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OPTOACOUSTIC-ULTRASONIC SYSTEM
FOR COREGISTERED FUNCTIONAL AND
MORPHOLOGICAL IMAGING OF
PLACENTAS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This nonprovisional application claims benefit of
priority of provisional application U.S. Ser. No. 61/910,154,
filed Nov. 29, 2013, now abandoned, the entirety of which is
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention generally relates to the fields
of biomedical imaging and obstetrics. Particularly the present
invention discloses a dual modality laser optoacoustic-ultra-
sound imaging system (LOUIS) on a single platform that can
provide medically relevant information about the developing
placenta and associated tissues.

[0004] 2. Description of the Related Art

[0005] The placenta and umbilical cord are vital for proper
growth and transfer of nutrients and gases to and from the
fetus. Several conditions are related to abnormal function of
placenta, including abnormal fetal growth, stillbirth, preec-
lampsia, and preterm birth (1-2). Current in vivo methods of
fetal surveillance, including ultrasound tomography (UST)
techniques and fetal heart rate monitoring, have proved to
have low sensitivities and high false positive rates for adverse
pregnancy outcomes (3).

[0006] These techniques do not provide information on
tissue oxygenation in the placenta which has important impli-
cations for both placental development as well as the devel-
opment of conditions such as preeclampsia and intrauterine
growth restriction (IUGR) (4-5). Doppler velocimetry of the
uterine, umbilical, and middle cerebral arteries is the only
clinically accepted method used during pregnancy to measure
blood flow to key organs in the fetal-placental unit during
pregnancy. However, oxygenation of the tissue is not measur-
able by ultrasound and so it is not usable to estimate local
placental perfusion. Magnetic resonance imaging (MRI) and
near infrared spectroscopy (NIRS) have been used experi-
mentally to evaluate oxygenation, however, there are limita-
tions in those approaches (6-8). Due to cost, logistics, and
lack of real-time information, MRI is not feasible for surveil-
lance of the placenta and fetus. NIRS has effectively no
imaging resolution and provides only spatially integrated
results.

[0007] Optoacoustic tomography (OAT) combines optical
illumination and high resolution ultrasound detection to
achieve deep visualization of live tissues based on optical
contrast of blood, which is not degraded by light scattering
(9-11). Strong near infrared (NIR) optical absorption of
hemoglobin results in a superior optical contrast of blood-rich
tissues (12, 13). OAT systems are substantially more cost
effective alternatives to conventional MRI modalities, and
have demonstrated clinical feasibility in oncology, specifi-
cally in applications related to breast and prostate cancer
diagnostics (14-16). Multiple wavelengths in NIR region of
optical spectra were previously used to demonstrate that OAT
imaging can provide high resolution maps of total hemoglo-
bin and blood oxygenation at frame rates close to real-time
imaging (17-20). It also could be integrated with a standard
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clinical ultrasound imaging system such that the same probe
detects ultrasonic and optoacoustic response of the tissue
(15,17.21).

[0008] Thus, thereis a need in the art for improved methods
of monitoring placental function in vivo. Particularly, a need
exists for cost effective imaging systems that can be used
simultaneously with current methods of ultrasound for a real
time assessment of blood oxygenation in the developing pla-
centa and umbilical cord. Specifically, the prior art is deficient
in a dual modality laser optoacoustic-ultrasound imaging sys-
tem and methods of use for high contrast and high resolution
visualization and coregistered functional and anatomical
mapping of the placenta and associated tissue. The present
invention fulfills this longstanding need and desire in the art.

SUMMARY OF THE INVENTION

[0009] The present invention is directed to a dual modality
imaging system for evaluating functional parameters of pla-
cental blood within displayed anatomical structures of pla-
centa. The dual modality imaging system comprises means
for delivering near infrared light to placental vasculature and
blood diffused within tissue, means for generating and deliv-
ering ultrasonic pulses to placental tissue and means for
detecting ultrasonic pulses either generated within the tissue
or reflected within the tissue and for producing electronic
signals. The means of generating ultrasound pulses can utilize
either electrical pulses applied to piezoelectric transducers or
laser pulses applied to a medium with high values of optical
absorption and thermoelastic expansion. The dual modality
imaging system also comprises means for amplification, digi-
tization and electronically processing said electronic signals
and for calculating optoacoustic and related functional
images superimposed with ultrasonic anatomic images. The
dual modality imaging system further comprises means for
displaying results as quantitative functional images of said
blood parameters coregistered with anatomic tissue images.

[0010] The present invention also is directed to a method
for evaluating functional parameters of placental blood in a
subject in real time. The method comprises positioning an
optoacoustic-ultrasonic probe comprising means for deliver-
ing optical pulses and ultrasonic pulses of the imaging system
described herein in contact with the subject. An ultrasound
tomography image of anatomical tissue structures in an area
suspected for anatomical or functional abnormalities are
obtained with the optoacoustic-ultrasonic probe and optoa-
coustic images are obtained at multiple wavelengths without
a change of the optoacoustic-ultrasonic probe position. The
optoacoustic images are coregistered with the ultrasound
image. Quantitative functional images of a total hemoglobin
[tHb] and of blood oxygenation [SO2] normalized to an opti-
cal fluence distribution at each wavelength are calculated,
thereby evaluating the functional parameters of placental
blood. The present invention is directed to a related method
further comprising displaying an ultrasonic image of the ana-
tomical tissue structures superimposed with the quantitative
functional image of the total hemoglobin and displaying an
ultrasonic image of the anatomical tissue structures superim-
posed with the quantitative functional image of the blood
oxygen saturation. The present invention is directed to
another related method further comprising diagnosing and
managing a pathophysiological condition associated with the
placenta and extraplacental tissue based on the evaluation of
the functional parameters.
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[0011] Other and further aspects, features, and advantages
of the present invention will be apparent from the following
description of the presently preferred embodiments of the
invention given for the purpose of disclosure.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0012] So that the matter in which the above-recited fea-
tures, advantages and objects of the invention, as well as
others that will become clear, are attained and can be under-
stood in detail, more particular descriptions of the invention
briefly summarized above may be had by reference to certain
embodiments thereof that are illustrated in the appended
drawings. These drawings form a part of the specification. It
is to be noted, however, that the appended drawings illustrate
preferred embodiments of the invention and therefore are not
to be considered limiting in their scope.

[0013] FIG. 1 illustrates the combined dual modality of
laser optoacoustic-ultrasonic imaging system (LOUIS) for
evaluation of functional parameters of blood in placenta
within specific anatomical tissue structures.

[0014] FIG. 2 illustrates a tissue mimicking digital phan-
tom for modeling and simulation of imaging placenta with
dual modality optoacoustic ultrasonic probe.

[0015] FIG.3isa prototype of an optoacoustic probe show-
ing an array of ultrasonic transducers 1, electrical cable con-
necting ultrasonic transducers to electronic amplifiers 2,
fiberoptic bundles 3, and output light bars for tissue illumi-
nation 4.

[0016] FIGS. 4A-4B illustrate optoacoustic contrast of the
optoacoustic tomography image of the blood vessel inside a
realistic tissue phantom comparing optoacoustic brightness
with depth (FIG. 4A) and showing an image at 60 mm (FIG.
4B).

[0017] FIGS. 5A-5B are optoacoustic tomography images
of live tissues with a pair of an artery and a vein at 757 nm
(FIG. 5A) and 1064 nm (FIG. 5B).

DETAILED DESCRIPTION OF THE INVENTION

[0018] As used herein, the following terms and phrases
shall have the meanings set forth below. Unless defined oth-
erwise, all technical and scientific terms used herein have the
same meaning as commonly understood to one of ordinary
skill in the art.

[0019] As used herein, the term, “a” or “an” may mean one
or more. As used herein in the claim(s), when used in con-
junction with the word “comprising”, the words “a” or “an”
may mean one or more than one. As used herein “another” or
“other” may mean at least a second or more of the same or
different claim element or components thereof. The terms
“comprise” and “comprising” are used in the inclusive, open
sense, meaning that additional elements may be included.
[0020] As used herein, the term “or” in the claims refers to
“and/or” unless explicitly indicated to refer to alternatives
only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives
and “and/or”.

[0021] As used herein, the term “about” refers to a numeric
value, including, for example, whole numbers, fractions, and
percentages, whether or not explicitly indicated. The term
“about” generally refers to a range of numerical values (e.g.,
+/-5-10% of the recited value) that one of ordinary skill in the
art would consider equivalent to the recited value (e.g., having
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the same function or result). In some instances, the term
“about” may include numerical values that are rounded to the
nearest significant figure.

[0022] As used herein, the term “computer” or “computer
system” refer to one or more machines that comprise at least
amemory, a processor, a display, one or more interfaces and
at least one wired and/or wireless network connection. A
computer may be a desktop or laptop machine or other elec-
tronic media, for example, a smartphone or tablet, as are
standard and currently known in the art. As such computer
may comprise a user input device such as akeyboard, keypad,
touch screen, mouse, trackball, camera, microphone, and/or
other like user input device. Without being limiting, any soft-
ware, modules, applications, add-ons, plug-ins, programs
and/or databases, etc, and associated instructions and/or func-
tions necessary for implementation of any imaging system or
dual modality imaging system or subsystems or means com-
prising the same may be programmed into the computer, may
be retrieved over the network connection or may be retrieved
from a non-transitory machine-readable media, such as com-
puter readable media or storage device tangibly storing the
same, may be tangibly stored in computer memory or other
electronic media memory and are executable by the processor
comprising the computer.

[0023] As used herein, the term “subject” refers to a female
mammal or woman, particularly a pregnant woman.

[0024] As used herein, the term “LOUIS” refers to a Laser
Optoacoustic Ultrasound (Ultrasonic) Imaging System as a
dual modality.

[0025] Inoneembodiment of the present invention there is
provided a dual modality imaging system for evaluating func-
tional parameters of placental blood within displayed ana-
tomical structures of placenta, comprising means for deliver-
ing optical pulses of near infrared light to blood in placental
tissue and vasculature; means for generating and delivering
ultrasonic pulses to placental tissue; means for connecting
and assembling both of said delivery means within a hand-
held probe; means for detecting ultrasonic pulses either gen-
erated within the tissue or reflected within the tissue and for
producing electronic signals; means for amplification, digiti-
zation and electronically processing said electronic signals
and for calculating optoacoustic and related functional
images superimposed with ultrasonic anatomic images; and
means for displaying results as quantitative functional images
of said blood parameters coregistered with anatomic tissue
images.

[0026] In one aspect of this embodiment the means for
delivering near infrared light may comprises a pulsed laser
operable at multiple wavelengths within a near-infrared spec-
tral window, where the laser is rapidly switchable between
different wavelengths in the spectral window and a fiberoptic
light delivery system having a fused circular input tip opet-
able for maximum transmission and randomized output for
homogenous illumination. In this aspect the wavelengths in
the near infrared spectral window may be of a maximum
tissue transparency and be within an absorption spectrum of
hemoglobin and oxy-hemoglobin. Particularly, the near infra-
red spectral window may comprise wavelengths of about 750
nm to about 840 nm.

[0027] In another aspect the means for generating and
delivering ultrasonic pulses to placental tissue may comprise
electrical pulses applied to piezoelectric transducers. Alter-
natively, the means for generating and delivering ultrasonic
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pulses to placental tissue comprises laser pulses applied to a
layer of material with a strong optical absorption and strong
thermoelastic expansion.

[0028] In yet another aspect the means for delivering opti-
cal pulses and delivering and detecting ultrasonic pulses may
comprise a multichannel optoacoustic-ultrasonic probe opet-
able to detect ultrasonic pulses from a depth of tissue within
an ultra-wide band of ultrasonic frequencies. In this aspect the
multichannel optoacoustic-ultrasonic probe may be a hand-
held transabdominal optoacoustic ultrasonic probe or a hand-
held transvaginal optoacoustic ultrasonic probe. In this aspect
the ultrawide-band of frequencies may be about 100 kHz to
about 10 MHz.

[0029] In yet another aspect the means for the means for
electronically processing said ultrasonic pulses and means for
displaying the results comprise a multichannel electronic sys-
tem having low noise ultrawide-band analog amplifiers, ana-
log to digital converters and digital data acquisition, where
the multichannel electronic system is operable to detect,
amplify, digitize, process, and store optoacoustic and ultra-
sonic signals produced by the optical and ultrasonic pulses
generated within the blood or tissue or both; and a computer
in electronic communication with the multichannel electronic
system and having at least one memory, processor, display,
and network connection tangibly storing software comprising
processor-executable instructions to calculate quantitative
functional parameters of the placental blood within specific
anatomical tissue structures; and display quantitative func-
tional optoacoustic images of the functional parameters
within specific anatomical structures in the tissue that are
visualized by ultrasound.

[0030] In this aspect the processor-executable instructions
are executable to obtain an ultrasound tomography image of
the placenta or associated tissue in an area suspected for
anatomical or functional abnormalities; to obtain optoacous-
tic images using at least two wavelengths without a change of
the optoacoustic-ultrasonic probe position; to coregister the
optoacoustic images with the ultrasound image; to calculate
quantitative functional images of a total hemoglobin [tHb]
and of blood oxygenation [SO2] normalized to an optical
fluence distribution at each wavelength; to display an ultra-
sonic image of anatomical tissue structures superimposed
with the quantitative functional image of the total hemoglo-
bin; and to display an ultrasonic image of the anatomical
tissue structures superimposed with the quantitative func-
tional image of the blood oxygen saturation.

[0031] In this embodiment and all aspects the quantitative
functional parameters may comprise total hemoglobin and
oxygen saturation. Also, the tissue may comprise placenta or
umbilical cord or both. In addition, the quantitative functional
parameters may be evaluated in real time within at most 100
milliseconds.

[0032] In another embodiment of the present invention
there is provided method for evaluating functional parameters
of placental blood in a subject in real time, comprising the
steps of positioning an optoacoustic-ultrasonic probe com-
prising means for delivering optical pulses and ultrasonic
pulses of the imaging system as described supra in contact
with the subject; obtaining an ultrasound tomography image
of anatomical tissue structures in an area suspected for ana-
tomical or functional abnormalities with the optoacoustic-
ultrasonic probe; obtaining optoacoustic images at multiple
wavelengths without a change of the optoacoustic-ultrasonic
probe position; and coregistering the optoacoustic images
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with the ultrasound image; and calculating quantitative func-
tional images of a total hemoglobin [tHb] and of blood oxy-
genation [SO2] normalized to an optical fluence distribution
at each wavelength, thereby evaluating the functional param-
eters of placental blood.

[0033] Further to this embodiment the method comprises
displaying an ultrasonic image of the anatomical tissue struc-
tures superimposed with the quantitative functional image of
the total hemoglobin; and displaying an ultrasonic image of
the anatomical tissue structures superimposed with the quan-
titative functional image of the blood oxygen saturation. In
another further embodiment the method comprises diagnos-
ing and managing a pathophysiological condition associated
with the placenta and extraplacental tissue based on the evalu-
ation of the functional parameters. Examples of the condi-
tions are abnormal perfusion and oxygenation, placental
abruptions or are associated with effects of medications,
smoking or exercise. In all embodiments the anatomical tis-
sue structures may be the placenta, the umbilical cord or both.
Also, in all embodiments the multiple wavelengths may com-
prise a near infrared spectral range of about 750 nm to about
840 nm.

[0034] Provided herein is a cost-effective laser optoacous-
tic (OAT) system combined on a single platform with an
ultrasound tomography (UST) system for high contrast and
high resolution visualization and coregistered functional and
spatially-resolved anatomical mapping and morphological
evaluation of the placenta and associated tissue, for example,
the umbilical cord, in pregnant women. In the optoacoustic-
ultrasound multiple optical wavelengths are used for transab-
dominal or transvaginal illumination of the placenta to obtain
quantitative functional maps of blood distribution and oxygen
saturation at a video frame rate of real-time imaging. Fully
integrated and coregistered with medical ultrasound the
imaging system enables clear identification of changes in
functional blood perfusion and oxygenation within specific
tissue structures.

[0035] Generally, a dual modality imaging system com-
prises means or subsystems for 2D or 3D optoacoustic imag-
ing using a pulsed laser and a hand-held probe, such as, but
not limited to, a multichannel optoacoustic-ultrasonic probe
that allows accurate quantitative assessment of local oxygen-
ation in placenta. A means or subsystem for delivering near
infrared light may comprise a pulsed laser and fiber optic
system. The pulsed laser is operable at multiple wavelengths,
for example, but not limited to, within a near infrared spectral
range of about 750 nm to about 840 nm, and delivers the near
infrared light to the placenta, placental vasculature and blood.
Wavelengths within this near infrared spectral window are of
maximum tissue transparency and are within an absorption
spectrum of hemoglobin and oxy-hemoglobin. Moreover, the
pulsed laser can be rapidly switched to different wavelengths.
A fiber optic light delivery system may comprise a fused
circular input tip operable for maximum transmission and for
randomized output to provide homogenous illumination.
[0036] The dual modality imaging system comprises
means or subsystems that are configured to generate and
deliver ultrasonic pulses to placental tissue via, for example,
electrical pulse applied to transducers, such as, but not limited
to, piezoelectric transducers. Alternatively, laser pulses may
be applied to a layer of material that has a strong optical
absorption and a strong thermoelastic expansion. Examples
of such materials include thin layer of black PDMS (alterna-
tively PMMA filled with absorbers) polymer embedded with
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highly concentrated absorbers—carbon nanotubes, strongly
absorbing in the near-infrared and having high thermal
expansion coeflicient.

[0037] Another subsystem of the dual modality imaging
system comprises means for delivering optical pulses, means
for delivering ultrasonic pulses and means for detecting ultra-
sonic pulses, for example, a multichannel optoacoustic-ultra-
sonic probe. The multichannel probe may be a hand-held
probe, for example, a transabdominal probe or a transvaginal
probe configured to deliver optical pulses and ultrasound
pulses to deep tissue. The hand-held probe can deliver pulses
to tissue at a depth greater than 60 mm with an excellent in
vivo resolution of less than 0.5 mm and can detect ultrasonic
pulses produced within the tissue or anatomic structures
thereof. This is enhanced with ultrawide-band ultrasonic
imaging utilizing frequencies of at least 100 kHz, preferably
about 100 kHz to about 10 MHz. The transducers may com-
prise, but are not limited to, an ultrasound detection array of
ultrawide-band ultrasonic transducers. The ultrasound detec-
tion array provides the dual modality imaging system or
LOUIS with resolution sufficient to differentiate individual
microvessels.

[0038] Inaddition the imaging system comprises means or
subsystems for electronically processing and displaying
imaging data. A multichannel electronic system includes
components and/or modules that include, but are not limited
to, low noise ultrawide-band analog amplifiers, analog to
digital converters and digital data acquisition. The multichan-
nel electronic system is configured or operable to detect,
amplify, digitize, process, and store optoacoustic and ultra-
sonic signals produced by the optical and ultrasonic pulses
generated within the tissue or anatomic structures thereof or
both.

[0039] A computer is in electronic communication with the
multichannel electronic system and, as is standard in the art,
comprises at least one memory, processor, display, and net-
work connection. The computer memory tangibly stores soft-
ware comprising processor executable instructions to per-
form wvarious functions. For example, the processor
executable instructions may function to calculate quantitative
functional parameters of the placental blood within specific
anatomical tissue structures and to display quantitative func-
tional optoacoustic images of the functional parameters
within specific anatomical structures in the tissue that are
visualized by ultrasound.

[0040] More particularly, the software is configured to
enable real-time coregistered functional and anatomical map-
ping of placenta and operates to obtain an ultrasound tomog-
raphy image of the placenta or associated tissue in an area
suspected for anatomical or functional abnormalities and,
without changing the optoacoustic-ultrasonic probe position,
to obtain optoacoustic images at multiple wavelengths, i.e., at
least two, whereupon the optoacoustic images are coregis-
tered with the ultrasound image. Then quantitative functional
images of a total hemoglobin [tHb] and of blood oxygenation
[SO2] normalized to an optical fluence distribution at each
wavelength are calculated. Furthermore, ultrasonic images of
the anatomical tissue structures are superimposed with the
quantitative functional images of the total hemoglobin and of
the blood oxygen saturation.

[0041] The dual modality imaging systems described
herein demonstrate high resolution real-time optoacoustic
imaging of intra- and extraplacental blood content and high
resolution real-time optoacoustic imaging of placental blood
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oxygenation. Both imaging outputs are mapped on the mor-
phological structures as they are seen on a conventional trans-
abdominal ultrasound. The coregistered images provide spa-
tially resolved maps showing details of blood perfusion,
oxygenation and morphological features of placenta in real
time. Moreover, it is contemplated that the dual modality
imaging systems described herein may comprise laser genet-
ated ultrasound for higher image resolution to image placen-
tas during early pregnancy.

[0042] Also provided herein are methods for evaluating a
functional quantitative parameter of placental blood in ana-
tomic structures in the placenta or associated tissue such as
the umbilical cord via the imaging systems described herein.
The method enables the structural ultrasonic and functional
optoacoustic images obtained thereby to naturally coregister,
which enhances the value of the diagnostic information avail-
able in the dual modality LOUIS imaging systems as com-
pared to stand alone clinical ultrasound systems.

[0043] Methods utilizing the optoacoustic-ultrasonic imag-
ing dual modality have significant value in everyday
OB/GYN clinical practice to improve diagnosis and manage-
ment of pathophysiological conditions related to abnormal
perfusion and oxygenation within the placenta and extrapla-
cental tissue, early identification of abruptions and other
problems during pregnancy. In addition, the optoacoustic-
ultrasonic imaging dual modality expands the instrumenta-
tion available for clinical research in placental function. For
example, the dual modality imaging systems would aid in
clinical research to understand the effects caused by medica-
tions, smoking, and exercise on long and short term placental
function.

[0044] The following examples are included to demon-
strate preferred embodiments of the invention. It should be
appreciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques
discovered by the inventor to function well in the practice of
the invention, and thus can be considered to constitute pre-
ferred modes for its practice. However, those of skill in the art
should, in light of the present disclosure, appreciate that many
changes can be made in the specific embodiments which are
disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention.

Example 1

LOUIS Imaging System

[0045] FIG. 1 illustrates the LOUIS imaging system which
is configured or enabled for high resolution real-time optoa-
coustic imaging of intra- and extraplacental blood perfusion,
for high resolution real-time optoacoustic imaging of placen-
tal blood and oxygenation and for mapping the functional
information of perfusion and oxygenation onto the morpho-
logical structures that is visualized concurrently using trans-
abdominal or transvaginal ultrasound. More particularly, the
figure illustrates:

[0046] 1) an ultrasonic probe upgraded with light delivery
system;
[0047] 2) OAT Data Acquisition Board (DAB) and soft-

ware that works either in “sequence” mode or in a “toggling”
acquisition mode with ultrasound; and

[0048] 3) an additional laser unit that provides Q-switched
fiber optically coupled output in a near infrared optical range
or spectral window of about 750-840 nm.
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Example 2

Digital Phantoms for Computer Simulations of
Transabdominal Optoacoustic Imaging of Placenta

[0049] Digital phantoms are utilized for Monte Carlo based
simulations of OAT imaging. A typical digital OAT phantom
1s a 3D map of optical properties which simulates a portion of
the body affected by illumination during an QAT imaging
procedure. Special care is taken with respect to boundary
conditions by accounting for optical continuity of deep tis-
sues and by modeling physical contact of the skin and optoa-
coustic probe. The digital phantoms utilized herein have a
stratified geometry with individual layers representing skin,
adipose tissue, uterus, placenta, and amniotic fluid (FIG. 2).
The thickness of each layer is either obtained from published
reference data or is estimated from at least 10 transabdominal
ultrasonic images acquired during routine clinical examina-
tions of the placenta at various gestational ages.

[0050] Each layer, except for the placenta, is represented as
ahomogeneous medium with optical properties for a particu-
lar wavelength obtained either directly from published refer-
ences or indirectly by assuming that NIR optical absorption
comes predominantly from blood, and using volumetric frac-
tions of blood known for each particular tissue layer. The
placental layer is populated either with 0.5 mm blood vessels
for resolution studies or with clusters of 0.1 mm microvessels
for studies of blood content and oxygenation levels. All 0.5
mm blood vessels are oriented orthogonally to the imaging
plane of the probe to provide reference circular objects on the
reconstructed OAT images. All 0.1 mm blood vessels inside
the clusters are randomly distributed along 3 orthogonal axes.
The average density of blood vessels and microvessels within
placenta is designed for consistency with published data on
the volumetric blood fraction in the placenta. The density of
microvessels inside a particular cluster is varied to +50% that
of the average. Oxygen saturation of blood inside both 0.5
mm vessels and microvessel clusters is varied between 50 and
100% with increments of 0.05.

[0051] Multiwavelength optical illumination is used to
evaluate spatial distribution of blood oxygenation. An NIR
optical range of about 750-840 nm was selected centered at
the isosbestic point of hemoglobin (802 nm) where oxy- and
deoxy-forms equally absorb optical energy (12, 22). Near-
infrared spectroscopy (NIRS) that measures oxygen satura-
tion without spatial resolution utilizes 3-5 wavelengths of
NIR optical radiation in the similar range (13, 23, 24). The
same range is used in optoacoustic spectroscopy of blood (18,
20, 25-27). In order to maintain the balance between the
accuracy of the measured oxygen saturation, the ability to
perform real-time imaging, and the cost of the system the
number of utilized wavelengths was limited to 3-5. The digi-
tal phantoms with the placenta represented by 0.5 mm blood
vessels is created for 3 wavelengths in the range of about
750-840 nm with an equal step of 40 nm. The digital phan-
toms with placenta represented by microvessel clusters are
created for 5 wavelengths in the range of about 750-840 nm
with an equal step of 20 nm. A total of 8 different digital
phantoms were developed and tested.

Example 3

Optimization of Shape, Size, and Arrangement of the
Optical Fibers within Standard Transabdominal
Ultrasound Probe Using Monte Carlo Computer
Simulation of Optoacoustic Imaging and Digital

Phantom

[0052] Optical illumination is critical for good quality 2D
or 3D optoacoustic imaging. Conventionally it is achieved
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using two fiber optic bundles shaped at the output termini in
a rectangular pattern and attached on both sides of the ultra-
sound probe (FIG. 3). Two illumination modes, dark field and
bright field, have been employed currently for 2D OAT imag-
ing. Dark field is formed when light bars are significantly
separated from the imaging plane of the probe. In that case
OAT image is formed by backscattered light. Such an
approach significantly limits the depth of view and is not
practical for imaging tissue that is deeper than 1 cm. The
bright field mode is formed by forward scattered photons. Itis
traditionally used in clinical applications for 2D OAT imag-
ing of breast and prostate (16, 17). Bright field illumination
for imaging the placenta is used herein since typical depth of
the placenta on ultrasound images is on the order of 15-30
mm. Additional parameters to consider in development of
OAT illumination are shape and size of the light bar cross-
section and its distance from the imaging plane. Wider light
bars provide more homogeneous illumination in the bright
field, but require more laser energy considering constraints
imposed by the maximum permissible skin exposure of about
20 mJ/em® for the selected NIR range (28).

[0053] Anadvanced laser system (SpectraWave 2X, Tomo-
Wave Laboratories, Inc., Houston, Tex.) was developed for
breast imaging applications and provides up to 200 mJ/pulse
in the 750-840 nm range. Conservatively, considering that
losses in fiber optics could be up to 50%, a top estimate of 100
ml/pulse for two light bars, which limits the cross-section of
each light bar to 2.5 cm® to achieve maximum sensitivity was
utilized. The length of the light-bars is adequate to prevent
shadows at the edges of the field of view on OAT images. For
a linear ultrasound probe the selected length is usually equal
or slightly longer than the array of transducers. Computer
simulations are performed to determine the optimal length of
the light bars for the transabdominal convex ultrasonic probe.
[0054] 1In the past, we developed our own OAT imaging
simulation software that works with a variety oflight delivery
systems, acoustic arrays, and DAB systems. It was used and
described in our previous peer-reviewed publications (14,
16). Three digital models with 0.5 mm blood vessels in pla-
cental layer (see Embodiment 1.1 above) is utilized to opti-
mize optoacoustic illumination. The problem in deep tissue
OAT imaging comes from sensitivity decreasing with the size
of a target and depth which is due to diffraction of optoacous-
tic waves (9). A large number of array elements, such as, but
not limited to, at least 64, is essential to improve sensitivity of
the system. A commercial ultrasound probe with 128 ele-
ments is used herein.

[0055] Another problem typically encountered in deep tis-
sue OAT imaging is a large dynamic range of the signals
caused by optical attenuation, which is on the order of 2.3
times per centimeter of tissue (29). Since only the placenta
and some immediately adjacent tissue, e.g., the uterus and
amniotic fluid, is visualized, the reconstructed depth of view
does not exceed 10 mm, i.e. reconstructed images are 40
mmx 10 mm. The images of blood vessel targets are analyzed
for OAT contrast and resolution. The most practical design,
which achieves at least 1 mm resolution for blood vessel
targets in all the phantoms is implemented in the probe.

Example 4

Multiwavelength Optoacoustic Imaging
Methodology for Quantitative Measurements of
Local Blood Content and Oxygenation Levels in

Placenta

[0056] Fivedigital models with placental microvessel clus-
ters asin Example 2 and a probe design optimized in Example
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3 are used. Both oxygenated and deoxygenated blood absorbs
well in the NIR range of about 760-840 nm. Optical absorp-
tion contrast with respect to background tissue is about 50:1
(12,29). However, all optical methods that claim quantitative
metrology of absorption in live tissue, and therefore concen-
tration of chromophores (for 750-840 nm, just hemoglobin),
run into an extremely challenging problem of unknown spa-
tial distribution of optical fluence. One way to overcome this
problem is implemented in diffuse optical tomography, which
relies on a light propagation model for biological tissues to
get spatially averaged optical absorption characteristics (13,
24). This problem of unknown fluence is overcome by using
coefficient of the local contrast, K., between the placenta
and the uterus as a diagnostic metric of blood content:

Ip  [HV]p (Eq. D

Kpyr = =~
P T THT

»

wherelindicates local intensity on OAT image at the region of
interface inside placenta (index P) and uterus (index U);
[HbT]=[HbO]+[Hb] is the concentration of total hemoglobin.
What justifies equation (1) is the assumption that over the
uterus-placenta interface change of optical fluence is much
smaller than that of optical absorption. The Monte Carlo
models are used to validate that assumption for a physiologi-
cal range of optical properties inside the uterus and placenta.
Since equation (1) has a fluence-free ratiometric form, it is
independent of wavelength. Therefore, multiple wavelength
data could be simply averaged to increase accuracy of evalu-
ation of K,,. Using Monte Carlo simulations the minimum
number of wavelengths required to evaluate K ., with accu-
racy of 10% is determined.

[0057] Local blood oxygenation in the placentais evaluated
using principles of multiwavelength optoacoustic spectros-
copy (18). Wavelength dependent blood oxygenation param-
eter (Pgp,) is calculated for all possible permutations of
wavelength pairs (i,j):

I{x, 2);

I, 2);

(Egq. 2)

Pson(x, 2);; =

[0058] Then the minimization problem is solved for the
known spectral relationship between the blood oxygenation
parameter and blood oxygenation index:

[HbO]
[HbO) + [HB]’

Eq. 3
50 = (Eq. 3)

[0059] Using Monte Carlo simulations we determine the
minimum number of wavelengths required to evaluate SO2 in
the placenta with an accuracy of 10% is determined.

Example 5

Integration of a Standard Transabdominal
Ultrasound Probe with Fiberoptic Bundles

[0060] A preclinical prototype of the LOUIS system is
fabricated using the hybrid probe and existing electronics for
optoacoustic and ultrasonic imaging. The design is based on
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minimal modifications to a clinical general-purpose ultra-
sound imaging system. In one significant modification the
light delivery module is integrated into the transabdominal
imaging probe to enable optoacoustic imaging in a backward
bright-field illumination mode. The light delivery module
consists of a single bifurcated (1-in-2) optical fiber bundle
with output termini shaped in rectangular patterns and curved
according to the shape of the used probe. The arrangement of
individual output fibers in each terminal is randomized with
respect to the input in order to provide homogeneous illumi-
nation without dangerous “hot spots”. Fiber bundle outputs
are integrated into the convex transabdominal probe housing
on both sides (FIG. 3) according to the design optimized in
the Monte Carlo simulations of Example 3 and similar to the
previously established linear breast probe (17). The fiber
bundle outputs are acoustically isolated from the sensitive
elements of the probe in order to avoid significant imaging
artifacts caused by ultrasound optically generated inside the
housing. The fiber bundle input is optically coupled to the
Ti:Saph laser output tunable in the range of about 750-840
nm. A LOUIS 128-ch data acquisition (DAQ) module (Tomo-
Wave Laboratories, Inc., Houston Tex.), which is universal
across a variety of biomedical applications of array-based
optoacoustic imaging (14, 16, 30-32), is used. It incorporates
128 parallel channels of wideband electronics with analog
amplification up to 90 dB, digital sampling of 40 MHz up to
1536 samples per channel, and 10 Hz imaging frame rate. The
developed optoacoustic imaging unit is evaluated to assure
thatincident fluence is consistent with the requirements of the
ANSI 7136.1 Laser Safety Standard (28).

[0061] Theacousto-electric impulse response of the system
is measured using an in-house system that is modified to
accommodate a convex handheld probe. The system can be
designed with separate OAT and UST DAQ modules, but a
preferred system has a combined OAT/UST electronics.
Ultrasound and multiwavelength optoacoustic imaging is
queued or toggled. Thus, a commercial version of the proto-
type comprises a fully integrated clinical dual modality probe
and DAB that allows real-time toggling between OAT and
UST frames and that provides real-time evaluation of blood
content and oxygenation with the placenta.

Example 6

Creation of Software that Displays Blood Content
and Oxygenation Maps of Placenta

[0062] Previous development of real-time OAT imaging to
enable data processing and tomographic reconstruction,
which are appropriate for the convex probe geometry is uti-
lized. Current software is based on Matlab and C++ for 2D
optoacoustic-ultrasonic imaging of a breast with linear hand-
held probes. Using methodology developed in Example 4,
Matlab software is created that displays maps of local blood
contrast (K »,,) and blood oxygenation index (SO2) inside the
placenta. Image presentation is optimized either for compos-
ite overlay on the standard clinical ultrasound images or for
standalone panels of functional information coregistered with
ultrasound. Algorithms tested in the research Matlab environ-
ment in commercial grade C++ and CUDA based code are
implemented. Previously tested and verified commercial
grade C++ DAB kernel of LOUIS is used in the system
provided herein.
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Example 7

Development of Stratified Tissue Simulating
Phantoms that are Adequate for Optoacoustic and
Ultrasonic Imaging of Placenta at Different Levels of
Local Blood Perfusion and Oxygenation
[0063] Optoacoustic and ultrasonic phantoms for breast
and prostate imaging are known in the art (14, 16). Phantoms
in this project simulate multilayered structures as they are
seen on clinical ultrasound imaging of placenta and consis-
tent with digital phantoms implemented in Example 2 (FIG.
2). Gelatin is one of the most traditional materials for mim-
icking optical and acoustic properties of live tissues. It is used
for matrix of all the layers except for placenta with optical,
and acoustic properties simulating corresponding tissues.
There is a technology for manufacturing OAT phantoms that
mimic properties of the breast (33) which can be modified
easily to produce the required OAT phantoms of abdominal
tissues. Optical properties of individual layers are measured
using an integrating sphere (34). Phantoms are created that
have a scattering background with an effective attenuation
coefficient of about 1-1.2 cm™" and a reduced scattering coef-
ficient about 10 cm-1 consistent with live tissue (29). The
necessary spectral characteristics of optical absorption in the
uterus layer is achieved by mixing hemoglobin into a gelatin
matrix. The placenta is modeled using a well-established ex

vivo placental perfusion system (35-38).

[0064] Briefly, the perfusion system comprises a perfusion
chamber, a maternal and fetal reservoir, two peristaltic roller
pumps and two magnetic stirring devices that are connected
together via tubing establishing a functional perfusion cham-
ber. The placenta vascular network is perfused by simulta-
neous perfusion of the fetal and maternal circulation of one
villous tree while the fetal flow is established by cannulation
of a chorionic artery and vein pair supplying one cotyledon
with Krebs Ringer. During OAT imaging experiments, the
placenta is placed immediately in contact with the uterus
layer of the gelatin phantom that simulates in vivo imaging
conditions. The perfusion chamber is then placed in a heated
(37° C.) flowbench prior to acquiring optoacoustic images of
placenta tissue under different conditions. Term placentas are
collected from uncomplicated pregnancies and births after
elective caesarean sections and are imaged while perfused
with blood with various degrees of oxygenation. Selective
biopsies are taken from placentas after imaging with LOUIS
for histological assessment and validation of OAT method for
high resolution imaging of blood perfusion in tissue. In case
difficulties are encountered with blood-perfused in ex vivo
placental tissue, an alternative approach is used where the
placenta is represented by a general phantom matrix (see
above) and the blood vessels are made of ultrathin PTFE
tubes (0.635 mm ID and 0.05 mm wall thickness), which is
excellent for optical and optoacoustic simulations. The tubes
are perfused with diluted heparinized blood with spatial den-
sity and hematocrit levels adequate to represent an overall
blood fraction in the placenta. At least 3 phantom samples are
created with slightly different properties to simulate patient-
to-patient variations. The phantoms mimic the in vivo situa-
tion as closely as possible using placental perfusion models.

Example 8
Validation of LOUIS Via Optoacoustic and
Ultrasonic Imaging of the Placenta Phantoms

[0065] In the past 2D OAT systems showed good perfor-
mance in imaging of solid and liquid tissue phantoms and in
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vivo imaging of breast tissue and peripheral vasculature (15,
31). OAT and laser ultrasound induced artifacts may diminish
the OAT contrast and impede accuracy of mapping functional
characteristics of the placenta, however, technological and
data processing solutions used in OAT breast imaging may be
implemented to reduce those artifacts. The phantoms are
imaged according to the institutionally approved protocol
using each of the wavelengths specified in Example 4 as well
as in an ultrasound imaging mode. If visible, strong OAT
sources like individual small blood vessels, are identified
within the placenta and analyzed for local contrast. The
obtained maps of local blood contrast and oxygenation in
placentas are analyzed and are validated versus controlled
experimental settings. The results are coregistered OAT/US
images of all the phantoms and correlation graphs between
optoacoustically measured and controlled parameters dem-
onstrating precision and accuracy of the proposed technique.
FIGS. 4A-4B demonstrate that while optoacoustic brightness
decreases with depth, an optoacoustic tomography image ofa
blood vessel within a realistic tissue phantom is obtainable at
a depth 60 mm obtained with high contrast and resolution.

Example 9

Validation of LOUIS Via Optoacoustic and
Ultrasonic Imaging in Live Tissue

[0066] TOUIS imaging system enables functional imaging
of total hemoglobin and its oxygen saturation. Images of an
artery and a vein in live tissue are produced at 757 nm (FIG.
5A) and at 1064 nm (FIG. 5B). Switching the laser wave-
length from 757 nm to 1064 nm produces optoacoustic
images that switch brightness from hemoglobin to oxy-he-
moglobin and thereby identify the vein and the artery.
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What is claimed is:

1. A dual modality imaging system for evaluating func-
tional parameters of placental blood within displayed ana-
tomical structures of placenta, comprising:

means for delivering optical pulses of near infrared light to

blood in placental tissue and vasculature;

means for generating and delivering ultrasonic pulses to

placental tissue;

means for connecting and assembling both of said delivery

means within a hand-held probe;
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means for detecting ultrasonic pulses either generated
within the tissue or reflected within the tissue and for
producing electronic signals;

means for amplification, digitization and electronically
processing said electronic signals and for calculating
optoacoustic and related functional images superim-
posed with ultrasonic anatomic images; and

means for displaying results as quantitative functional
images of said blood parameters coregistered with ana-
tomic tissue images.

2. The dual modality imaging system of claim 1, wherein

the means for delivering near infrared light comprises:

a) a pulsed laser operable at multiple wavelengths within a
near-infrared spectral window, said laser rapidly swit-
chable between different wavelengths in the spectral
window; and

b) afiberoptic light delivery system having a fused circular
input tip operable for maximum transmission and ran-
domized output for homogenous illumination.

3. The dual modality imaging system of claim 2, wherein
wavelengths in the near infrared spectral window are of a
maximum tissue transparency and within an absorption spec-
trum of hemoglobin and oxy-hemoglobin.

4. The dual modality imaging system of claim 2, wherein
the near-infrared spectral window comprises wavelengths of
about 740 nm to about 850 nm.

5. The dual modality imaging system of claim 1, wherein
the means for generating and delivering ultrasonic pulses to
placental tissue comprises electrical pulses applied to piezo-
electric transducers.

6. The dual modality imaging system of claim 1, wherein
the means for generating and delivering ultrasonic pulses to
placental tissue comprises laser pulses applied to a layer of
material with a strong optical absorption and strong ther-
moelastic expansion.

7. The dual modality imaging system of claim 1, wherein
the means for delivering optical pulses, means for delivering
ultrasonic pulses and means for detecting ultrasonic pulses
comprises:

a multichannel optoacoustic-ultrasonic probe operable to
detect ultrasonic pulses from a depth of tissue within an
ultra-wide band of ultrasonic frequencies.

8. The dual modality imaging system of claim 7, wherein
the multichannel optoacoustic-ultrasonic probe is a handheld
transabdominal optoacoustic ultrasonic probe or a handheld
transvaginal optoacoustic ultrasonic probe.

9. The dual modality imaging system of claim 7, wherein
said ultrawide-band of frequencies is about 100 kHz to about
10 MHz.

10. The dual modality imaging system of claim 1, wherein
the means for electronically processing said ultrasonic pulses
and means for displaying the results comprise:

amultichannel electronic system having low noise ultraw-
ide-band analog amplifiers, analog to digital converters
and digital data acquisition, said multichannel electronic
system operable to detect, amplify, digitize, process, and
store optoacoustic and ultrasonic signals produced by
the optical and ultrasonic pulses generated within the
blood or tissue or both; and

a computer in electronic communication with the multi-
channel electronic system and having at least one
memory, processor, display, and network connection
tangibly storing software comprising processor-execut-
able instructions to:



US 2015/0150452 Al

calculate quantitative functional parameters of the pla-
cental blood within specific anatomical tissue struc-
tures; and

display quantitative functional optoacoustic images of
the functional parameters within specific anatomical
structures in the tissue that are visualized by ultra-
sound.

11. The dual modality imaging system of claim 10, wherein
said processor-executable instructions are executable to:

obtain an ultrasound tomography image of the placenta or

associated tissue in an area suspected for anatomical or
functional abnormalities;

obtain optoacoustic images using at least two wavelengths

without a change of the optoacoustic-ultrasonic probe
position;

coregister said optoacoustic images with the ultrasound

image;

calculate quantitative functional images of a total hemo-

globin [tHb] and of blood oxygenation [SO2] normal-
ized to an optical fluence distribution at each wave-
length;

display an ultrasonic image of anatomical tissue structures

superimposed with the quantitative functional image of
the total hemoglobin; and

display an ultrasonic image of the anatomical tissue struc-

tures superimposed with the quantitative functional
image of the blood oxygen saturation.

12. The dual modality imaging system of claim 1, wherein
the quantitative functional parameters comprise total hemo-
globin and oxygen saturation.

13. The dual modality imaging system of claim 1, wherein
the tissue comprises placenta or umbilical cord or both.

14. The dual modality imaging system of claim 1, wherein
the quantitative functional parameters are evaluated in real
time within at most 100 milliseconds.

15. A method for evaluating functional parameters of pla-
cental blood in a subject in real time, comprising the steps of:
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positioning an optoacoustic-ultrasonic probe comprising
means for delivering optical pulses and ultrasonic pulses
of the imaging system of claim 1 in contact with the
subject;

obtaining an ultrasound tomography image of anatomical

tissue structures in an area suspected for anatomical or
functional abnormalities with the optoacoustic-ultra-
sonic probe;

obtaining optoacoustic images at multiple wavelengths

without a change of the optoacoustic-ultrasonic probe
position;

coregistering the optoacoustic images with the ultrasound

image; and

calculating quantitative functional images of a total hemo-

globin [tHb] and of blood oxygenation [SO2] normal-
ized to an optical fluence distribution at each wave-
length, thereby evaluating the functional parameters of
placental blood.

16. The method of claim 15, further comprising:

displaying an ultrasonic image of the anatomical tissue

structures superimposed with the quantitative functional
image of the total hemoglobin; and

displaying an ultrasonic image of the anatomical tissue

structures supetimposed with the quantitative functional
image of the blood oxygen saturation.

17. The method of claim 15, further comprising diagnosing
and managing a pathophysiological condition associated with
the placenta and extraplacental tissue based on the evaluation
of the functional parameters.

18. The method of claim 17, wherein said conditions are
abnormal perfusion and oxygenation, placental abruptions or
are associated with effects of medications, smoking or exer-
cise.

19. The method of claim 15, wherein the anatomical tissue
structures are the placenta, the umbilical cord or both.

20. The method of claim 15, wherein the multiple wave-
lengths comprise a near infrared spectral range of about 750
nm to about 840 nm.



patsnap

LT RBFROF) ATHRENEAENESER BN AFBERS
NIF(2E)E US20150150452A1 [F(2E)A 2015-06-04
HiES US14/556316 HiEA 2014-12-01

R E(Z R A (%) ORAEVSKYIL[F ik
ERMILOV SERGEY—4

B (EFIR)AGR) ORAEVSKY , ALEXANDER A.
ERMILOV , SERGEY A.

LHIEBE (T RN)A(F) TOMOWAVE LABORATORIES , INC.

FRIZBA ORAEVSKY ALEXANDER A
ERMILOV SERGEY A

REBAA ORAEVSKY, ALEXANDER A.
ERMILOV, SERGEY A.

IPCH %S A61B5/00 A61B8/08 A61B8/00 A61B5/145 A61B5/1464 A61B8/14 A61B5/1455

CPCH%S A61B5/0035 A61B5/7425 A61B8/14 A61B5/0095 A61B8/5261 A61B5/14552 A61B5/4848 A61B5/1464
A61B8/0866 A61B5/7278 A61B5/4362 A61B8/4444 A61B5/14546 A61B8/4416

£ A 61/910154 2013-11-29 US
H A FF SRR US9498133

S\EBEEE Espacenet USPTO
BEF)

AR T R B RIS RS R TS R R A . %A ,
BRETENESRANFNRSTE  BEASA TS , AFAk  Clectica
BAEXARRRRUSIEBIANL  AFRER ATE Gony
AE 4R 40 7= 2 S O R B, (5 5 BB K SRR RS R ‘
RS, TESREREE TN SRLAAR G ARENSRNE
EYERETRANE R, AEEHERRAN T NS BEETR

s (1 AL TR 88 AT 15 BB L B0 TR MR 14 40 5 A O A 2 TR 2
EUASE  3ES REL R KSR S K T EES R R B T A
KEEG, BER.

Placenta

Amniotic
Fluid

O Utens
Laser input

760nm-§40nm


https://share-analytics.zhihuiya.com/view/24a894d5-5170-4177-8830-bdc5ff8f793a
https://worldwide.espacenet.com/patent/search/family/053264053/publication/US2015150452A1?q=US2015150452A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150150452%22.PGNR.&OS=DN/20150150452&RS=DN/20150150452

