring Oxygenation,” the contents of which are fully
incorporated herein by reference.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

[0003] This invention was made with the support of the
United States government under grant/contract number
1R41HD076568-01, awarded by the National Institutes of
Health (NIH). The government has certain rights in the
invention.

BACKGROUND

[0004] Cerebral hypoxia is a risk factor for death or severe
neurologic complications (e.g., cerebral palsy) for low birth
weight neonatal infants. Unfortunately, the ability of the
cerebral vasculature of low birth weight neonates to main-
tain adequate cerebral blood flow is poorly understood.
Although clinical studies have been performed with classical
Kety-Schmidt methodology, Doppler ultrasound, positron
emission tomography. perfusion computed tomography,
magnetic resonance imaging and near-infrared (NIR) spec-
troscopy, there is currently no technique for easily, repeat-
edly and noninvasively monitoring or measuring cerebral
circulatory adequacy in low birth weight infants. NIR spec-
troscopic techniques that rely on returning or transmitted
light have limited ability to separate the signal derived from
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venous saturation, which reflects tissue oxygen uptake, and
arterial saturation, which represents a component of oxygen
supply. Moreover, the relative proportions of venous to
arterial blood are altered by changes in body position,
cerebral venous pressure (CVP), and cerebral vasodilatory
stimuli.

[0005] In view of the above, it would be desirable to
provide systems and methods for continuously monitoring
cerebral oxygen in such patients. Ideally, such systems and
methods can provide continuous monitoring of cerebral
oxygen in the first 48 hours after birth, during which cerebral
circulatory function must rapidly adapt to the change from
the placental circulation to independent control of blood
pressure. Evidence of cerebral ischemia can prompt therapy
to increase cerebral blood flow.

[0006] References that may be of interest 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, 8,332,006, 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 moni-
toring of cerebral blood oxygenation in ovine superior
sagittal sinus with novel multi-wavelength optoacoustic
system” to Petrov et al. (27 Apr. 2009/Vol. 17, No. 9/0OP-
TICS EXPRESS 7285) and “Noninvasive optoacoustic
monitoring of cerebral venous blood oxygenation in new-
borns” to Petrov et al. (Proc. SPIE 8223, Photons Plus
Ultrasound: Imaging and Sensing 2012, 82231M (Feb. 9,
2012)).

SUMMARY

[0007] Disclosed herein are systems and methods for
monitoring cerebral oxygenation that can be used to perform
accurate, noninvasive measurement of cerebral venous
blood oxygen saturation in neonatal patients. In particular,
disclosed herein are systems and methods for providing
optoacoustic measurement of the superior sagittal sinus
(SSS) of a neonate’s head in order to determine cerebral
venous oxygen saturation. Such a measurement technique
provides high contrast and high resolution that enables direct
probing of blood vessels. Because cerebral venous desatu-
ration provides direct evidence that cerebral oxygen avail-
ability is insufficient to satisfy cerebral oxygen require-
ments, decreasing SSS oxygenation (SSS(SO,)) can provide
an early warning of neonatal cerebral hypoxia.

[0008] Aspects of the present disclosure provide neonatal
cerebral oxygenation monitoring apparatuses. An exemplary
detection apparatus may comprise a wearable support, a
light emitter, and an acoustic sensor. The wearable support
may be configured to be secured onto a head of an infant.
The light emitter may be configured to emit light and
coupled to the support such that when the support is secured
onto the infant’s head, the light can be emitted toward a
superior sagittal sinus of the infant’s head. The acoustic
sensor may be configured to detect acoustic pressure gen-
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erated by blood in the superior sagittal sinus when the
superior sagittal sinus blood absorbs the light signal.
[0009] The emitter may be coupled to the support such
that the emitter emits the light from a posterior portion of the
infant’s head when the support is secured onto the infant’s
head. The emitter may be configured to emit the light toward
a posterior fontanelle of the infant’s head. Alternatively or in
combination, the emitter may be coupled to the support such
that the emitter emits the light from a superior portion of the
infant’s head when the support is secured onto the infant’s
head. And, the emitter may be configured to emit the light
toward an anterior fontanelle of the infant’s head. The
acoustic sensor may be coupled to the support such that the
acoustic sensor detects the acoustic pressure from an ante-
rior portion of the infant’s head when the support is secured
onto the infant’s head.

[0010] The apparatus may further comprise a processor
configured to determine one or more of venous oxygenation
and total hemoglobin concentration in response to the
detected acoustic pressure. The apparatus may further com-
prise a cable coupling the processor to the acoustic sensor.
The emitter may comprise a optic waveguide such as fiber
optic-based and/or non-fiber waveguides. Alternatively no
waveguide(s) can be used and light is delivered through air.
[0011] The wearable support may comprise a head band or
a head cap. The head cap may comprise a central band
adapted to form a continuous loop around the infant’s head.
The head cap may further comprise a sagittal band extending
between front and back sides of the central band to form a
path across a top of the infant’s head. The head cap may
further comprise a web extending upward and rearward from
the central band to wrap around a rear of the infant’s head
above the central band. The head cap may be configured to
cover the entirety of the infant’s head superior to the central
band. The wearable support may comprise a pillow and a
headband extending from the pillow.

[0012] Aspects of the present disclosure also provide
methods for monitoring one or more of cerebral oxygenation
or total hemoglobin concentration of an infant. Light may be
emitted from a light emitter secured to a head of the infant
with a wearable support secured onto the infant’s head. The
light may be emitted toward a superior sagittal sinus of the
infant’s head. An acoustic pressure generated by blood in the
superior sagittal sinus in response to the emitted light may
be detected with an acoustic sensor secured to the infant’s
head with the wearable support. Cerebral oxygenation and/
or total hemoglobin concentration may be determined in
response to the detected acoustic pressure.

[0013] The light may be emitted from a posterior portion
of the infant’s head and/or a superior portion of the infant’s
head. The light signal may be emitted toward a posterior
fontanelle of the infant’s head and/or an anterior fontanelle
of the infant’s head. The acoustic pressure may be detected
from an anterior portion of the infant’s head.

[0014] The wearable support may be configured to be
secured onto the infant’s head. The cerebral oxygenation
determined may comprise venous oxygenation.

[0015] Aspects of the present disclosure also provide
methods for monitoring one or more of cerebral oxygenation
or total hemoglobin concentration of an infant. A wearable
support may be secured onto a head of the infant. To secure
the wearable support, a light emitter coupled to the wearable
support may be positioned to a first predetermined position
relative to the infant’s head and an acoustic sensor coupled
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to the wearable support may be positioned to a second
predetermined position relative to the infant’s head. The
light emitter may emit light toward a superior sagittal sinus
of the infant’s head, and the acoustic sensor may detect
acoustic pressure generated by blood in the superior sagittal
sinus when the superior sagittal sinus blood absorbs the
light. Cerebral oxygenation and/or total hemoglobin con-
centration may be determined in response to the detected
acoustic pressure.

[0016] The light may be emitted from a posterior portion
of the infant’s head and/or a superior portion of the infant’s
head. The light may be emitted toward a posterior fontanelle
of the infant’s head and/or an anterior fontanelle of the
infant’s head. The acoustic pressure may be detected from
an anterior portion of the infant’s head.

[0017] The wearable support may be configured to be
secured onto the infant’s head. The cerebral oxygenation
determined may comprise venous oxygenation.

[0018] The first predetermined position may be on a first
side of the infant’s head, and the second predetermined
position may be on a second side opposite the first side.
Alternatively, the first predetermined position and the sec-
ond predetermined position are on a same side of the infant’s
head. And, the first predetermined position may be adjacent
the second predetermined position.

INCORPORATION BY REFERENCE

[0019] All publications, patents, and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publica-
tion, patent, or patent application was specifically and indi-
vidually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The novel features of the present disclosure are set
forth with particularity in the appended claims. The present
disclosure may be better understood with reference to the
following figures. Matching reference numerals designate
corresponding parts throughout the figures, which are not
necessarily drawn to scale. A better understanding of the
features and advantages of the present disclosure will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

[0021] FIG. 1 shows a schematic diagram of a system for
optoacoustically measuring cerebral oxygenation of a neo-
nate.

[0022] FIGS. 2A and 2B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.

[0023] FIGS. 3A and 3B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.

[0024] FIGS. 4A and 4B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.

[0025] FIGS. 5A and 5B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.

[0026] FIGS. 6A and 6B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.
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[0027] FIGS. 7A and 7B show a system for measuring
neonatal cerebral oxygenation, according to many embodi-
ments.

[0028] FIG. 8 shows a flowchart of a method for optoa-
coustic monitoring of cerebral oxygenation of an infant,
according to many embodiments.

[0029] FIG. 9A is a graph showing typical optoacoustic
signals recorded at 1064 nm from sheep SSS at different
levels of SSS(SO,), according to many embodiments.
[0030] FIG. 9B is a graph demonstrating changes in the
peak-to-peak amplitude of the optoacoustic signal during
two cycles of variation of blood oxygenation, according to
many embodiments.

[0031] 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.
[0032] 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.

[0033] FIG. 11A is a graph representing a normalized
optoacoustic signal from the SSS of an infant, recorded
using an optoacoustic system as described herein, according
to many embodiments.

[0034] FIG. 11B is a graph presenting an optoacoustic
signal from the SSS of an infant, recorded using an optoa-
coustic system as described herein, according to many
embodiments.

[0035] FIG.12Ais a graph showing a typical optoacoustic
signal from the SSS of an infant, recorded using an optoa-
coustic system in the reflection mode as described herein,
according to many embodiments.

[0036] FIG.12B is a graph showing a typical optoacoustic
signal from the SSS of an infant, recorded using an optoa-
coustic system in the transmission mode as described herein,
according to many embodiments.

[0037] FIGS. 13A and 13B are graphs showing the con-
tinuous, real-time monitoring of SSS blood oxygenation in
low birth weight infants, using an optoacoustic system as
described herein, according to many embodiments.

[0038] FIGS. 14A and 14B are graphs demonstrating the
monitoring of SSS(SO,) over time in 18 low birth weight
and very low birth weight neonates, according to many
embodiments.

DETAILED DESCRIPTION

[0039] As described above, it would be desirable to con-
tinuously measure neonatal cerebral oxygenation. Disclosed
herein are systems and methods that are well suited for this
purpose. In one embodiment, a system for measuring neo-
natal cerebral oxygenation comprises a light source and an
acoustic sensor that are applied to a neonatal infant’s head.
The light source and acoustic sensor can be held in the
correct positions on the head using an apparatus, such as a
cap, band, or pillow, specifically designed for that purpose.
In some embodiments, the apparatus holds the light source
at the rear of the infant’s head and holds the acoustic sensor
at the front of the infant’s head (or vice versa) for transmis-
sion mode monitoring. In other embodiments, the apparatus
holds the light source and the acoustic sensor at the same
point of the infant’s head for reflection mode monitoring.

[0040] In the following disclosure, various specific
embodiments are described. It is to be understood that those
embodiments are example implementations of the disclosed
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inventions and that alternative embodiments are possible.
All such embodiments are intended to fall within the scope
of this disclosure.

[0041] Disclosed herein are systems and methods for
monitoring cerebral oxygenation that can be used to perform
accurate, noninvasive measurement of cerebral venous
blood oxygen saturation in neonatal patients. Cerebral
venous oxygen saturation provides in a single number 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 optoa-
coustic 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 evi-
dence that cerebral oxygen availability is insufficient to
satisfy cerebral oxygen requirements, decreasing SSS oxy-
genation (SSS(S0,)) can provide an early warning of neo-
natal cerebral hypoxia. 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 hemoglobin in the SSS can be accurately
determined.

[0042] FIG. 1 shows a schematic diagram of a system 200
for optoacoustically measuring cerebral oxygenation (e.g.,
SSS(S0,)) of a neonate. The system 200 may comprise a
console 210 and a patient interface such as a wearable
support 250 operatively coupled with one or more wire or
cable connections, such as cable 265 and cable 275. The
console 210 may comprise a console comprising one or
more subsystems or components configured to provide mea-
surement of cerebral oxygenation in a neonatal patient PA
via the wearable support 250. The console 210 may com-
prise a computer board or processor 215, a user interface
220, a power supply subsystem 230, a laser emitter or diode
subsystem 235, and an acoustic sensor subsystem 240. The
processor 215 may be in communication with the one or
more subsystems or components of the console 210, 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 215 may further comprise an audio port to output
alarms and message(s) through a speaker. The power supply
subsystem 230 may be configured to provide power to one
or more components of the system 210, such as the proces-
sor, user interface, laser diode subsystem, and acoustic
sensor subsystem. The power supply subsystem 230 may be
configured 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.

[0043] The wearable support 250 may comprise one or
more components configured to be worn securely by the
patient during measurement with the system, such as one or
more of a head cap, headband, and a pillow as described
herein. The wearable support can support a light emitter 260
and an acoustic sensor 270 as described in further detail
herein. In particular, the wearable support can be adapted to
support the light emitter and the acoustic sensor in particular,
predetermined positions and/or orientations with respect to
the patient’s head.
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[0044] The light emitter 260 may be configured to emit
light pulses or modulated continuous wave light directed at
the target tissue. The light output may output light from a
pulsed light source or modulated continuous wave light
source. The light source may comprise, for example, a laser,
an array of lasers, a light emitting diode (LED), a light
emitting diode (LED) array, a pulsed laser diode array
configured to generate light pulses or modulated continuous
wave light at one or more wavelengths, a flash lamp, a
filtered light source, or other light source, to name a few. The
light emitter can be connected to the console 210 via a fiber
optic cable, for example. The light source may comprise the
laser emitter subsystem 235 of the console 210. The acoustic
sensor 270 can comprise, for example, a piezoelectric sen-
sor, an acoustic sensor based on optical detection of acoustic
waves, or another sensor of acoustic waves, connected to the
console via a multiwire shielded cable. The cables 265 and
276 connecting the wearable support 250 and the console
210 may comprise connectors to removably couple the
cables to the console.

[0045] A user of the system 200, such as medical person-
nel trained to operate the system, can interact with the
system via the user interface 220. The user interface 220
may, for example, comprise a display 225 such as a backlit
LCD with a touch screen configured to receive one or more
inputs from the user. The user interface 220 may further
comprise hardware 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 220 may also comprise an
input for data such as patient identification, time, tempera-
ture, etc. The processor 215 can receive user input via the
user interface 220, and transmit instructions based on the
user input to one or more subsystems, such as the laser
emitter subsystem 235, acoustic sensor subsystem 240,
and/or power supply subsystem 230. Based on instructions
received from the processor 215, the laser emitter subsystem
235 may generate and emit light pulses which may be
directed to a target tissue of the patient PA through the
wearable support 250. The light pulses can be conducted
through the cable connection 265, such as a fiber optic cable
and/or a multiwire shielded cable, to the wearable support
250. For example, the light pulses can be transmitted to the
light emitter 260 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 wearable support 250 can detect the
acoustic pressure from the target tissue and transmit the
acoustic signals back to the console 210, for example via the
cable connection 275 to the acoustic sensor subsystem 240.
The wearable support 250 can comprise, for example, the
acoustic sensor 270 such as a wide-band ultrasound trans-
ducer, configured to detect and digitize the acoustic pressure.
The acoustic sensor subsystem 240 can receive and/or at
least partially process the measured acoustic pressure sig-
nals, then digitize the signals, and transmit the signals to the
processor 215 for further processing and analysis. The
processor 215 can, for example, compute the venous oxygen
saturation from the measured acoustic pressure, and transmit
results of the measurement to the user interface 220 to be
displayed to the user via the display 225. The display 225
may be configured to display oxygen saturation readings
(e.g., venous oxygen saturation readings) or other physi-
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ological parameters continuously, with updates once per
minute, for example. In some embodiments, the system 200
may further comprise a communications subsystem to com-
municate 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 analyzed with
another computerized system in communication with the
system 200.

[0046] The system 200 may be configured to have a
compact size to accommodate limited spaces available in
transport vehicles, forward aid stations, or intensive care
units. For example, the console 210 may be desktop-sized.
Components of the system 200 may be ergonomically
designed so as to allow easy operation for medical personnel
who may be generally unfamiliar with optoacoustic mea-
surements. The display 225 of the system 200 can provide
user guidance for use of the system 200, as well as display
the status of various alarms of the system 200, in order to
help users understand causes of the alarms and take appro-
priate remedial actions. The system 200 may be configured
to allow up to about 24 hours (or more) of continuous
monitoring without changing locations, for example. A
power loss alarm may be implemented with the system 200,
in order to alert the user of signal loss or cable disconnection
during monitoring. The system 200 may further be config-
ured to have a user-selectable transport mode that can
support battery-operated use of the system 200 for up to
about one hour. In the transport mode, the system 200 may
be configured to operate with low power (e.g., lower power
than in the operational mode), and the power loss alarm may
be disabled. The system 200 may be further configured to
allow users to input patient identification data, access patient
medical records, and download the measurement data col-
lected during the monitoring process for archival and evalu-
ation purposes, for example through the communications
subsystem described above.

[0047] The system 200 may be configured to monitor
various physiological parameters. In many embodiments,
oxygen saturation is measured. For example, venous oxygen
saturation in the range from about 20% to about 100%
(calculated as oxyhemoglobin+total hemoglobin concentra-
tion [THb], as described further herein) may be measured.
The system 200 may have an accuracy of about +/-3% over
the saturation range from about 40% to about 90%, for
example.

[0048] The acoustic sensor subsystem 240 may receive
acoustic signals from the acoustic sensor 270 of the wear-
able support 250. The acoustic sensor subsystem 240 may
comprise a one or more signal amplifiers configured to
provide a gain for the received signals. 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 240 may comprise a high speed
digitizer that may sample the amplified acoustic signal from
the amplifier. This sampling may be performed at a mini-
mum rate 20 MHz, for example. The digitizer may receive
a trigger signal from the laser emitter subsystem 235 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
215 for waveform averaging. Often, the acoustic signals
generated by the target tissue is low level and averaging
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readings over hundreds of repetitive cycles can extract the
waveform out of background noise.

[0049] Described below are embodiments of systems for
measuring neonatal cerebral oxygenation that can be used to
continuously monitor neonatal SSS(SO,) in a continuous
fashion. FIGS. 2-5 are systems that monitor SSS(SO,) in a
transmission mode while FIGS. 6 and 7 illustrate systems
that monitor SSS(SQO,) in a reflection mode.

[0050] FIGS. 2A and 2B illustrate a first embodiment of a
system 10 for measuring neonatal cerebral oxygenation. As
indicated in the figure, the system 10 generally comprises a
light emitter 12, an acoustic sensor 14, and a head cap 16 that
supports the light emitter and acoustic sensor in desired
positioned relative to the infant’s head. The system 10 may
be a portion of the optoacoustic monitoring system 200 as
shown in FIG. 10, wherein light emitter 12 corresponds to
light emitter 260, acoustic sensor 14 corresponds to acoustic
sensor 270, and head cap 16 corresponds to wearable
support 250.

[0051] The light emitter 12 is configured to emit light,
such as near infrared (NIR) laser light, that is generated by
a light source, such as a laser (not shown). The light from the
source can be provided to the light emitter 12 using a cable
18 that contains an optic waveguide (fiber-based or non-
fiber-based) and one or more electrical wires. Because the
light emitter 12 contacts the infant’s head, the emitted light
is transmitted into the head and the tissues within the brain.
The absorption of the light’s energy in a medium is followed
by thermal expansion of the irradiated medium, in this case
the SSS, which induces mechanical stress that propagates in
the form of acoustic (e.g., ultrasonic) pressure waves. These
waves travel through the brain tissue with minimal scatter-
ing and can be transmitted to and detected by the acoustic
sensor 14, which converts the waves into electrical signals
that can be provided to a computer (not shown) for process-
ing.

[0052] In some embodiments, the light emitter 12 com-
prises a housing that at least partially encloses the distal
portion of the cable 18 that connects to the light emitter. At
least one optical fiber of the fiber optic waveguide may be
configured to protrude distally through the housing, in order
to minimize optical energy losses in the hair of the subject.
When the light emitter is placed against the head of the
subject, the protruding fiber can reach the scalp surface
through hair to establish direct contact with the scalp. The
direct contact between the fiber and the scalp can help
reduce energy loss associated with absorption by hair,
thereby resulting in better delivery of light to the SSS.
[0053] Insome embodiments, the fiber optic waveguide of
the cable 18 comprises a plurality of optical fibers, wherein
each of the plurality of fibers is irradiated sequentially. For
example, one fiber may be aligned directly above the SSS,
such that the SSS can be illuminated with high specificity
while minimizing the influence of signals from non-SSS
areas.

[0054] In some embodiments, the emitted light is within
the low end of the NIR spectral range, such as approximately
600 to 1300 nm. Light in such a wavelength range has deep
penetration in tissues, which is sufficient for optoacoustic
monitoring of hemoglobin saturation. The amount of laser
energy applied for monitoring is small and cannot induce
any thermal or mechanical damage to a patient’s skin or a
patient’s or operator’s ocular tissues because laser fluence
levels are well below the maximum permissible exposures
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(MPE) for ocular tissues. In some embodiments, the laser
energy is delivered at a power of approximately 1 ul to 1ml.

[0055] Oxyhemoglobin and deoxyhemoglobin have high
absorption coeflicients in the visible and NIR spectral range.
Therefore, both the amplitude and spatial distribution of the
generated optoacoustic pressure induced in blood are depen-
dent on total hemoglobin concentration [THb] and hemo-
globin saturation (calculated as oxyhemoglobin [THb]). The
high resolution of the disclosed measurement technique
enables direct measurement of [THb] and saturation 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 nm (isosbestic point where oxy- and deoxyhe-
moglobin have equal absorption) and 700, 730, and 760 nm,
which are wavelengths at which oxy- and deoxyhemoglobin
have strong differences in absorption.

[0056] Laser optoacoustic imaging techniques combine
the merits of optical tomography (high optical contrast) and
ultrasound imaging (minimal scattering of acoustic waves)
to yield a noninvasive diagnostic modality with high con-
trast, sensitivity, and resolution. The high resolution, sensi-
tivity, and contrast of optoacoustic techniques provide moni-
toring of [THb], oxygenated and deoxygenated hemoglobin
with excellent accuracy, specificity and sensitivity. Trans-
mission of ultrasound signals in a straight line differentiates
optoacoustic measurements from pure optical techniques in
which both incident and returning optical signals are scat-
tered by passage through tissue. Optoacoustic imaging can
visualize structures in optically turbid and opaque tissues at
depths as great as several centimeters with a spatial resolu-
tion =0.5 mm and can reconstruct optoacoustic images. In
summary, the merits of optoacoustic monitoring include: (1)
noninvasiveness, (2) accurate, quantitative measurements,
(3) continuous, real-time monitoring, (4) high spatial reso-
lution, and (5) compact dimensions.

[0057] As mentioned above, the acoustic sensor 14 detects
the ultrasonic waves that are generated by the SSS of the
neonate. In some embodiments, the acoustic sensor 14
comprises a piezoelectric transducer that uses the piezoelec-
tric effect to measure changes in pressure, acceleration,
strain, or force and convert them into an electrical signal.
The electrical signals generated by the acoustic sensor 14
can be transmitted to another device, such as a computer,
using one or more electrical wires that extend through the
cable 18.

[0058] As mentioned above, the head cap 16 is adapted to
support the light emitter 12 and acoustic sensor 14 in desired
locations on the infant’s head to facilitate optoacoustic
imaging. In the illustrated embodiment, the light emitter 12
is positioned at the rear (e.g., occipital region) of the infant’s
head and the acoustic sensor 14 is positioned at the front
(e.g., forehead) of the infant’s head. With such a configu-
ration, transmission mode optoacoustic imaging can be
performed. While the light emitter 12 and the acoustic
sensor 14 may not be in direct alignment with each other, the
ultrasound signals radiate in all directions within the brain
and therefore can be adequately detected by the acoustic
Sensor.

[0059] The light emitter 12 may be positioned near the
posterior fontanelle of the infant’s head, or at the inion
region to target the SSS or the confluence of the sinuses. In
some cases, targeting the confluence of sinuses may be
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preferable as the confluence of sinuses represents a larger
optoacoustic source compared to the SSS.

[0060] As shown in FIGS. 2A and 2B, the head cap 16
generally comprises a narrow central band 20 that forms a
continuous loop adapted to wrap around the head like an
conventional headband (from the forehead, over the ears,
and to the base of the skull) and a narrow auxiliary band 22
that extends upward and rearward from the central band so
as to wrap around the rear of the head above the central
band. In the illustrated embodiment, the auxiliary band 22
extends upward and rearward at an angle of approximately
30°to 60° (e.g., 45°) relative to the central band 20 (see FIG.
2A). The acoustic sensor 14 is securely mounted to a front
end of the central band 20 in a manner in which the sensor
makes contact with the front of the head. The light emitter
12, on the other hand, is securely mounted to the middle of
the auxiliary band 22 in a manner in which the emitter makes
contact with the rear of the head. The head cap 16 is made
of one or more pieces of soft fabric that is comfortable even
if wormn for extended periods of time. The fabric can com-
prise natural or synthetic fibers, or a blend of the two. By
way of example, the fabric can comprise a fabric blend. In
some embodiments, the head cap 16 further includes elastic
fibers or an elastic material that enables a snug fit on the head
so prevent undesired movement of the light emitter 12
and/or acoustic sensor 14.

[0061] As is further shown in FIGS. 2A and 2B, the cap 16
can further include a sagittal band 24 that extends from the
front of the central band 20 to center of the auxiliary band
22 and the rear of the central band along a path across the
top of the head from front to back (i.e., in the sagittal plane).
The sagittal band 24 can be used to adjust the fit of the cap
16 on the head to ensure the light emitter 12 and acoustic
sensor 14 are in the correct positions. In some embodiments,
the sagittal band 24 can be elastic.

[0062] FIGS. 3A and 3B show a further embodiment of a
system 30 for measuring neonatal cerebral oxygenation that
can be used to continuously monitor neonatal SSS(SO,). As
indicated in these figures, the system 30 also generally
comprises a light emitter 32, an acoustic sensor 34, a head
cap 36, and a cable 38. The light emitter 32, acoustic sensor
34, and cable 38 can each be configured in the same manner
as the like-named components described above in relation to
FIGS. 2A and 2B. The head cap 36, however, has a different
construction. Like the head cap 16, the head cap 36 com-
prises a central band 20 that forms a continuous loop adapted
to wrap around the head like a conventional headband.
However, instead of a narrow auxiliary band that extends
upward and rearward from the central band, the cap includes
a rear web 42 that extends upward from the rear of the
central band so as to cover the entire rear portion of the head
above the central band. As with the previous embodiment,
the acoustic sensor 34 is securely mounted to a front end of
the central band 40 in a manner in which the sensor makes
contact with the front of the head. The light emitter 12,
however, is securely mounted to an upper portion of the web
42 in a manner in which the emitter makes contact with the
rear of the head. The cap 36 can be made from materials
similar to those described above in relation to FIGS. 2A and
2B. Accordingly, the cap 36 can comprise natural and/or
synthetic fibers and may or may not be elastic. Notably, the
cap 36 can include a sagittal band like the cap 16.

[0063] FIGS. 4A and 4B show another embodiment of a
system 50 for measuring neonatal cerebral oxygenation that
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can be used to continuously monitor neonatal SSS(SQO,). As
indicated in these figures, the system 50 also generally
comprises a light emitter 52, an acoustic sensor 54, a head
cap 56, and a cable 38. The light emitter 52, acoustic sensor
54, and cable 58 can each be configured in the same manner
as the like-named components described above in relation to
FIGS. 2A and 2B. The head cap 36, however, has a different
construction. In this embodiment, the cap 56 comprises a
continuous cap that covers the entire head in similar manner
to a winter cap. The light emitter 52, is securely mounted to
a rear upper portion of the cap 56 in a manner in which the
emitter makes contact with the rear of the head, while the
acoustic sensor 54 is securely mounted to a front lower
portion of the cap in a manner in which the sensor makes
contact with the front of the head. The cap 36 can be made
from materials similar to those described above in relation to
FIGS. 2A and 2B. Accordingly, the cap 56 can comprise
natural and/or synthetic fibers and may or may not be elastic.
[0064] FIGS. 5A and 5B show yet another embodiment of
a system 60 for measuring neonatal cerebral oxygenation
that can be used to continuously monitor neonatal SSS
(SO,). As indicated in these figures, the system 50 also
generally comprises a light emitter 62, an acoustic sensor 64,
an apparatus 66 for supporting the emitter and sensor, and a
cable 68. The light emitter 52, acoustic sensor 54, and cable
58 can each be configured in the same manner as the
like-named components described above in relation to FIGS.
2A and 2B. The apparatus 66, however, does not comprise
a head cap. Instead, the apparatus 66 comprises a pillow 70
from which extends a headband 72. As shown in FIG. 5A,
the light emitter 62 is mounted on or in the pillow 70 so that
it makes contact with the rear of the infant’s head when the
head is laid upon the pillow while the infant is on its back.
The acoustic sensor 64 is securely mounted to a front end of
the headband 72 in a manner in which the sensor makes
contact with the front of the head.

[0065] The apparatus 66 can also be made from materials
similar to those described above in relation to FIGS. 2A and
2B. Accordingly, the pillow 70 and/or headband 72 can
comprise natural and/or synthetic fibers and may or may not
be elastic. The pillow 70 can also comprise natural and/or
synthetic cushion material that supports the infant’s head.
[0066] Each of the above-described embodiments operate
in a transmission mode in which acoustic pressure waves
travel to an acoustic sensor that is positioned on an opposite
side of the infant’s head from where the light emitter is
located. It is noted that a reflective mode can be used in
which both the acoustic sensor and the light emitter are
located on the same side, and even at the same point, of the
infant’s head. FIGS. 6 and 7 illustrate examples of such
embodiments.

[0067] FIGS. 6A and 6B show an embodiment of a system
80 for measuring neonatal cerebral oxygenation that can be
used to continuously monitor neonatal SSS(SQO,). As indi-
cated in these figures, the system 80 is very similar to the
system 30 shown in FIG. 3. Accordingly, the system 80
generally comprises a light emitter 82, an acoustic sensor 84,
a head cap 86, and a cable 88. The head cap 86 comprises
a central band 90 that forms a continuous loop adapted to
wrap around the head like a conventional headband and a
rear web 92 that extends upward from the rear of the central
band so as to cover the entire rear portion of the head above
the central band. Unlike the system 30, however, both the
light emitter 82 and the acoustic sensor 84 are mounted to an
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upper portion of the web 92. For example, as shown, both
the light emitter and the acoustic sensor can be positioned at
a posterior portion of the infant’s head, such as near the
posterior fontanelle of the infant’s head. The cap 86 can be
made from materials similar 1o those described above.
Accordingly, the cap 86 can comprise natural and/or syn-
thetic fibers and may or may not be elastic.

[0068] FIGS. 7A and 7B show a further embodiment of a
system 100 for measuring neonatal cerebral oxygenation
that can be used to continuously monitor neonatal SSS
(S80,). As indicated in these figures, the system 100 is very
similar to the system 50 shown in FIG. 4. Accordingly, the
system 100 generally comprises a light emitter 102, an
acoustic sensor 104, a head cap 106, and a cable 108. The
head cap 106 comprises a continuous cap that covers the
entire head in similar manner to a winter cap. Both the light
emitter 102 and the acoustic sensor 104 are mounted to a
front upper portion of the cap 106 near the anterior fonta-
nelle of the infant’s head where there is little bone to
attenuate the light or acoustic pressure waves. The cap 106
can be made from materials similar to those described
above. Accordingly, the cap 106 can comprise natural and/or
synthetic fibers and may or may not be elastic.

[0069] In any embodiment of a monitoring system as
described herein, a processor may be communicatively
coupled with the acoustic detector to receive and process the
detected signals. For example, the processor may be con-
figured with instructions to determine total hemoglobin
concentration [ THb] and hemoglobin saturation (calculated
as oxyhemoglobin concentration (JoxyHb]+[THb])) based
on the detected signals, wherein the detected signals com-
prise the amplitude and temporal profile of the optoacoustic
pressure waves induced by the irradiation of the target
medium. As described herein, the absorption of light energy
is followed by thermal expansion of the medium (such as the
SS8), which in turn induces mechanical stress that propa-
gates in the form of acoustic pressure waves. The pressure
rise, P(z), in a medium induced by a short optical pulse with
the incident fluence F, upon condition of stress confinement
can be modeled as follows:

P(@)=pe,”/CuF=TuF(@)=TuF, exp(-p.z) (Eq. 1)

wherein pB[1/° C.] is the thermal expansion coefficient; c;
[cm/s] is the speed of sound; C,, [J/g® C.] is the heat capacity
at constant pressure; F(z) [J/cm?] is the fluence of the optical
pulse; and p, [em™] is the absorption coeflicient of the
medium. The optoacoustic pressure in Eq. 1 can be
expressed in J/cm® or in bar (1 J/em®=10 bar). The expres-
sion (Bcsz/Cp) in Eq. 1 represents the dimensionless Grii-
neisen parameter, I. The exponential attenuation of the
optical radiation in the medium is represented by exp(-LL,7).
Recording and analyzing the amplitude and temporal profile
of optoacoustic waves permits calculation of the absorption
coeflicient of the irradiated medium.

[0070] Most tissues are strongly scattering media in the
visible and NIR spectral range. Three major optical param-
eters are responsible for distribution of light in tissues: the
absorption coeflicient (u,), scattering coefficient (us), and
effective attenuation coefficient (p, ). The effective attenu-
ation coefficient is related to L, 1, and the anisotropy factor

(g) thusly:
= {paliatn1-2)1} (Eq. D)

wherein i (1-g) is the reduced scattering coefficient, p .
Light penetration depth in tissues is defined as 1/
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[0071] As described herein, oxyhemoglobin (oxyHb) and
deoxyhemoglobin (deoxyHb) have high absorption coefi-
cients in the visible and NIR spectral range. Therefore, based
on Equations 1 and 2, the measured amplitude and spatial
distribution of optoacoustic pressure induced by irradiation
can be used to calculate total hemoglobin concentration and
saturation.

[0072] FIG. 8 shows a flowchart of a method 800 for
optoacoustic monitoring of cerebral oxygenation and/or
total hemoglobin concentration of an infant.

[0073] In step 805, a wearable support is secured the
infant’s head, wherein the wearable support comprises a
light emitter and an acoustic sensor as described herein. For
example, the wearable support may comprise a headband, a
head cap, and/or a pillow as described, having the light
emitter and the acoustic sensor integrated therein.

[0074] Securing the wearable support to the infant’s head
may comprise positioning the light emitter to a first prede-
termined position relative to the infant’s head, such that the
light emitter emits light toward a superior sagittal sinus of
the infant’s head. For example, the first predetermined
position may comprise a posterior portion of the infant’s
head, such as the posterior fontanelle, or a superior portion
of the infant’s head, such as the anterior fontanelle. Securing
the wearable support to the infant’s head may further
comprise positioning the acoustic sensor to a second prede-
termined position relative to the infant’s head, such that the
acoustic sensor can detect the acoustic pressure generated by
blood in the superior sagittal sinus in response to the light.
For example, the second predetermined position may com-
prise an anterior portion of the infant’s head, such as the
forehead, a superior portion of the infant’s head, such as the
anterior fontanelle, or a posterior portion of the infant’s
head, such as the posterior fontanelle. The first predeter-
mined position and the second position may be different and
substantially opposite one another for transmission mode
measurements. Alternatively, the first predetermined posi-
tion and the second predetermined position may be substan-
tially the same position or adjacent positions in close prox-
imity to one another for reflection mode measurements.

[0075] In step 810, the light emitter emits light toward the
superior sagittal sinus (SSS) of the infant’s head. Light of
one or more wavelengths may be emitted towards the SSS,
such as any wavelength within a range from about 600 nm
to about 1100 nm. A plurality of light pulses of different
wavelengths may be sequentially emitted towards the SSS,
as described herein.

[0076] Instep 815, the acoustic sensor detects the acoustic
pressure generated by blood in the SSS in response to the
emitted light. The acoustic sensor may be configured to
receive pressure waves and convert the pressure waves into
electrical signals. The electrical signals may be transmitted
to a processor communicatively coupled to the acoustic
Sensor.

[0077] In step 820, the cerebral oxygenation and/or total
hemoglobin concentration of the infant is determined based
on the detected acoustic pressure. This step may be per-
formed by a processor communicatively coupled to the
acoustic sensor, configured to apply one or more algorithms
as described herein to the signals received from the acoustic
sensor to determine one or more parameters of cerebral
oxygenation (e.g., total hemoglobin concentration and/or
saturation).
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[0078] 1In step 825, the cerebral oxygenation and/or total
hemoglobin concentration of the infant may be displayed to
a user of the optoacoustic system. For example, the optoa-
coustic signal and/or the total hemoglobin concentration and
saturation may be displayed via a monitor communicatively
coupled to the processor configured to perform step 820. The
display may be updated at predetermined time intervals to
provide continuous, substantially real-time monitoring of
cerebral oxygenation of the infant.

[0079] Although the above steps show the method 800 of
monitoring cerebral oxygenation and/or total hemoglobin
concentration in an infant using an optoacoustic system in
accordance with many embodiments, a person of ordinary
skill in the art will recognize many variations based on the
teachings described herein. The steps may be completed in
a different order. Steps may be added or deleted. Some of the
steps may comprise sub-steps. Many of the steps may be
repeated as often as beneficial to the measurement(s).
[0080] One or more of the steps of the method 800 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
800, 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 array, for example.

[0081] Aspects of the present disclosure also include
methods 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 wave-
lengths of light signals are listed below, where R is the ratio
of optoacoustic amplitudes, for instance, at 760 and 800 nm
(R=Az60/Agop):

760 nm: SOz = 1.54-0.76-R— R =2.02-1.31-50,

Similar formulas are valid for other wavelengths, for
instance 850 nm:

850 nm: SO, = -2.42 +2.66-R - R=0.91+0.38-80,

[0082] In general, for any wavelength:
R= @+ b; SOZ
[0083] For instance, introducing 1.0 to generate a differ-

ence of signals would yield:

R-1=3 +® S0,-1

A
0 _1=®+® -50,-1
Agoo

@ indicates text missing or illegiblewhen filed
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[0084] And, the differential signal D, ,=A,50=Agq, May
be represented by the equation:

A760 — Agoo
Asgoo
@ SO, +@ - 1=-1.31-80, +2.02 -1 = =1.31-S0, + 1.02

@ indicates text missingor illegiblewhen filed

[0085] So, in general, for any wavelength, the below
equation (Eq. 1) may apply:

) - Ag
@ - Asoo -0 S0P -1
Asoo

@ indicates text missingor illegiblewhen filed

[0086] And, a third wavelength (e.g. 850 nm) may be
introduced to remove Ay, as follows with the following
equation (Eq. 2):

@ - Asoo
Asoo

=0.38-80, + 0.91 -1 =0.38-S0, - 0.09

@ indicates text missingor illegiblewhen filed

[0087] To remove Agyg, Eq. 1 may be divided by Eq. 2 as
follows.
@ ps= 0~ As _ ~131:50,+102

@ —Awo 03850, -0.09
(03850, = 0.09) - (A760 — Asoc) = (=1.31-SO; +1.02) (D - Asoo)

® indicates text missing or illegiblewhen filed

[0088]
ASOO

And where D,50=A 50—Agyo and Dgso=Agso-

0.38-Dyg0- SOy —0.09-D1gp = ~1.31-(3 -S0, + 1.02-)
0.38-Dygo- SO, + 1.31-(3) -SO, = 1.02-() +0.09-@)
S03(0.38- Drgo + 1.31-( ) = 1.02-) +0.09- Dygo

1.02- @ +0.09 -Diso

2T 038 D+ 1310

@ indicates text missingor illegiblewhen filed

[0089] 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. Therefore, three
or more wavelengths of light or two or more wavelength
pairs for light may be used to measure oxygenation optoa-
coustically, 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 coeflicients for the various
formulas and equations are examples only as well, and other
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coefficients for the above formulas and equations are also
contemplated for use, for example, as described in U.S.
patent application Ser. No. 14/794,022, filed Tul. 8, 2015,
which is incorporated herein by reference.

Experimental Data

[0090] FIGS.9A and 9B show results of a study performed
in adult sheep using an optoacoustic monitoring system as
described herein. In an experimental procedure, an optical
parametric oscillator (OPQO)-based optoacoustic system as
described herein was used to determine SSS(SO,) in 8
anesthetized adult sheep (weight 35-40 kg). In adult sheep
the SSS (diameter=2-3 mm) is similar in size to that of
human neonates and the sheep skull thickness (5-6 mm) is
thicker and more optically and acoustically dense than the
soft tissue overlying the neonatal SSS (3-4 mm). The
measurements derived using the optoacoustic system were
compared to measurements obtained using invasive hemoxi-
metry (CO-Oximetry), which is generally considered the
gold standard for oxygenation measurements. A catheter was
inserted through a small craniotomy into the SSS to permit
direct blood sampling for measurement in a CO-Oximeter,
and the CO-Oximeter measurements were compared to
simultaneously recorded optoacoustic signals. To produce a
wide range of SSS(S0,) for in vivo validation, PaCO, was
altered from 20 to 40 mmHg (to increase cerebral blood
flow), and FiO, values were altered from 0.07 to 0.21. The
probe was scanned laterally over the skull to identify the
peak signal, which for all sheep was within 2 mm of the
midline.

[0091] FIG. 9A shows typical optoacoustic signals
recorded at 1064 nm from sheep SSS at different levels of
SSS(S0,) (91.5%, 21.5%, and 60%). The first peak (at t=0
us) is induced in the skull, while the second peak (t=2 us) is
induced in the SSS due to absorption of light by blood. FIG.
9B demonstrates changes in the peak-to-peak amplitude of
the optoacoustic signal 905 during two cycles of variation of
blood oxygenation. As expected, the amplitudes paralleled
those of the CO-Oximeter signals 910, representing directly
measured SSS(SO,). For example, the amplitude of the peak
at 1064 nm directly varied with hemoglobin saturation (data
shown in FIG. 9B); in comparison, the amplitude of the peak
at 700 nm inversely varied with saturation (data not shown).
Bland-Altman analysis demonstrated high agreement
between optoacoustically predicted SSS(SO,) and directly
measured SSS(SO,). The results demonstrate that the optoa-
coustic technique provides accurate, quantitative, noninva-
sive measurement of SSS(S0,).

[0092] FIGS. 10A and 10B show results of a study per-
formed in hemodynamically stable neonates using an optoa-
coustic monitoring system as described herein. In another
experimental procedure, hemodynamically stable neonates
were optoacoustically measured in order to simulate optoa-
coustic monitoring. An optical parametric oscillator (OPO)
was controlled by a personal computer 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 produced 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.
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[0093] FIGS. 10A and 10B show the raw data from which
SSS(S0,) was calculated for Babies 1 and 2. In the first of
two neonates (Baby 1: weight 1,795 g; current weight 2,885
g; gestational age 32 wks), at two time intervals, SSS(SO,)
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 with physiologic
changes over time. While measurements at three different
wavelengths were taken in the study, it is noted that mea-
surements can be taken at any numbers of wavelengths. For
example, in some embodiments, 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° (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 neonatal head and fonta-
nelle depending upon neonatal head position and anatomy.

[0094] FIGS. 11A-14B show results of additional studies
performed in hemodynamically stable neonates using an
optoacoustic monitoring system as described herein. The
optoacoustic system was used to take both single and
continuous measurements of SSS blood oxygenation in
normal, low birth weight, and very low birth weight infants.
The system used either a multi-wavelength optical paramet-
ric oscillator (OPO) or laser diodes as a laser light source,
operating in the spectral range from 680 to 1064 nm. The
system included an optoacoustic probe comprising a light
emitter and acoustic detector as described herein, such as a
fiber-optic light delivery system and a wide-band ultrasound
transducer. The optoacoustic system was controlled by a
personal computer that was programmed to rapidly switch
between wavelengths in the spectral range from 700 to 1064
nm. Most preferable wavelengths for oxygenation measure-
ments were 760 nm and 800 nm (the isobestic point). The
probe was scanned over the SSS of subjects to obtain best
signals from the SSS. An algorithm was developed to
provide real-time and continuous measurement of oxygen-
ation in blood vessels including the SSS, the algorithm
utilizing differences in absorption spectra of oxy- and
deoxyhemoglobin. The system included a processor in com-
munication with the probe and configured with instructions
to perform fast data acquisition and processing, and display
in real time the current absolute value of blood oxygenation
as well as continuous oxygenation values vs. time.

[0095] FIG. 11A represents a normalized optoacoustic
signal from the SSS and the overlying tissues obtained with
the OPO-based optoacoustic system, from a low birth
weight infant (2,025 g). The first peak in the optoacoustic
signal (at a time of about 0 ps) was induced in the skin and
hair, while the second peak (at a time of about 1.5 us) was
induced in the SSS. The upper X-axis represents depth (in
mm) from the skin surface calculated by multiplying the
time scale (the lower X-axis, in us) by the speed of sound in
soft tissue (1.5 mm/us). The SSS depth calculated using the
signal was approximately 2.3 mm. FIG. 11B represents an
optoacoustic signal from the SSS and the overlying tissues
obtained with the laser diode-based optoacoustic system,
from a normal weight infant (2,615 g). The first peak in the
optoacoustic signal (at a time of about 0 ps) was induced in
the skin and hair, while the second peak (at a time of about
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1.9 pus) was induced in the SSS. The SSS depth calculated
using the signal was approximately 2.9 mm.

[0096] FIGS. 12A and 12B show typical optoacoustic
signals recorded using an OPO-based optoacoustic system in
different measurement modes as described herein. The
optoacoustic system was used to measure the subject’s head
in either the transmission mode or the reflection mode as
described herein. Reflection mode measurements were made
either through the anterior fontanelle (e.g., as shown in
FIGS. 7A and 7B) or through the posterior fontanelle (e.g.,
as shown in FIGS. 6A and 6B). Transmission mode mea-
surements were made by irradiating the head from one side
such as the inion area to target the SSS (or the confluence of
sinuses), and detecting ultrasound signals from the other
side of the head such as the forehead (e.g., as shown in FIGS.
2A-5B).

[0097] FIG. 12A shows a typical optoacoustic signal
recorded from the SSS of a premature very low birth weight
infant (weight 1,020 g; gestational age 27 wks) at 800 nm,
in the reflection mode. The first peak (at t=0 ps) is induced
in the skin, while the second peak (at t=1.6 ps) is induced in
the infant’s SSS at a depth of 2.4 mm. FIG. 12B shows a
typical optoacoustic signal recorded from the SSS of a
premature very low birth weight infant (985 g) at 760 nm
and 800 nm, in the transmission mode. The first peak (at 58
ps) is induced in the SSS and arrives to the transducer earlier
than the peak from the skin (at 60 ps). This is because the
SSS is closer to the transducer than the skin surface. By
contrast, in reflection mode measurements, as shown in FIG.
12A, the first peak is induced in the skin and the second peak
1s induced in the SSS, since the skin surface is closer to the
transducer than the SSS. The transmission mode allows for
accurate measurements of the SSS peak parameters (ampli-
tude and slope), because the SSS peak is the first arriving
signal and therefore there is little or no interfering ringing in
the transducer that can potentially reduce the accuracy of the
measurements in the reflection mode. The measurements at
two wavelengths, 760 nm and 800 nm, allow for calculation
of the SSS blood oxygenation with high accuracy (75.8% for
the particular infant whose data are shown in FIG. 12B). The
exponential slope of the SSS peak can be used to measure
total hemoglobin concentration (THb) in neonates, using the
equations as described herein. For the data shown in FIG.
12B, the calculated THb, based on the slope of the signal
measured at 800 nm, was 10.8 g/dL. This number is in good
agreement with the actual THb of 10.2 g/dL, measured
invasively using blood sampling from the neonate.

[0098] FIGS. 13A and 13B show the continuous, real-time
monitoring of SSS blood oxygenation in low birth weight
infants, using the optoacoustic monitoring system as
described herein. FIG. 13A shows data from a premature
infant with very low birth weight of 675 g. The measure-
ments with the optoacoustic system were performed every 2
minutes or every 10 seconds. First, the measurements were
conducted through the anterior fontanelle (data shown on
left side of graph). Then the optoacoustic probe was applied
on the posterior fontanelle (data shown on right side of
graph). The measurements from the both sites yielded simi-
lar results. The average SSS blood oxygenation and standard
deviation were 72.0% and 1.7%, respectively. It should be
noted that the standard deviation includes natural variation
of the SSS blood oxygenation, precision of the system, and
errors associated with motion artifacts. FIG. 13B shows data
from a premature, very low birth weight infant (1,040 g)
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using an OPO-based optoacoustic system. Up to the second
minute (t=2 min), each data point was obtained by signal
averaging for 10 seconds. After the second minute, each data
point was obtained by signal averaging for 2.5 seconds,
which reduced motion artifacts. The average SSS blood
oxygenation and standard deviation were 75.3% and 1.9%,
respectively.

[0099] FIGS. 14A and 14B demonstrate the monitoring of
SSS(SO,) over time in 18 low birth weight and very low
birth weight neonates. An OPO-based optoacoustic system
was used to measure SSS(SQ,) in both the reflection mode
and transmission mode. In 2 of the 18 subjects, two studies
were performed in each of the 2 subjects, resulting in a
combined total of 20 studies. The means and standard
deviations shown on the graph represent data from each
study. The final data point (at the far right of the graph)
represents the mean of the combined data from all studies.
The data of FIG. 14A suggest that the normal range of
SSS(S0O,) in hemodynamically stable preterm infants is
approximately 55-85%. FIG. 14B shows SSS blood oxy-
genation vs. birth weight in hemodynamically stable low
birth weight and very low birth weight neonates. The data
shows a weak positive correlation between birth weight and
SSS blood oxygenation (r*=0.27).

[0100] While preferred embodiments of the present inven-
tion 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 invention. It should be
understood that various alternatives to the embodiments of
the invention described herein may be employed in practic-
ing the invention. 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 equiva-
lents be covered thereby.

What is claimed is:

1. A method for monitoring one or more of cerebral
oxygenation or total hemoglobin concentration of a patient,
the method comprising:

emitting light from a light emitter secured to a head of the
patient with a wearable support secured onto the
patient’s head, wherein the wearable support is sized
and configured to cover at least a portion of the
patient’s head to be secured thereto, and wherein the
light emitter is positioned on the wearable support so
the light emitter faces and emits light toward a superior
sagittal sinus of the patient’s head,;

detecting, with an acoustic sensor secured to the patient’s
head with the wearable support, acoustic pressure gen-
erated by blood in the superior sagittal sinus in
response to the emitted light, wherein the acoustic
sensor is positioned on the wearable support to one or
more of an anterior portion or a posterior portion of the
patient’s head to detect the acoustic pressure generated
by blood in the superior sagittal sinus; and

determining, with a processor in communication with the
light emitter and the acoustic, one or more of cerebral
venous blood oxygenation or total hemoglobin concen-
tration in response to the detected acoustic pressure.

2. The method of claim 1, wherein emitting the light
comprises emitting the light from a posterior portion of the
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infant’s head, and wherein detecting the acoustic pressure
comptises detecting the acoustic pressure from the posterior
portion of the infant’s head.

3. The method of claim 1, wherein emitting the light
comprises emitting the light from a superior portion of the
infant’s head, and wherein detecting the acoustic pressure
comprises detecting the acoustic pressure from the superior
portion of the infant’s head.

4. The method of claim 1, wherein determining cerebral
oxygenation comprises determining venous oxygenation.

5. A method for monitoring one or more of cerebral
oxygenation or total hemoglobin concentration of a patient,
the method comprising:

(A) securing a wearable support onto a head of a patient,
the wearable support being sized and configured to
cover at least a portion of the patient’s head to be
secured thereto, wherein securing the wearable support
comprises:

(1) positioning a light emitter coupled to the wearable
support so that the light emitter faces and emits light
toward a superior sagittal sinus of the patient’s head,
and

(i) positioning an acoustic sensor coupled to the wearable
support so that the acoustic sensor faces the superior
sagittal sinus to detect acoustic pressure generated by
blood therein when the superior sagittal sinus blood
absorbs the light;

(B) causing the light to be emitted and the acoustic
pressure to be detected; and

(C) determining, with the aid of a processor in commu-
nication with the light emitter and the acoustic pres-
sure, cerebral oxygenation in response to the detected
acoustic pressure.

6. The method of claim 5, wherein the light is emitted
from a posterior portion of the infant’s head, and wherein the

acoustic pressure is detected from the posterior portion of
the infant’s head.

7. The method of claim 5, wherein the light is emitted
from a superior portion of the infant’s head, and wherein the
acoustic pressure is detected from the superior portion of the
infant’s head.

8. The method of claim 5, wherein determining cerebral
oxygenation comprises determining venous oxygenation.

9. A cerebral oxygenation monitoring apparatus compris-

ing:

a wearable support sized and configured to cover at least
aportion of a head of a patient to be secured thereto, the
wearable support comprising a posterior portion con-
figured to be placed over a posterior portion of the
patient’s head when the wearable support is secured to
the head of the patient and a superior portion config-
ured to be placed over a superior portion of the patient’s
head when the wearable support is secured to the head
of the patient;

a light emitter positioned on the posterior portion of the
wearable support so that the light emitter faces and
emits toward a superior sagittal sinus of the patient’s
head when the wearable support is secured onto the
patient’s head; and

an acoustic sensor positioned on the superior portion of
the wearable support so that the acoustic sensor faces
the superior portion of the head of the patient to detect

May 16, 2019

acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,

wherein cerebral blood oxygenation is determined in
response to the acoustic pressure detected by the acous-
tic sensor.

10. The apparatus of claim 9, further comprising a pro-
cessor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

11. The apparatus of claim 9, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending from the pillow, or a head cap.

12. The apparatus of claim 11, wherein the wearable
support comprises the headcap and the head cap comprises
a central band adapted to form a continuous loop around the
patient’s head.

13. The apparatus of claim 12, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the patient’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

14. The apparatus of claim 12, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the patient’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

15. The apparatus of claim 12, wherein the head cap is
configured to cover the entirety of the patient’s head supe-
rior to the central band.

16. A cerebral oxygenation monitoring apparatus com-

prising:

a wearable support sized and configured to cover at least
a portion of a head of an patient to be secured thereto,
the wearable support comprising a posterior portion
configured to be placed over a posterior portion of the
patient’s head when the wearable support is secured to
the head of the patient and a superior portion config-
ured to be placed over a superior portion of the patient’s
head when the wearable support is secured to the head
of the patient;

a light emitter positioned on the superior portion of the
wearable support so that the light emitter faces and
emits light toward a superior sagittal sinus of the
patient’s head when the wearable support is secured
onto the patient’s head;

an acoustic sensor positioned on the posterior portion of
the wearable support so that the acoustic sensor faces
the posterior portion of the head of the patient to detect
acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,

wherein cerebral blood oxygenation is determined in

response to the acoustic pressure detected by the acous-
tic sensor.

17. The apparatus of claim 16, further comprising a
processor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

18. The apparatus of claim 16, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending from the pillow, or a head cap.
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19. The apparatus of claim 18, wherein the head cap
comprises a central band adapted to form a continuous loop
around the patient’s head.

20. The apparatus of claim 19, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the patient’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

21. The apparatus of claim 19, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the patient’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

22. The apparatus of claim 19, wherein the head cap is
configured to cover the entirety of the patient’s head supe-
rior to the central band.

23. A cerebral oxygenation monitoring apparatus com-
prising:

a wearable support sized and configured to cover at least
aportion of a head of a patient to be secured thereto, the
wearable support comprising a posterior portion con-
figured to be placed over a posterior portion of the
patient’s head when the wearable support is secured to
the head of the patient;

a light emitter positioned on the posterior portion of the
wearable support so that the light emitter faces and
emits toward a superior sagittal sinus of the patient’s
head when the wearable support is secured onto the
patient’s head; and

an acoustic sensor position on the posterior portion of the
wearable support so that the acoustic sensor faces the
posterior portion of the head of the patient to detect
acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,

wherein cerebral blood oxygenation is determined in
response to the acoustic pressure detected by the acous-
tic sensor.

24. The apparatus of claim 23, further comprising a
processor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

25. The apparatus of claim 23, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending from the pillow, or a head cap.

26. The apparatus of claim 25, wherein the wearable
support comprises the headcap and the head cap comprises
a central band adapted to form a continuous loop around the
patient’s head.

27. The apparatus of claim 26, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the patient’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

28. The apparatus of claim 26, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the patient’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

29. The apparatus of claim 23, wherein the head cap is
configured to cover the entirety of the patient’s head supe-
rior to the central band.

30. A cerebral oxygenation monitoring apparatus com-
prising:
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a wearable support sized and configured to cover at least
aportion of a head of a patient to be secured thereto, the
wearable support comprising a superior portion con-
figured to be placed over a superior portion of the
patient’s head when the wearable support is secured to
the head of the patient;

a light emitter positioned on the superior portion of the
wearable support so that the light emitter faces and
emits toward the superior portion of the patient’s head
when the wearable support is secured onto the patient’s
head; and

an acoustic sensor position on the superior portion of the
wearable support so that the acoustic sensor faces the
superior portion of the head of the patient to detect
acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,

wherein cerebral blood oxygenation is determined in
response to the acoustic pressure detected by the acous-
tic sensor.

31. The apparatus of claim 30, further comprising a
processor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

32. The apparatus of claim 30, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending from the pillow, or a head cap.

33. The apparatus of claim 32, wherein the wearable
support comprises the headcap and the head cap comprises
a central band adapted to form a continuous loop around the
patient’s head.

34. The apparatus of claim 33, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the patient’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

35. The apparatus of claim 33, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the patient’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

36. The apparatus of claim 33, wherein the head cap is
configured to cover the entirety of the patient’s head supe-
rior to the central band.

37. A neonatal cerebral oxygenation monitoring apparatus
comprising:

a wearable support sized and configured to cover at least

a portion of a head of an infant to be secured thereto,
the wearable support comprising a posterior portion
configured to be placed over a posterior portion of the
infant’s head when the wearable support is secured to
the head of the infant and a superior portion configured
to be placed over a superior portion of the infant’s head
when the wearable support is secured to the head of the
infant;

a light emitter positioned on the posterior portion of the
wearable support so that the light emitter faces and
emits toward a superior sagittal sinus of the infant’s
head when the wearable support is secured onto the
infant’s head; and

an acoustic sensor positioned on the superior portion of
the wearable support so that the acoustic sensor faces
the superior portion of the head of the infant to detect
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acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,
wherein the light emitter is configured to emit the light
through a posterior fontanelle of the infant’s head,

wherein the acoustic sensor is configured to detect the
acoustic pressure through an anterior fontanelle of the
infant’s head, and

wherein cerebral blood oxygenation is determined in

response to the acoustic pressure detected by the acous-
tic sensor.

38. The apparatus of claim 37, further comprising a
processor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

39. The apparatus of claim 37, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending thereform, or a head cap.

40. The apparatus of claim 39, wherein the wearable
support comprises the headcap and the head cap comprises
a central band adapted to form a continuous loop around the
infant’s head.

41. The apparatus of claim 40, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the infant’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

42. The apparatus of claim 40, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the infant’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

43. The apparatus of claim 40, wherein the head cap is
configured to cover the entirety of the infant’s head superior
to the central band.

44. A neonatal cerebral oxygenation monitoring apparatus
comprising:

a wearable support sized and configured to cover at least

a portion of a head of an infant to be secured thereto,
the wearable support comprising a posterior portion
configured to be placed over a posterior portion of the
infant’s head when the wearable support is secured to
the head of the infant and a superior portion configured
to be placed over a superior portion of the infant’s head
when the wearable support is secured to the head of the
infant;
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a light emitter positioned on the superior portion of the
wearable support so that the light emitter faces and
emits light toward a superior sagittal sinus of the
infant’s head when the wearable support is secured
onto the infant’s head,

an acoustic sensor positioned on the posterior portion of
the wearable support so that the acoustic sensor faces
the posterior portion of the head of the infant to detect
acoustic pressure generated by blood in the superior
sagittal sinus when the superior sagittal sinus blood
absorbs the light,

wherein the light emitter is configured to emit the light
through an anterior fontanelle of the infant’s head,

wherein the acoustic sensor is configured to detect the
acoustic pressure through a posterior fontanelle of the
infant’s head, and

wherein cerebral blood oxygenation is determined in
response to the acoustic pressure detected by the acous-
tic sensor.

45. The apparatus of claim 44, further comprising a
processor configured to determine one or more of cerebral
venous oxygenation or total hemoglobin concentration in
response to the detected acoustic pressure.

46. The apparatus of claim 44, wherein the wearable
support comprises one or more of a head band, a pillow with
the headband extending thereform, or a head cap.

47. The apparatus of claim 46, wherein the wearable
support comprises the headcap and the head cap comprises
a central band adapted to form a continuous loop around the
infant’s head.

48. The apparatus of claim 47, wherein the head cap
further comprises a sagittal band extending between front
and back sides of the central band to form a path across a top
of the infant’s head, and wherein the light emitter and the
acoustic sensor are positioned on the sagittal band.

49. The apparatus of claim 47, wherein the head cap
further comprises a web extending upward and rearward
from the central band to wrap around a rear of the infant’s
head above the central band, and wherein the light emitter
and the acoustic sensor are positioned on the central band.

50. The apparatus of claim 47, wherein the head cap is

configured to cover the entirety of the infant’s head superior
to the central band.
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