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QUANTITATIVE OPTOACOUSTIC TOMOGRAPHY
WITH ENHANCED CONTRAST

BACKGROUND OF THE INVENTION

Field of the invention

The present invention relates to the field of optoacoustic
tomography. More specifically, the present invention relates to a method of
enhancing contrast during quantitative optoacoustic tomography and removing

image artifacts using maximum angular amplitude probability (MAAP)
reconstruction of an image.

Description of the Related Art
Optoacoustic tomography is used in biomedical applications for in

vivo and in vitro imaging of animal and human tissues and organs based on
differences in tissue optical properties. Optoacoustic tomography has {the potential
to become valuable modality of functional molecular imaging. The essence of
functional molecular imaging is to provide quantitative information (maps) of
distributions and concentrations of various molecules of interest for medicine. For
example, distribution of hemoglobin and oxi-hemoglobin concentration in tissue
shows whether the tissue normally functions or it is damaged or malignant.
Distribution of specific protein receptors in cell membranes give insight into
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molecular biology or cells helping in designing drugs and therapeutic methods to
treating human diseases.

Traditionally, a radial back projection (RBP) image reconstruction
algorithm is used in a laser optoacoustic imaging system (LOIS) to reconstruct
two-dimensional (or three-dimensional) images of the object (such as tumor).
Image blurring and the presence of artifacts in form of radiating arcs decrease
resolution and clarity of the image. Most importantly, the brightness of objectis or
area of interest on images reconstructed with RBP is not proportional to the
c;riginal amount of absorbed optical energy. This occurs due to the fact that each
receiving transducer with wide angular aperture can integrate information received
from a number of objects in the volume being imaged, so that the brightness of
any specific object is altered upon radial back projection of signal amplitudes
integrated over the spherical surface within the field of view of each transducer.

Thus, a recognized need is present in the art for improved
quantitative optoacoustic tomography procedures. Specifically, the prior art Is
deficient in methods applying algorithms effective to significantly improve the (1)
accuracy of quantitative information displayed on optoacoustic images and (2)
contrast of optoacoustic images (relative contribution of image artifacts). More
specifically, the prior art is deficient in using maximum angular amplitude
probability reconstruction algorithm to provide for clear visualization of real optical
absorbers and improved estimation of absorption coefficients of specified discrete
absorbers. The present invention fulfils this longstanding need in the art.

SUMMARY OF THE INVENTION

The present invention is directed to an optoacoustic imaging system
for producing images of one or more objects in a body. The optoacoustic imaging
system is cénﬁgured to perform the steps of illuminating a body using pulses of
electromagnetic radiation and generating distribution of absorbed thermal energy
under illumination conditions of temporal pressure confinement within a volume of
a resolution of interest, detecting temporally resolved profiles of optoacoustic
signals resulting therefrom, processing signals to determine a value of absorbed
electromagnetic energy, and reconstructing high-contrast optoacoustic images of

2
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the body from determined optical absorption coefficients of one or more objects
therewithinousing at least a maximum angular amplitude probability algorithm.
The present invention is directed to a related optoacoustic imaging system
configured to perform the further step of plotting 2a map of the one or more objects
using the determined optical absorption coefficients.

The present invention also is directed to an optoacoustic imaging
system for producing maps of one or more objects in a body. The optoacoustic
imaging system is configured to perform the steps of illuminating the body with
pulses of electromagnetic radiation thereby producing a homogeneous distribution
of an energy fluence within any given plane inside the body perpendicular to the
direction of the incident beam of the electromagnetic radiation and detecting
temporally resolved profiles of resulting optoacoustic signals using an array of
ultrawide-band ultrasonic-transducers with transducer directivity of about 0 to
about 2x steradians and with an angular aperture of the array of about 0 and 4x
steradians. The temporally resolved signals are amplified and digitally recorded
using an electronic data acquisition system with subsequent filtering out all
digitally recorded signals from noise while keeping the profiles of the optoacoustic
sighals unaltered. The the temporally resolved signals are optimally processed to
convert bipolar pressure signals into monopolar signals with amplitude
proportional to the absorbed thermal energy. Optoacoustic images of the body
are reconstructed using a radial backprojection algorithm to determine a
probability for each sample of an optoacoustic signal tc be received from a
particular direction relative to the transducer and applying a maximum angular
amplitude probability aigorithm effective to use information on the direction of the
received optoacoustic signals relative to the transducer thereby reconstructing
high-contrast optoacoustic images of the body showing location and shape of the
object(s). Each reconstructed arc is fitted with a polynomial function, the second
derivative is calculated to determine exact boundaries of the objects and each of
the determined objects inside the body is assigned with an unknown absorption
coefficient. Each sample of the integral of the temporally resolved optoacoustic
profiles received by each transducer is used to solve a linear regression mode| of
unknown absorbtion coefficients with regression coefficients related to determined
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sizes of the objects. The optoacoustic map is then plotted based on determined

absorption coefficients of the objects inside the body.

The present invention is directed further to a method for diagnosing
a pathophysiological condition characterized by abnormal optical properties of

tissues in a body. The method comprises obtaining temporally resolved profiles

of acoustic signals generated by one or more objects associated with the
pathophysiological condition within a body upén iHumination thereof with
electromagnetic radiation, applying at least a maximum angular amplitude
probability algorithm to the profiles to determine optical absorption coefficients of
the one or more objects to reconstruct high-contrast optoacoustic images of the
body; and plotting an optoacoustic map based on the determined optical
absorption coefficient(s) of the object(s) showing a location thereof inside the
body thereby diagnosing the pathophysiciogical condition.

Other and further aspects, features, benefits, 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 DESCRIPTION OF THE DRAWINGS

The appended drawings have been included herein so that the
above-recited features, advantages and objects of the invention will become clear
and can be understood in detail. 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 should not be considered to limit the scope of
the invention.

Figures 1A-1B depict the optoacoustic imaging system used to
acquire images presented in Figures 2A-2D and 3A-3D. This system employs
orthogonal illumination relative to the array of ultrawide-band ultrasonic detectors.
Figure 1A shows the hemicylindrical transducer array with the ilumination system
orthogonal to the plane of optoacoustic image. Figure 1B shows the breast
iImaging probe with hemicylindrical array of ultrawide-band ultrasound transducers
for quantitative imaging and 2D array which are located on the back (not shown)
for measurement of axial depth distribution of optical ilflumination in the breast.

q
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Figures 2A-2D are optoacoustic images of a 7 mm in diameter
sphere provided by radial back projection (Figures 2A-2B) and maximum angular
amplitude probability (Figures 2C-2D) image reconstruction algorithms. The
pictures depicted in Figures 2A-2B are made using linear grayscale palette. The
pictures depicted in Figures 2C-2D are made using triple-color threshold palette.

Figures 3A-3D are optoacoustic images of three equally absorptive
spheres provided by radial back projection (Figures 3A-3B) and maximum
angular amplitude probability (Figures 3C-3D) image reconstruction algorithms.
The pictures depicted in Figures 3A-3B are made using linear grayscale palette.
The pictures depicted in Figures 4C-4D are made using triple-color threshold
palette.

Figures 4A-4D show histograms obtained from quantitative OA
tomography of spherical objects having K = 1. Diameters (Dorj)) and estimated
median values Kmeq are: Dopj = 2 mm, Kneg = 1.01 (Figure 4A); Dop; = 5§ mm, Kied
= 1.03 (Figure 4B); Doy = 10 mm, Kned = 1.00 (Figure 4C), and Dy, = 20 mm,
Kimea = 1.00 (Figure 4D). |

Figures 5A-5B are maximum angular amplitude probability images
of two (Figure 5A) and three (Figure 5B) spherical objects with Donj = 5 mm and
K = 1. Estimated values of K are 0.98 and 0.93 (Figure 5A) and 0.95, 0.93. and
0.94 (Figure 5B).

DETAILED DESCRIPTION OF THE INVENTION

In one embodiment of the present invention there is provided an

optoacoustic imaging system for producing images of one or more objects in a
body, configured to perform the steps of a) illuminating a body using pulses of

electromagnetic radiation; b) generating distribution of absorbed thermal energy
under illumination conditions of temporal pressure confinement within a volume of
a resolution of interest; c) detecting temporally resolved profiles of optoacoustic
preéssure signals resulting therefrom; d) processing signals to determine a value of
absorbed electromagnetic energy; and e) reconstructing high-contrast quantitative

optoacoustic images of the body from determined optical absorption coefficients
of one or more objects therewithin using at least a maximum angular amplitude

>
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probability algorithm.

Further to this embodiment the optoacoustic imaging system may be
configured to perform the step of plotting a map of the one or more objects'using
the determined optical absorption coefficients. In this further embodiment the
map of the one or more objects comprises a tool for a diagnosis of a
pathophysiological condition of the body characierized by abnormal tissue
morphology or to establish the location and the absolute value of the same.
Examples of the pathophysiological condition are a breast cancer, a prostate
cancer, skin cancer, a vascular skin disorder, a brain hemorrhage, a hematoma, a
heart disease, athernsclerotic plaques, arthritis, an ocular disease, any tissue
deprived from blood supply due to the pathophysiological condition or other
condition with abnormal optical properties of tissues.

In these embodiments the illuminating step may comprise delivering
pulses of electromagnetic radiation to the body thereby producing a
homogeneous distribution of an energy fluence within any given plane inside the
body that is perpendicular to the direction of the incident beam of the
electromagnetic radiation. Also, in these embodiments the detecting step may
comprise a) receiving the optoacoustic signals through an array of ultrawide-band
ultrasonic transducers; or b) receiving the optoacoustic signals with a single
uitrawide-band ultrasenic transducer scanned along the body.

In addition, in these embodiments the processing step may
comprise a) amplifying and digitally recording the temporally resolved signals
using an electronic data acquisition system; b) filtering all digitally recorded
signals from noise while keeping the profiles of the optoacoustic signals unaltered:
¢) calculating either an integral of the temporally resolved optoacoustic signals or
their time-derivative or a combination thereof resulting in enhanced contrast and
optimal signal processing for quantitative analysis; and d) determining signal
amplitude generated by objects only on those ultrasonic transducers that could
separate all objects of diagnostic interest by detecting them at different time
positions. The tran.sducers may have a transducer directivity of about 0 to about

2w steradians with an angular aperture of the array of about 0 and 4x steradians.

Furthermore, in these embodiments the reconstructing step may
comprise a) determining a probability for each sample of the acoustic signal to be

6
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received from a particular direction relative to the transducer using a radial
backprojection algorithm; b) applying a maximum angular amplitude probability
algorithm effective to use information on the direction of the received acoustic
signals relative to the transducer receiving the signal thereby reconstructing the
high-contrast optoacoustic images of the body showing location, shape and true
brightness of the one or more objects; c) fitting each reconstructed arc with a
polynomial function and calculating the second derivative to determine exact
boundaries of the abject(s); d) assigning each of the determined objects inside the
body with an unknown absorption coefficient; and e) using each sample of the
integral of the temporally resolved optoacoustic profiles received by each
transducer to solve a linear regression model of unknown absorbtion coefficients
with regression coefficients related to determined sizes of the one or more

' objects.

In an alternate aspect the object may be a single object and step €)
comprises a) using each sample of the integral of the temporally resolved
optoacoustic profiles received by each transducer {o calculate an average
absorption coefficient of an arc in the object while accounting for individual size of
the image pixel and the number of pixels in the arc within the object; and b) using
statistical distribution of the average absorption coefficients of the arcs to estimate
the true absorption coefficient of the object. In another alternate aspect the
directivity of each fransducer may be about zero and step e) comprises placing
measured sample values of the integrated optoacoustic signals to the pixels of the
map along the line of directivity of each acoustic transducer.

In another embodiment of the present invention there is provided an
optoacoustic imaging system for producing maps of one or more objects in a
body, configured to perform the steps of a) illuminating the body with pulses of
electromagnetic radiation thereby producing a homogeneous distribution of an
energy fluence within any given plane inside the body perpendicular to the
direction of the incident beam of the electromagnetic radiation; b) detecting

temporally resolved profiles of resulting optoacoustic signals using an array of

ultrawide-band ultrasonic transducers with transducer directivity of about 0 to

about 2x steradians and with an angular aperture of the array of about 0 and 4x

steradians; c) amplifying and digitally recording the temporally resolved signatls

7
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using electronic data acquisition system; d) filtering all digitally recorded signals
from noise while keeping the profiles of the optoacoustic signals unaltered; e)
optimally processing the temporally resolved signals to convert bipolar pressure
signals into monopolar signals with amplitude proportional to the absorbed
thermal energy; f) reconstructing optocacoustic images of the body using a radial
backprojection algorithm effective to determine a probability for each sample of an
optoacoustic signal to be received from a particular direction relative to the
transducer; g) applying a maximum angular ampfitude probability algorithm
effective to apply information on the direction of the received optoacoustic signals
relative to the transducer thereby reconstructing high-contrast optoacoustic
images of the body showing location and shape of the one or more obj’ecté; h)
fitting each reconstructed arc with a polynomial function and calculating the
second derivative to determine exact boundaries of the object(s); i) assigning

each of the determined objects inside the body with an unknown absorption

coefficient; j) using each sample of the integral of the temporally resolved
optoacoustic profiles received by each transducer to solve a linear regression
model of unknown absorbtion coefficients with regression coefficients related to
determined sizes of the objects; and k) plotting the optoacoustic map based on
determined absorption coefficients of the one or more objects inside the body.

In a related embodiment, the object may a single object and step i)
comprises a) using each sample of the integral of the temporally resolved
optoacoustic profiles received by each transducer to calculate an average
absorption coefficient of an arc in the object while accounting for individual size of
the image pixel and the number of pixels in the arc within the objedt; and ) using

statistical distribution of the average absaorption coefficients of the arcs to estimate

the true absarption coefficient of the object.

In another related embodiments the directivity of each transducer
may be about zero and step 1) comprises reconstructing the optoacoustic images
of the body by placing measured sample values of the integrated optoacoustic
sighals to the pixels of the map along the line of directivity of each acoustic
transducer.

In all embodiments the map of the one or more objects may
comprise a tool for diagnosis of a pathophysiological condition of the body

8
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characterized by abnormal tissue morphology or to establish the location and
absolute value of the same. Examples of the pathophysiological condition are a
hreast cancer, a prostate cancer, skin cancer, a vascular skin disorder, a brain
hemorrhage, a hematoma, a heart disease, atherosclerotic plagues, arthritis, an
ocular disease, any tissue deprived from blood supply due to the
pathophysiological condition or other condition with abnormal optical properties of
tissues

in yet another embodiment of the present invention there is provided
a method for diagnosing a pathophysiological condition characterized by

abnormal optical properties of tissues in a body, comprising a) obtaining

temporally resolved profiles of acoustic signals generated by one or more objects

associated with the pathophysiological condition within a body upon illumination
thereof with electromagnetic radiation; b) applying at least a maximum angular
amplitude probability algorithm to the profiles to determine optical absorption
coefficients of the one or more objects 1o reconstruct high-contrast optoacoustic
images of the body; and c) plotting an optoacoustic map based on the determined
optical absorption coefficient(s) of the object(s) showing a location thereof inside
the body thereby diagnosing the pathophysiological condition. Further to this
embodiment, the method may comprise administering an optoacoustic contrast
agent effective to ater optical absorption of specific objects or locations of
diagnostic interest in the boay.

In these embodiments the electromagnetic radiation may be pulsed

thereby producing a homogeneous distribution of an energy fluence within any
given plane inside the body that is perpendicular to the direction of the incident

heam of the electromagnetic radiation. Also In these embodiments the obtaining
step may comprise a) receiving the acoustic signals through an array of ultrawide-
hand ultrasonic transducers; b) amplifying and digitally recording the temporally
resolved signals using an electronic data acquisition system; and c) fiitering all
digitally recorded signals from noise while keeping the profiles of the acoustic
signals unaltered. The transducers may be as described supra.

Also in these embodiments the applying step may comprise a)
determining a probability for each sample of the acoustic signal to be received
from a particular direction relative to the transducer using a radial backprojection

9
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algorithm; b) applying a maximum angular amplitude probability algorithm
effective to use information on the direction of the received acoustic signals
relative to the transducer receiving the signal thereby reconstructing the high-
contrast optoacoustic images of the body showing location and shape of one or
more objects; c) fitting each reconstructed arc with a polynomial function and
calculating the second derivative to determine exact boundaries of the object(s);
d) assigning each of the determined objects inside the body with an unknown
absorption coefficient; and e) using each sample of the integral of the temporally
resolved optoacoustic profiles received by each transducer to solve a linear
regression model of unknown absorbtion coefficients with regression coefficients
related to determined sizes of the objects. In alternate aspects the object may be
a single object' and the transducer directivity may be about zero as described
supra. In all embodirnents the pathophysiological condition may be as described
supra.

As used herein, the term “a"” or "an” when used in conjunction with
the term “comprising” in the claims and/or the specification may mean “one,” but it

"» d

is also consistent with the meaning of “one or more,” “at least one,” and “one or
more than one.” As used herein, the term “or” in the claims is used to mean
“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.”

As used herein, the phrase “pathophysiological condition” refers to
any deleterious conditions involving abnormal optical properties of tissues, such
as canhcer, diseases and disorders related to inflammation, tissues with abnormal
blood supply, blood vessels, atherosclerotic plaque, heart, skin diseases and
disorders, ocular diseases and disorders, conditions resulting from hemorrhage,
hematomaé, arthritis, etc. As is well known in the art, a tumor may be malignant,
such as a cancer, or non-malignant and characterized by a benign tumor or other
abnormal tissue growth.

As used herein, the term “body” refers to a recipient of optoacoustic
imaging, preferably a mammal, more preferably a human.

The present invention provides an image reconstruction algorithm,

maximum angular amplitude probability (MAAP), that significantly improves the

10
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contrast of optoacoustic images, removes ghost images, arc artifacts, and allows
clear visualization quantitative measurement of maps of absorbers of
electromagnetic energy. More importantly it can be used for post-processing
estimation of absorpiion coefficients for specified discrete absorbers. These two
improvements put an optoacoustic tomography system on a new level, making it a
powerful tool for visualization and diagnostics of pathological conditions
manifesting in a changed absarption coefficient, in, for example, but not limited o,
tumors associated with a cancer. Thus, it is contemplated that the system of
quantitative optoacoustic tomography or imaging and the algorithms provided
herein are useful to improve diagnosis of a pathophysiological condition.

Particularly, provided herein is an optoacoustic imaging system
(Figs. 1A-1B) for producing 2D, and, by extension, 3D images of one or more
objects in a body. The system utilizes a hemicylindrical transducer array of
ultrawide-band ultrasound transducers with an illumination system orthogonal to
the plane of optoacoustic image. The transducer array is effective for quantitative
imaging to measure the axial depth distribution of the optical illumination at a site
of interest, for example, but not limited to a breast, in the body.

The optoacoustic imaging system may be configured to perform a
series of steps to obtain the image. The body is illuminated using
electromagnetic radiation (EMR). Temporally resolved profiles of optoacoustic
signals resulting from thermal expansion of an EMR heated body with
heterogeneous distribution of absorbing structures are detected. High-contrast
optoacoustic images of the body are reconstructed from determined optical
radiation absorption coefficients of one or more objects therewithin using at least
a maximum angular amplitude probability algorithm as shown in-the Examples
below. In addition, the optoacoustic imaging system may be configured to plot a
map of the one or more imaged objects thereby accurately reproducing the shape
of these objects and their original brightness using the determined optical
absorption coefficients.

Preferably, the optoacoustic imaging system may be configured to
illuminate the body with pulses of electromagnetic radiation thereby producing a
homogeneous distribution of an energy fluence within any given plane inside the
body perpendicular to the direction of the incident beam of the electromagnetic

11



10

15

20

25

30

CA 02671101 2015-07-16

radiation. The temporally resolved profiles of resulting optoacoustic signals may
be detected using an array of ultrawide-band ultrasonic transducers with a

transducer directivity of about 0 to about 2x steradians and with an angular
aperture of the array of about 0 and 4x steradians. The temporally resolved

signals are amplified and digitally recorded using an electronic data acquisition
system with subsequent filtering out of noise while keeping the profiles of the
optoacoustic signals unaltered.

The optoacoustic images of the body may be reconstructed using a
radial backprojection algorithm to determine a probability for each sample of an
optoacoustic signal to be received from a particular direction relative to the
transducer and, subsequently, applying a maximum angular amplitude probability
algorithm effective to use information on the direction of the received optoacoustic
signals relative to the transducer. The reconstructed high-contrast optoacoustic
images of the body show location, shape and true absorbed energy (brightness)
of the object(s). Each reconstructed arc, in the case of 2D imaging, or spherical
surface, in the case of 3D, is fitted with a polynomial function, the second
derivative is calculated to determine exact boundaries of the objects and each of
the determined objects inside the body is assigned with an unknown absorption
coefficient proportional to the thermal energy absorbed in the objects. The
capability of the disclosed imaging system to display distribution of the absorption
coefficient for electromagnetc radiation can be enabled by two factors: (1) design
of electromagnetic llumination resulting in homogeneous distribution of energy
fluence within at least one image plane (slice) and (2) use of MAAP algorithm for
correction of the optoacoustic image reconstructed using RBP.

Thus, the optoacoustic imaging systems provided herein are useful
for diagnosing a pathological or physiological condition characterized by abnormal
optical properties of certain volumes of tissues, such as, but not limited to, tumors
associated with neoplastic diseases, blood vessels, the heart, hematomas or
other tissues containing oxygenated and deoxygenated hemoglobin. More
specifically, without oeing limiting, the pathophysiological condition may be a
breast cancer, a prostate cancer, a skin cancer, a vascular skin disorder, a brain
hemorrhage, a hematoma, a heart disease, atherosclerotic plaques, arthritis, an

ocular disease, or any tissue deprived from blood supply due to the pathological

12
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or physiological condition.

The diagnostic methods provided herein may comprise obtaining

temporally resolved profiles of acoustic sighals generated by one or more objects

associated with the pathophysiological condition within the body upon iltumination
thereof with electromagnetic radiation. At least the maximum angular amplitude
probability algorithm is applied to the profiles to determine optical absorption
coefficients of the one or more objects to reconstruct high-contrast optoacoustic
images of the body. Thus, an optoacoustic map may be plotted based on the
determined optical absorption coefficient(s) of the object(s) showing a location
thereof inside the body thereby diagnosing the pathophysiological condition.

Furthermore, the method may comprise administering an
optoacoustic contrast agent prior to imaging and mapping the optical absorption
coefficient(s) of the objects. These contrast agents are effective to alter the
optical absorption of specific objects or locations of diagnostic interest in the body.
Effective optoacoustic contrast agents are well-known and standard in the art.

it is well known to those skilled in the art of optoacoustic imaging
that acoustic waves propagate as expanding spheres in three-dimensions. Thus,
it is possible to reconstruct 3D optoacoustic maps by placing ultrasonic
transducers in appropriate locations in 3D space or scanning at least one
ultrasonic transducer to collect optoacoustic signais from the 3D space. The
present invention also encompasses an optéacoustic imaging system for
producing 3D maps of one or more objects in a body. Some examples and
preferred embodiments given in this invention describe two-dimensional imaging
system, two dimensional images and other two-dimensional considerations.
These systems, images and considerations, may be without imitations applied to
a three-dimensional optoacoustic tomography. One skilled in the art can
understand that a circle on a 2D image corresponds to a sphere on 3D image
and an arc in 2D space corresponds to a spherical surface segment in 3D space.
All other similar consideration can be without limitations transferred from the 2D
space to the 3D space. '

Temporally resolved optoacoustic profiles received by each
transducer are used to solve a linear regression model of unknown absorption

coefficients with regression coefficients related to determined sizes (shapes) of
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the objects. The measured optoacoustic value proportional to the absorption
coefficient can be calculated either based on the time integra!l of the optoacoustic
profile or on the time derivative of the optoacoustic profile. As an example, let us
take a.spherical object evenly heated with electromagnetic energy, so that an N-
shaped bipolar acoustic pressure wave profile is generated. In optoacoustic
tomography, one is interested in mapping absorbed energy, a monopolar value,
which can be calculated based on bipolar detected pressure signals. Thus, one
can use either a time integral or time-derivative of the optoacoustic pressure
signal to map the absorbed energy. The integral and the derivative of the
optoacoustic N-wave signal between the boundaries of the objecis are both
proportional to the absorbed electromagnetic energy (and, in case of
homogeneous light distribution, to the absorption coefficient). However, each way
of signal processing has its own limitations. The integral may result in reduced
sharpness of the boundaries (bell function approximation of a rectangle), while the
derivative may result in reduced object contrast between very bright sharp
boundaries. One optimal solution iIs {o employ a combination of integrated and
differentiated signals. When a true value absorbed energy is determined from the
raw optoacoustic signals, the optoacoustic map is then plotted based on
determined absorption coefficients of the objects inside the body.

As one possible designs of the system, which produces
homogeneous distribution of energy fluence at least in one plane or muitiple plane
parallel to each other, this invention teaches illumination of the body with pulses of
electromagnetic radiation directed orthogonally to the ultrawide-band ultrasonic
detection. One or more ultrawide-band ultrasonic transducers can, in this design,
detect optoacoustic signals with amplitude proportional to the absorption
coefficient. One skilled in the art can anticipate a number of potential system
designs in which the distribution of electromagnetic energy fluence will be
homogeneous at least for one slice (plane). Also, hardware and software
compensation can be applied to transform relatively heterogeneous distribution of

electromagnetic energy (such as near-infrared light) into relatively homogeneous
distribution.
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Theoretical concepts of OA tomography
The equation governing distribution of the acoustic velocity potential

(d) inside a medium, homogeneously illuminated with a short laser pulse is:

[vz --l—-f-’-—)f?— Ln@rs0)  ean

c? 9r° 5

where cs Is speed of sound inside the medium; £ is time beginning from the

moment of laser energy deposition; S is the isobaric volume expansion coefficient;
o 1s the medium density; C; is the specific heat capacity at constant pressure; ua
Is the medium absorption coefficient; &g is the energy fluence; and 6 is the delta
function. The inverse problem of optoacoustic tomography is to calculate

distribution of u, (7 ), knowing temporal profiles of the acoustic velocity potential at

a finite number of spatial locations f47,.t), k= 1..NT.

The problem embodied in equation (1) can be solved in a discrete
(mxnxp) Cartesian coordinate system as a superposition of mxnxp single-source

problems:

p-C

P

(Vz — "'T-'-—’ le (?‘ t)— ﬁ lu’aijkan(t) (eq 2)

wherei=1.m;j=1..n; k=1.p; and u,, is a single absorptive spherical element

(pixel) having radius R, and a center spatially located at rix. The radius R, can be
determined from the isometric condition: |

V, =57k, = AR or R, = AR; /é (eq. 3)

where AR is the length of a cubic pixel.

For Cs, p, B, and G, independent of 7 and £, equation (2) has an
exact solution in equation (4) below:

'Jk(r t)_' 2l__._ k‘(o 5t° ut +f%ijk]9 IE[_...IF_ H?;J'kl_RP ;l}?_;‘;jkl-'-gpv
T

C C C

S 5 S

l - 'Jkl+R

Cs

AR
le(r t)— ’ [ -
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- where K, = o and &g can be found from the continuity condition:
Plp
_r=r,|-R _JFr=r, |+ R
S S

)2
L i" '""ijk[ - R,
resulting in f,, =—— 52

S

One skilled in the art can envision a number of methods for

5 deduction of absorbed energy from the measured optoacoustic signals. One
possibility o measure a value linearly proportional to the absorbed energy in the
body is to determine velocity potential from the measured optoacoustiv signals.
Velocity potential is measured by a transducer and is averaged over the sampling
period. Therefore, if the sampling period is equal to the time required for sound to

10 travel one pixel, than the measured velocity potential is:

_ K. R’
3k (?)""" ‘“"é’"’gj_%__l' (eq. 6)

2
Co IV — Fisk

Total acoustic velocity potential measured by a transducer at a sample time £ will

result as a sum of average velocity potentials generated by individual pixels

(eq.6), which are located on a sphere with the transducer in origin and radius
15 equal to csfs.

R
: Z K. (eq. 7)

f?t'r(ts =_6 3
Cols

Equation {7) shows that at each particular time moment, {;, the measured acoustic

velocity potential is proportional to the linear composition of absorption

coefficients measured over the sphere with a center at 7, and a radius of csts.

20 It is contemplated that instead of &, Uy = —p®yr is considered, which

can be calculated as temporal integral of the pressure signal. Also, to simplify the
analysis, a new parameter related to the absorption coefficients is introduced:

_ PKiij; _ auaijkﬁEOsz
6¢’ 6C

5 p

K (eq. 8)

which transforms Eq.7 to:
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1
U, (ts )= ";'ZKijk (eq. 9).

Directivity of a transducer, a concept introduced for any finite-sized
uitrasonic transducer, plays an important role in optoacoustic image

reconstruction. The voltage signal generated by a planar acoustic transducer

5 sensing a spherical acoustic wave emitted by a pressure source located in the far
field of the transducer:
V. (r,0,0=P,(t)  H(O,1)- (k. cosO + k,sin0)>  (eq. 10)
¥
where FPo(l) Is the pressure signal at the source surface, * indicates temporal
convolution, and H(6,f) is the directivity emission-detection function:
1 )
10 H(9,ty=——11(—— eq. 11
(8.1) 2005 (a(g)) (eq. 11)
a(@)stmf? (eq. 12)
C

where Il is the rectangle function, L is the width of the acoustic transducer, ¢, is
the speed of sound, k, and k, are the respective normal and shear acoustic

sensitivity of the transducer, and rp is the initial radius of the acoustic wave front
15 emitted by the source.

From equation (11): H(O,t) = 3(t), and therefore:

V. (,0,0=P,(Dk, 2 (eq. 13)

4

i.e. the signhal received at the right angle to the transducer surface is not distorted

by the angular sensitivity, which is intuitive. For the case of an arbitrary incident

20 angle 8, equation (10) can be reshaped into a computationally-convenient form:

. t+0.5a(8)

V.,-(r,e,t)=%(knctg9 +E)2 [ Bt (eq. 14)

F 1—050(0)

Furthermore, it iIs assumed that the acoustic transducer is sensitive only to the
normal stress component, i.e. k, = 0, leading to: :

(+0.5a(6)

V"(r,e,:)=fz-c g0 [ V. (r0,0dt (eg. 15)

1-0.5a(6)

25 Equation (15) shows that a signal received by a planar transducer at a certain
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angle @ to the normal of its surface will be averaged over the temporal interval

a(6), and weighed by the factor cosé.

Radial back projection (RBP) image reconstruction algorithm

Radial back projection image reconstruction algorithm is traditionally
used In laser optoacoustic imaging system (LOIS) to obtain 2-D images from
integrated pressure signals measured by optical acoustic (OA) transducers. It
employs the relationship (8) considering equal Kk for elements of a particular
sphere (Kspnlt,s]), formed using the sample s of the transducer t. In this case
Ksphlit,s] is proportional to the integrated optical acoustic signal and for a thin
absorptive slice or narrow out-of-plane transducer sensitivity:

sph [t S]"‘-’ R Utr [t S]

Ca[—]— (eq 16)

where «ft,s] is a piece-wise total planar angle of absorptive part of a slice or 27 if

the whole slice is absorptive

Then each pixel of the radial back projection-reconstructed image
has a magnitude of:

Mgeli,j=c > Konlts ] (eq. 17)

where K, [t,s]j identifies the arc introduced by a t-th transducer and passing

through pixel [i,j]. Analysis of equation (17) shows that the magnitude of each
pixel reconstructed using radial back projection algorithm incorporates three
terms. The first term in the equation is proportional to the parameter of interest
Kix with position-dependent coefficients. The second and third terms are position-
dependent and position-independent backgrounds, respectively. This complex
structure of a reconstructed radial back projection image makes it inappropriate
for quantitative optical acoustic tomography. Additionally, the image contrast is
highly-dependent upon the spatial distribution of the absorptive areas. Significant
arc-shaped artifacts are known to appear from highly-absorptive objects, which
éventually distort images of other low-absorptive objects and even can introduce
“ghost” images created by intersection of several arc-shaped artifacts.
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Maximum anqular amplitude probability (MAAP) approach to high-contrast, high-
resolution optoacoustic tomography

Quality of the optical acoustic image reconstructed using the radial
back projection algorithm can be significantly improved where the background is
removed and only “true” absorptive objects are displayed if equation (9) takes into
account different Kik along the sphere 5. It is impossible to get this information
directly unless transducers have very narrow 3-D directivity patterns, which,
practically, is very difficult to implement. However, careful analysis of a radial
back projection image shows that it may be used to determine part(s) of each
constitutive arc, which has a maximum probability to generate a particular sample
of a signal measured by the transducer. Therefore, a radial back projection image
represents a probability map for each constitutive arc. The region of maximum
radial back projection intensity along the arc corresponds to the region, which has
ﬁwaximum probability of generating a particular signal sample, and only that area |
has to be used in reconstruction of the refined image.

It is demonstrated herein that the maximum angular amplitude
probability reconstruction using a single maximum along each particular arc,
although giving the most accurate locations of the true optical acoustic sources,
creates very inhomogeneous granular images even from very homogeneous
simple-shaped objects, which are difficult to interpret. A more sophisticated
algorithm includes detection of an arc maximum and all the pixels around it
contributing to that maximum, which, for example, may be done in the following
two steps. First, all the pixels around the arc maximum with continuously:
reducing radial back projection magnitude are retained. Second, a third-order
polynomial is used to interpolate the retained pixels versus radial back projection
magnitude and only pixels which contribute to the convex part of the interpolation
are used in the final image reconstruction. This procedure accurately defines the
boundaries of the object of diagnostic interest in the body. Other methods for
retaining all pixels contributing to the maximum value of the arc can be employed.
This approach saves homogeneity of the image, while removing the tails of the
arcs, which contribution to the measured optical acoustic signal is insignificant.
Generally, maximum angular amplitude probability algorithm removes excessive

background, ghost images, and arc artifacts, which, while due to the large number
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of samples and differently oriented transducers, still reconstructs every true

absorptive object.

Quantitative assessment of absorption coefficients for quantitative OA
tomodgraphy. |

The theoretical basis described herein is used, as an example, for
quantitative estimation of the absorption coefficients. It should be recognized,
however, that the method disclosed here for quantitative measurement of the
absorption coefficient, should not be construed as the only possible method.
Since, certain optoacoustic signals disclosed in this invention contain amplitude
values proportional to the absorption coefficient, various accurate methods of
mathematical processing can be applied to determine the absorption coefficient
and then plot the determined values into objects accurately defined by the
disclosed MAAP algorithm.

Equation (9) describes the most general case, where each pixel is
represented by a specific absorption coefficient, and results in a very large
number of linear equations relating the measured integrated optical acoustic
sighals to the absorption of the specimen. In clinical cancer diagnostics, the
problem described by equation (9) is adequately represented by a finite number of
fairly large absorbers, containing at least several pixels, surrounded by a
homogeneous medium or background. The size of the background results in the
low-frequency optical acoustic signals, which can be effectively filtered by
electronics, and, therefore, the measured optical acoustic signals will contain only
the information about the objects of interest.

If the location and boundary of absorptive objects are accurately
known, than the number of unknown absorption coefficients in the system of
equations (9) can be reduced from the total number of pixels to the number of
objects of interest. This reduction of unknown parameters leads to the multiple
linear regression model, which considering very large number of measured values
of optical acoustic signals, results in accurate estimation of the average
absorption coefficients of the objects of interest. The summation (eq. 9) over the
entire sphere can then be split into several summations over the sphere
intersections with the objects of interest.
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The importance of accurate estimation of the objects location and
the boundary cannot be overestimated, which as demonstrated herein can be
achieved by implementing the maximum angular amplitude probability image
reconstruction algorithm. MAAP images easily allow finding the number of pixels
(3) from each object of interest, which contribute to a particular signal sample.
Then Eq. (9) will transform to:

N op;
U )= Vi (eq. 18)

where Ny, i1s a total number of objects of interest; N s is number of pixels
resulting from the intersection of the i1-th object and a sphere with center at tr-th
transducer and radius defined by the s-th sample; and K is a parameter (eq. 8)
related to the absorption coefficient of the i-th object. Niys is found using
maximum angular amplitude probability images and multiple linear regression with
a constraint on the zero free coefficient is performed to find Ki. The final step of
the quantitative optoacoustic tomography is to fill the boundaries of the object of
diagnostic interest accurately reconstructed by MAAP with absolute values of the
absorption coefficients determined from the analysis of the optoacoustic signal
profiles.

The following examples are given for the purpose of illustrating
various embodiments of the invention and are not meant to limit the present
invention in any fashion.

EXANMPLE 1
Image reconstruction algorithm based on MAAP
A detailed maximum angular amplitude probability algorithm
described as it is implemented in the LOIS is proyided in this example.
Data inherited from the current image reconstruction:
U; — integrated signal from i-th transducer (i = 1..Ny);
| - mxn matrix (old image) reconstructed using radial back-

projection;

MAAP image reconstruction:
1. Create an mxn matrix I’ of ZEROS.

2. For each temporal sample j (j = 1..Ns) of a signal U; find
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corresponding elements of the matrix | (physical positions (on a real probe) of
those matrix | elements should have the same distance to i-th transducer equal to
cs(j-1)At; where ¢s — speed of sound, and At is the temporal resolution of a
transducer).

3. Find the maximum of those elements and all elements around
maximum, which satisfy the relationship:

Y {I(k)> Ik+2) k>k__

Is the |
k)>1k-2) k<k is the index

k=1.ARC|s,t] . Where k

max

corresponding to the maximum, and ARC[s,t]nax Is total number of elements

contributing to the meridian arc introduced by sample j of the transducer i.
4. The obtained sequences {{(kskmax)} and {l(kzkmax)} are

interpolated with separate 3-rd order polynomials as:
k =a k) +a, Ik ) + a,l(k)+a,

5. The points of the polynomial bending are found as:

I(kbend = _-%j“ ’ and kbend = all(kbendy + a2l(kbend )2 + a3l(kbend )+ ay
1

6. For {l(kskmax)} all the pixels with k>Kkyeng are used in MAAP
image reconstruction. For {l(k=kmax)} all the pixels with k<kvena are used in MAAP
image reconstruction.

7. Add the integrated signal Ui(j) to the elements of matrix V
located at the same positions as the found pixels.

8. Repeat procedure 2-7 for each detector and each sample.

9. The final matrix I’ represents the maximum angular amplitude

probability reconstructed OA image.

EXAMPLE 2
Comparison of MAAP and RBP reconstructed images (spherical models
A radial back projection and maximum angular amplitude probability
reconstructed optoacoustic images were compared using computer simulated

- signals from spherical absorptive objects. Figures 2A and 2B show a radial back

projection image of a 7 mm in diameter absorptive object plotted using grayscale
and triple-color threshold (hot metal palette shifted all the way to the cold colors)
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palettes. Image blurring as well as the artifacts in form of radiating arcs are
clearly seen on Figures 2A-2B, respectively. Although linear grayscale maximum
angular amplitude probability images (Fig. 2C) shrink and biur the object, triple-
color threshold paletie (Fig. 2D) reveals the true size of the object and recreates a
high-contrast artifact-free image. Improvement of the optoacoustic image after
maximum angular amplitude probability reconstruction is seen even more clearly
when several objects of different size are simulated (Figs. 3A-3D).

EXAMPLE 3
Examples of guantitative OA tomography using spherical models

To demonstrate the accuracy of the offered approach for
quantitative estimation of ‘absorption coefficients, the algorithm is used that is
described in Example 2 with signhals obtained from spherical models, which had
different diameters and the same unit absorption. Figures 4A-4D shows the
histograms of the absorption coefficients found for single objects of 4 different
diameters. The histograms show normally distributed K with a fairly small
standard deviation. Considering the very large humber of measurements, even
for an object as small as 2 mm in diameter, the approach gives a very accurate
estimation of the absorption coefficient where median values Kneq, are close to
the original value K = 1. For several objects of interest the least squares solution
to equation (18) still gives a very good estimate of absorption coefficients.
Figures bA-5B are examples of this for 2 and 3 objects.

One skilled in the art will appreciate readily that the present
invention is well adapted to carry out the objects and obtain the ends and
advantages mentioned, as well as those objects, ends and advantages inherent
herein. Changes therein and other uses which are encompassed within the spirit
of the invention as defined by the scope of the claims will occur to those skilled in
the art.
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CLAIMS:

1. An optoacoustic imaging system for producing images of one or more objects in a
body, configured to perform the steps of:

a) illuminating a body using pulses of electromagnetic radiation thereby
generating a distribution of absorbed thermal energy under conditions of temporal
pressure confinement within a volume of a resolution of interest;

b) detecting temporally resolved profiles of optoacoustic pressure signals
generated within the volume of interest using one or more ultrasonic transducers;

c) processing the detected optoacoustic pressure signals to determine a value
of absorbed electromagnetic energy;,

d) determining a probability for each sample of the processed optoacoustic
pressure signals to be received from a direction relative to each transducer using a
radial backprojection algorithm;

e) applying a maximum angular amplitude probability (MAAP) algorithm
effective to use directional information of the received optoacoustic signals relative to
the transducer receiving the signal thereby reconstructing the high-contrast
optoacoustic images of the body showing location, shape and true brightness of one or
more objects within the body, thereby producing high-contrast optoacoustic images of
the volume of interest; and

f) fitting each reconstructed arc with a polynomial function and calculating the
second derivative to determine exact boundaries of one or more objects for quantitative

analysis of the reconstructed high-contrast optoacoustic images.

2. The optoacoustic imaging system of claim 1, wherein the illuminating step comprises:

delivering pulses of electromagnetic radiation to the body thereby producing a
homogeneous distribution of an energy fluence within any given plane or slice inside
the body that is perpendicular to the direction of the incident beam of the

electromagnetic radiation.
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3. The optoacoustic imaging system of claim 1, wherein the detecting step comprises:
a) receiving the optoacoustic signals through an array of ultrawide-band

ultrasonic transducers; or
b) receiving the optoacoustic signals with a single ultrawide-band ultrasonic

transducer scanned along the body.

4 The optoacoustic imaging system of claim 1, wherein the processing step comprises:
a) amplifying and digitally recording the temporally resolved signals using an
electronic data acquisition system;
b) filtering all digitally recorded signals from noise while keeping the profiles of

the optoacoustic signals unaltered,;

c) calculating either an integral of the temporally resolved optoacoustic signals
or their time-derivative or a combination thereof resulting in enhanced contrast ana
optimal signal processing for quantitative analysis; and

d) determining signal amplitude generated by objects only on those ultrasonic
transducers that could separate all objects of diagnostic interest by detecting them at

different time positions.

5. The optoacoustic imaging system of claim 4, wherein the transducers have a
transducer directivity of about 0 to about 21T steradians and with an angular aperture of the

array of about 0 and 41 steradians.

6. An optoacoustic imaging system for producing maps of one or more objects In a
body, configured to perform the steps of:

a) illuminating the body with pulses of electromagnetic radiation thereby
producing a homogeneous distribution of an energy fluence within any given plane
inside the body perpendicular to the direction of the incident beam of the
electromagnetic radiation;

b) detecting temporally resolved profiles of resulting optoacoustic signals using

an array of ultrawide-band ultrasonic transducers with transducer directivity of about O
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to about 21 steradians and with an angular aperture of the army of about 0 and 41
steradians;

c) amplifying and digitally recording the temporally resolved signals us.ing an
electronic data acquisition system;

d) filtering all digitally recorded signals from noise while keeping the profiles of
the optoacoustic signals unaltered,;

e) optimally processing the temporally resolved signals to convert bipolar
pressure signals into monopolar signals;

f) reconstructing optoacoustic images of the body using a radial backprojection
algorithm effective to determine a probability for each sample of an optoacoustic signal
to be received from a direction relative to the transducer;

g) applying a maximum angular amplitude probability algorithm effective to use
information on the direction of the received optoacoustic signals relative to the
transducer thereby reconstructing high-contrast optoacoustic images of the body
showing location and shape of the one or more objects;

h) fitting each reconstructed arc with a polynomial function and calculating the
second derivative to determine exact boundaries of one or more objects,

) assigning each of the determined objects inside the body with an unknown
absorption coefficient;

i) using each sample of the integral of the temporally resolved optoacoustic
profiles received by each transducer to solve a linear regression model of unknown
absorbtion coefficients with regression coefficients related to determined sizes of the
objects; and

k) plotting the optoacoustic map based on determined absorption coefficients of

the one or more objects inside the body.

/. The optoacoustic imaging system of claim 6, wherein the object is a single object and
step i) comprises:
a) using each sample of the integral of the temporally resolved optoacoustic

profiles received by each transducer to calculate an average absorption coefficient of
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an arc in the object while accounting for individual size of the image pixel and the
number of pixels in the arc within the object; and
b) using statistical distribution of the average absorption coefficients of the arcs

to estimate the true absorption coefficient of the object.

8. The optoacoustic imaging system of claim 6, wherein the directivity of each
transducer is about zero, and step I) comprises:
reconstructing the optoacoustic images of the body by placing measured

sample values of the integrated optoacoustic signals to the pixels of the map along the

line of directivity of each acoustic transducer.

9. The optoacoustic imaging system of claim 6, wherein the map of the one or more
objects comprises a tool for diagnosis of a pathophysiological condition of the body
characterized by abnormal optical properties of tissues or to establish the location anad

absolute value of the same.

10. The optoacoustic imaging system of claim 9, wherein the pathophysiological condition
is a breast cancer, a prostate cancer, skin cancer, a vascular skin disorder, a brain
hemorrhage, a hematoma, a heart disease, atherosclerotic plaques, arthritis, an ocular
disease, any tiSsue deprived from blood supply due to the pathophysiological condition or

other condition with abnormal optical properties of tissues.

11. An optoacoustic imaging system for diagnosing a pathophysiological condition
characterized by abnormal optical properties of tissues in a body, configured to perform the
steps of:

a) obtaining temporally resolved profiles of acoustic signals generated by one or
more objects associated with the pathophysiological condition within a body upon

illumination thereof with electromagnetic radiation;
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b) applying at least a maximum angular amplitude probability algorithm to the
profiles to determine optical absorption coefficients of the one or more objects to
reconstruct high-contrast optoacoustic images of the body; and

c) plotting an optoacoustic map based on the determined optical absorption
coefficients of one or more objects showing a location thereof inside the body thereby

diagnosing the pathophysiological condition.

12. The optoacoustic imaging system of claim 11, wherein the electromagnetic radiation
is pulsed thereby producing a homogeneous distribution of an energy fluence within any
given plane or slice inside the body that is perpendicular to the direction of the incident beam

of the electromagnetic radiation.

13. The optoacoustic imaging system of claim 11, wherein the obtaining step comprises;

a) receiving the acoustic signals through an array of ultrawide-band ultrasonic
transducers;

b) amplifying and digitally recording the temporally resolved signals using an
electronic data acquisition system; and

c) filtering all digitally recorded signals from noise while keeping the profiles of

the acoustic signals unaltered.

14. The optoacoustic imaging system of claim 13, wherein the transducers have a
transducer directivity of about 0 to about 21 steradians and with an angular aperture of the

array of about 0 and 41T steradians

15. The optoacoustic imaging system of claim 11, wherein the applying step comprises:
a) determining a probability for each sample of the acoustic signal to be

received from a direction relative to the transducer using a radial backprojection

algorithm;
b) applying a maximum angular amplitude probability algorithm effective to use

information on the direction of the received acoustic signals relative to the transducer
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receiving the signal thereby reconstructing the high-contrast optoacoustic images of the
body showing location and shape of one or more objects;

¢) fitting each reconstructed arc with a polynomial function and calculating the
second derivative to determine exact boundaries of one or more objects;

d) assigning each of the determined objects inside the body with an unknown
absorption coefficient; and

e) using each sample of the integral of the temporally resolved optoacoustic
profiles received by each transducer to solve a linear regression model of unknown
absorption coefficients with regression coefficients related to determined sizes of the

objects.

16.  The optoacoustic imaging system of claim 15, wherein the object is a single object
and step e) comprises:

a) using each sample of the integral of the temporally resolved optoacoustic
profiles received by each transducer to calculate an average absorption coefficient of
an arc in the object while accounting for individual size of the image pixel and the
number of pixels in the arc within the object; and

b) using statistical distribution of the average absorption coefficients of the arcs

to estimate the true absorption coefficient of the object.

17. The optoacoustic imaging system of claim 15, wherein directivity of each transducer
is about zero and step e) comprises:
placing measured sample values of the integrated optoacoustic signals to the

pixels of the map along the line of directivity of each acoustic transducer.
18. The optoacoustic imaging system of claim 11, further comprising:

administering an optoacoustic contrast agent effective to alter optical absorption

of specific objects or locations of diagnostic interest in the body.
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19. The optoacoustic imaging system of claim 11, wherein the pathophysiological

condition is a breast cancer, a prostate cancer, skin cancer, a vascular skin disorder, a brain
hemorrhage, a hematoma, a heart disease, atherosclerotic plaques, arthritis, an ocular
disease, any tissue deprived from blood supply due to the pathophysiological condition or

other condition with abnormal optical properties of tissues.
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