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SYSTEMS AND METHODS FOR
FREQUENCY-DOMAIN PHOTOACOUSTIC
PHASED ARRAY IMAGING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 61/551,261, titled “SYSTEMS AND
METHODS FOR FREQUENCY-DOMAIN PHOTOA-
COUSTICRADAR PHASED ARRAY IMAGING” and filed
on Oct. 25, 2011, the entire contents of which are incorpo-
rated herein by reference.

BACKGROUND

[0002] The present disclosure is related to biomedical opti-
cal imaging methods. More particularly, the present disclo-
sure is related to the noninvasive photoacoustic imaging of
tissue vasculature.

[0003] The vascular network of the circulatory system is an
essential part of living organisms, providing a function that is
responsible for transport of nutrients and oxygen to cells and
removal of waste products. Blood hemoglobin confined to
blood vessels serves as the oxygen carrier and has vital impor-
tance for tissue health, healing and cell growth across the
human body.

[0004] Noninvasive imaging of tissue vasculature may pro-
vide important information about the health of an organism,
disease development and response to specific therapy admin-
istered during treatment procedures. The laser photoacoustic
method of vascular imaging relies on optically induced pres-
sure waves in tissue to visualize the position and oxygen
content of blood hemoglobin taking advantage of the unique
spectral signatures of oxy- and deoxy-hemoglobin. In prin-
ciple, two- and three-dimensional photoacoustic imaging can
be accomplished using a single element ultrasonic transducer
mechanically scanned over the region of interest. Unfortu-
nately, this imaging modality is notoriously slow and tedious.
Furthermore, the use of large pulsed laser sources operating at
slow repetition rates (~10 Hz) makes it difficult or impossible
to design and construct portable clinical field imaging pho-
toacoustic systems operating at real-time image formation
rates.

SUMMARY

[0005] Systems and methods of frequency-domain photoa-
coustic imaging are provided utilizing an ultrasonic phased
array probe and intensity modulated optical excitation with
coding to improve signal-to-noise ratio. Embodiments
employ frequency-domain photoacoustic imaging method-
ologies such as the photoacoustic radar, coupled with a multi-
element ultrasonic sensor array to deliver spatially-resolved
correlation images of photoacoustic sources, which may be
employed to image optical heterogeneities within tissue-like
scattering media.

[0006] Accordingly, in one aspect, there is provided a
method of performing photoacoustic imaging within a
sample, the method comprising the steps of:

[0007] providing an optical beam, wherein a wavelength of
the optical beam is selected such that the optical beam is
absorbed when directed onto the sample;

[0008] generating a reference modulation waveform for
modulating the optical beam;
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[0009] modulating the optical beam according to the refer-
ence modulation waveform, thereby obtaining a modulated
optical beam;

[0010] directing the modulated optical beam into the
sample;
[0011] detecting, with an ultrasonic transducer array, pho-

toacoustic waves responsively generated within the sample
and obtaining a photoacoustic signal from each element of
ultrasonic transducer array;

[0012] for each element in the ultrasonic transducer array,
computing a cross-correlation function based on a Fourier
transform of the photoacoustic signal and the reference
modulation waveform; and

[0013] processing the cross-correlation functions of the
array elements and forming a cross-correlation image accord-
ing to a beamforming algorithm.

[0014] In another aspect, there is provided a photoacoustic
imaging system comprising:

[0015] an optical source for producing an optical beam,
wherein a wavelength of the optical source is selected such
that the optical beam is absorbed when directed on a sample;
[0016] modulating means for modulating the optical source
according to a reference modulation waveform and generat-
ing a modulated optical beam:

[0017] an ultrasonic transducer array configured to detect
photoacoustic waves generated in response to absorption of
the modulated optical beam and to provide a photoacoustic
signal from each element of the ultrasonic transducer array;
and

[0018] a control and processing unit configured to:
[0019] generate the reference modulation waveform;
[0020] calculate, for each element of the ultrasonic trans-

ducer array, a cross-correlation function based on a Fou-
rier transform of a detected photoacoustic signal and the
reference modulation waveform; and
[0021] process the cross-correlation functions according
to a beamforming algorithm for generating a cross-cor-
relation image.
[0022] 1In another aspect, there is provided a method of
measuring a differential photoacoustic signal from a sample,
wherein an absorption spectrum of the sample includes an
isosbestic point associated with two absorbing species, the
method comprising:
[0023] providing a first optical beam having a first wave-
length, wherein the first wavelength is approximately equal to
a wavelength of the isosbestic point;
[0024] providing a second optical beam having second
wavelength, wherein the second wavelength is different than
the first wavelength;
[0025] generating a reference modulation waveform;
[0026] modulating the first optical beam and the second
optical beam according to the reference modulation wave-
form, thereby obtaining a first modulated optical beam and a
second modulated optical beam, wherein the first modulated
optical beam and the second modulated optical beam are
approximately out of phase;
[0027] directing the first modulated optical beam and the
second modulated optical beam onto the sample; and
[0028] detecting, with at least one ultrasonic transducer,
photoacoustic waves responsively generated within the
sample and obtaining a differential photoacoustic signal from
the at least one ultrasonic transducer.
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[0029] A further understanding of the functional and
advantageous aspects of the disclosure can be realized by
reference to the following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Embodiments will now be described, by way of
example only, with reference to the drawings, in which:

[0031] FIG.1isa block diagram illustrating an example of
a system for performing photoacoustic imaging with a trans-
ducer array and correlation image post-processing.

[0032] FIG. 2 is a flow chart describing a method of per-
forming array-based photoacoustic imaging in which
B-mode image reconstruction is employed.

[0033] FIG. 3 illustrates an example of a system for per-
forming photoacoustic imaging with a transducer array and
correlation image post-processing and co-irradiating the
beam with an additional ultrasonic beam.

[0034] FIG. 4 plots (a) the spectrum of the photoacoustic
pressure and (b) the correlation function B(t) as computed
numerically using computation for a uniform absorbing layer
with [=0.5 cm and p,=2 cm™" positioned at the distance of
1zI=3 cm.

[0035] FIG. 5 plots the maximum permissible exposure
(MPE) as a function of exposure duration t through the fol-
lowing equation: EMPE=5.5t** [J/cm?].

[0036] FIG. 6 shows photoacoustic images generated by (a)
amplitude signal (linear chirp), (b) amplitude signal filtered
by phase signal (linear chirp), (c) amplitude signal filtered by
phase signal (nonlinear chirp), while (d) illustrates the posi-
tion of the sample and a transducer of appropriate (MHz)
frequency response as required from depth, axial and spatial
resolution considerations of a given imaging object

[0037] FIG. 7 shows a schematic of a frequency-domain
photoacoustic imager.

[0038] FIG. 8is a photograph of a system set-up for in-vivo
imaging.
[0039] FIG.9shows (a) system point spread function (PSF)

computed using array parameters and simulated point sources
and (b) measured using cotton threads imbedded in a PVC
phantom (the vertical scale bar is 1 cm long).

[0040] FIG. 10 shows (a) an ultrasound image, (b) a pho-
toacoustic probe image of the PVC phantom with a subsur-
face inclusion, (¢) an image of discrete chromophores
immersed in Intralipid™ solution and (d) blood vessels in a
human wrist (the vertical scale bar is 1 cm long).

[0041] FIG. 11 shows (a) shows an example of dual-mode
(ultrasound (a) and photoacoustic (b)) imaging of the same
tissue specimen (chicken breast) with artificially embedded
optical contrast (three wires, 200 um in diameter). Wires are
labeled by the arrows and the scale bar is 1 cm.

[0042] FIG. 12 plots the hemoglobin and oxy-hemoglobin
absorption spectrum with the isosbestic point shown at ca.
780 nm.

[0043] FIG.13is ablock diagram illustrating an example of
asystem for performing differential wavelength photoacous-
tic imaging with a transducer array and correlation image
post-processing.

[0044] FIG. 14 is a flow chart describing a differential
wavelength method of performing array-based photoacoustic
imaging.
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DETAILED DESCRIPTION

[0045] Various embodiments and aspects of the disclosure
will be described with reference to details discussed below.
The following description and drawings are illustrative of the
disclosure and are not to be construed as limiting the disclo-
sure. Numerous specific details are described to provide a
thorough understanding of various embodiments of the
present disclosure. However, in certain instances, well-
known or conventional details are not described in order to
provide a concise discussion of embodiments of the present
disclosure.

[0046] As used herein, the terms, “comprises” and “com-
prising” are to be construed as being inclusive and open
ended, and not exclusive. Specifically, when used in the speci-
fication and claims, the terms, “comprises” and “comprising”
and variations thereof mean the specified features, steps or
components are included. These terms are not to be inter-
preted to exclude the presence of other features, steps or
components.

[0047] As used herein, the term “exemplary” means “serv-
ing as an example, instance, or illustration,” and should not be
construed as preferred or advantageous over other configura-
tions disclosed herein.

[0048] As used herein, the terms “about” and “approxi-
mately”, when used in conjunction with ranges of dimensions
of particles, compositions of mixtures or other physical prop-
erties or characteristics, are meant to cover slight variations
that may exist in the upper and lower limits of the ranges of
dimensions so as to not exclude embodiments where on aver-
age most of the dimensions are satisfied but where statisti-
cally dimensions may exist outside this region. It is not the
intention to exclude embodiments such as these from the
present disclosure.

[0049] Inthe present disclosure, photoacoustic radar imag-
ing methods and systems are provided that employ intensity-
modulated continuous wave (CW) laser or pulsed laser source
waveforms for acoustic wave generation and an ultrasonic
phased array probe for signal acquisition. In selected embodi-
ments, multi-element data collection and image reconstruc-
tion are performed using frequency-domain correlation pro-
cessing followed by digital beamforming, as applied to the
correlation data.

[0050] Instead of simply using the amplitude of the acous-
tic pressure directly for image reconstruction, as in known
pulsed photoacoustic and ultrasound methods, embodiments
ofthe present disclosure involve the computation of the cross-
correlation function of the photoacoustic response with a
specific modulation signal (which may be stored in a com-
puter-readable memory). As a result, the reconstructed image
represents the spatial distribution of the correlation function,
which can be related to the amplitude of the photogenerated
acoustic waves.

[0051] Three main features differentiate the methods
described below from the conventional approach to photoa-
coustic imaging utilizing fixed-repetition-rate short pulse
(nanosecond) laser sources: (a) use of intensity-modulated
CW laser beam(s) modulated by modulation signals such as
linear and nonlinear frequency sweeps, variable repetition
rate pulse trains or phase-manipulated signal with specific
coding algorithm (Barker, Golay, etc.). or through coded
modulation (Golay, Barker or other types of codes); (b) the
introduction of customized optical waveforms (“waveform
engineering”), which allows for an improved and/or opti-
mized signal-to-noise ratio through a combination of high-
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peak-power optical pulse trains and linear (or non-linear)
frequency or coded waveforms, resulting in enhanced signal-
to-noise ratio (SNR) over fixed-repetition-rate pulses; and (c)
a correlation signal processing method that allows one to
increase (SNR) in addition to (b) and offers axial resolution
improvement through pulse compression (wide bandwidth
approach) or spectral sidelobe suppression (narrow band-
width approach), respectively.

[0052] Therefore, in embodiments provided herein, the sig-
nal-to-noise ratio (SNR) and axial resolution can be increased
relative to that of fixed-repetition-rate short pulse laser
sources by modulating or coding the laser source in a certain
pattern and compressing the frequency spectrum to a narrow
peak, and by obtaining pulse compression into a narrow peak
through cross-correlation signal processing.

[0053] Although the use of CW laser sources for photoa-
coustic imaging, in particular, inexpensive sources such as
laser diodes, is very attractive for the design of portable
clinical instrumentation, typically, the amplitude of acoustic
waves generated by such sources is small. Accordingly,
embodiments of the present disclosure employ signal pro-
cessing methods to detect the photoacoustic response in the
presence of much higher noise (than the amount of noise
present when using fixed-repetition-rate short pulse laser
sources), as discussed above and described further below. An
approach to photoacoustic detection, as contemplated in
selected embodiments provided herein, employs relatively
long (millisecond-timescale) optical excitation with a spe-
cific modulation pattern and signal compression to increase
SNR. The specific modulation pattern may be a coded wave-
form having a coding pattern selected to enhance the SNR.
[0054] As described further below, signal compression and
SNR enhancement may be realized by utilizing a digital
matched filter that provides an equivalent of the cross-corre-
lation of the received photoacoustic signals and the laser
modulation waveform. The output of the correlation proces-
sor implementing the digital matched filter is a narrow signal
peak that is observed at the moment when the acoustic delay
time due to wave propagation is equal to the delayed reference
modulation signal. This type of signal processing can be
efficiently realized in frequency-domain using fast Fourier
transforms (FFT) and simple product operations applied to
complex valued spectra of the recorded signals. This is the
principle of signal processing utilized in frequency-domain
photoacoustic imaging of optical contrast with high axial
resolution. An additional feature of the frequency domain
correlation processing is the phase of the correlation function
that potentially can be used for imaging instead of, or in
addition to, the amplitude information available from the
correlation envelope [Ref. Telenkov & Mandelis, Journal of
Biomedical Optics 11 (4), 044006_July/August 2006]. This
complementary phase information is not available in conven-
tional pulsed photoacoustic method operating exclusively
with envelopes of acoustic transients. Although phase can be
derived using real and imaginary parts of the complex valued
correlation function, the practical use of the phase data for
imaging applications is limited by the signal-to-noise ratio
(SNR). In order to avoid ambiguities and discontinuities in
the images reconstructed using correlation phase, additional
signal conditioning (thresholding, interpolation, fitting etc.)
is typically employed.

[0055] Use of a multi-element transducer array (phased
array) for frequency-domain photoacoustic imaging is chal-
lenging for two reasons: first due to the low SNR of the
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recorded signals and, second, because large amounts of pho-
toacoustic raw data must be processed sufficiently fast to
enable real-time image display. For high-speed data acquisi-
tion and processing, multichannel hardware and parallel soft-
ware algorithms may be employed, which enable simulta-
neous processing of multiple data streams.

[0056] In one embodiment, following correlation process-
ing of the individual sensor element, the image reconstruction
is carried out by using a beamforming algorithm to produce a
cross-correlation amplitude sector image in a manner similar
to that of conventional B-mode ultrasound. Beamforming
algorithms and image reconstruction can be implemented on
the correlation data either in time-domain, using for example
a delay-and-sum algorithm, or in frequency-domain using
phase shifts applied to the correlation Fourier spectrum of the
array elements according to the direction of the detection
beam. Thus, the resulting image produced by electronic beam
steering 1is, in the present embodiments, a spatially-resolved
photoacoustic cross-correlation image. This is a distinct dif-
ference between the methods disclosed herein and the meth-
ods employed in standard pulsed photoacoustics and conven-
tional ultrasound.

[0057] Referring now to FIG. 1, an illustration is provided
of an example system 100 for performing photoacoustic array
imaging and generating correlation images. System 100
includes optical source 102 for generating an optical beam
and optical modulator 104, which may be provided sepa-
rately, or integrated into a single apparatus or unit 106 (for
example, optical modulator 104 may be provided as direct
current modulation of a semiconductor laser). Optical source
102 may be any source of electromagnetic radiation with a
wavelength consistent with the absorption spectrum of the
sample.

[0058] For example, the sample may be tissue, in which
case the wavelength is tailored to the absorption spectrum of
the targeted tissue chromophores. As two examples, a near-IR
source with the wavelength in the range 600 nm-1100 nm is
suitable for photoacoustic imaging of tissue vasculature due
to relatively high absorption of blood hemoglobin and low
absorption of surrounding tissues. A near-IR source in the
1200-nm range is optimal for lipid-rich vascular tissue diag-
nostics. To induce a photoacoustic response, the optical beam
108 is modulated and directed onto sample 110, where the
absorbed optical radiation creates temperature oscillations
responsible for the generation of photoacoustic waves that
propagate 112 and are detected by ultrasound transducer
array 114.

[0059] Control and processing unit 125, which is described
in further detail below, is employed for the control of optical
modulator 104 and the processing of signals obtained by
imaging array 114. In one embodiment, control and process-
ing unit 125 is configured to generate a reference waveform
for modulating the optical beam. Rapid processing may be
achieved by a parallel electrical connection between ultra-
sonic transducer imaging array 114 and control and process-
ing unit 125. Control and processing subsystem 125 receives
image data from ultrasonic transducer imaging array 114 and
processes the imaging data to determine the correlation
image, as described further below. Optical source 106 and
modulator 104 include all necessary optical components for
the delivery of the optical beam 108 to sample 110. Optical
components may include, but are not limited to, imaging
and/or focusing components such as lenses, mirrors, optical
fibers and optical scanning subsystems. Control and process-
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ing subsystem 125 may be integrated with one or more of the
other subsystems of system 100.

[0060] Some aspects of the present disclosure can be
embodied, at least in part, in software. That is, the techniques
can be carried out in a computer system or other data process-
ing system in response to its processor, such as a micropro-
cessor, executing sequences of instructions contained in a
memory, such as ROM, volatile RAM, non-volatile memory,
cache, magnetic and optical disks, or a remote storage device.
Further, the instructions can be downloaded into a computing
device over a data network in a form of compiled and linked
version. Alternatively, the logic to perform the processes as
discussed above could be implemented in additional com-
puter and/or machine readable media, such as discrete hard-
ware components as large-scale integrated circuits (LSI’s),
application-specific integrated circuits (ASIC’s), or firmware
such as electrically erasable programmable read-only
memory (EEPROM’s) and field-programmable gate arrays
(FPGAs).

[0061] FIG. 1 provides an example implementation of con-
trol and processing unit 125, which includes one or more
processors 130 (for example, a CPU/microprocessor), bus
132, memory 135, which may include random access
memory (RAM) and/or read only memory (ROM), one or
more internal storage devices 140 (e.g. a hard disk drive,
compact disk drive or internal flash memory), a power supply
145, one more communications interfaces 150, external stor-
age 155, a display 160 and various input/output devices and/
or interfaces 155 (e.g., a receiver, a transmitter, a speaker, a
display, an imaging sensor, such as those used in a digital still
camera or digital video camera, a clock, an output port, a user
input device, such as a keyboard, a keypad, a mouse, a posi-
tion tracked stylus, a position tracked probe, a foot switch,
and/or a microphone for capturing speech commands).
[0062] Data processing speed is an important performance
factor for a wide range of uses of a photoacoustic probe, such
as in clinical applications. Accordingly, processing and con-
trol unit 125 may further include multichannel data acquisi-
tion hardware, and processor 130 may be programmed with
parallel software algorithms, to support high-speed parallel
data acquisition and processing. For example, since fre-
quency-domain photoacoustic imaging typically requires
acquisition of millisecond long signals with a sampling rate
of tens of megahertz, the resulting matrix of raw data can be
quite large. High-speed processing of large data arrays can be
achieved using parallel processing hardware with frequency
domain signal representation and fast Fourier transforms for
rapid correlation processing.

[0063] Although only one of each component is illustrated
in FIG. 1, any number of each component can be included in
the control and processing unit 100. For example, a computer
typically contains a number of different data storage media.
Furthermore, although bus 132 is depicted as a single con-
nection between all of the components, it will be appreciated
that the bus 132 may represent one or more circuits, devices or
communication channels which link two or more of the com-
ponents. For example, in personal computers, bus 132 often
includes or is a motherboard.

[0064] Inoneembodiment, control and processing unit 125
may be, or include, a general purpose computer or any other
hardware equivalents. Control and processing unit 125 may
also be implemented as one or more physical devices that are
coupled to processor 130 through one of more communica-
tions channels or interfaces. For example, control and pro-
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cessing unit 125 can be implemented using application spe-
cific integrated circuits (ASICs). Alternatively, control and
processing unit 125 can be implemented as a combination of
hardware and software, where the software is loaded into the
processor from the memory or over a network connection.

[0065] Control and processing unit 125 may be pro-
grammed with a set of instructions which when executed in
the processor causes the system to perform one or more
methods described in the disclosure. Control and processing
unit 125 may include many more or less components than
those shown.

[0066] While some embodiments have been described in
the context of fully functioning computers and computer
systems, those skilled in the art will appreciate that various
embodiments are capable of being distributed as a program
product in a variety of forms and are capable of being applied
regardless of the particular type of machine or computer
readable media used to actually effect the distribution.

[0067] A computer readable medium can be used to store
software and data which when executed by a data processing
system causes the system to perform various methods. The
executable software and data can be stored in various places
including for example ROM, volatile RAM, non-volatile
memory and/or cache. Portions of this software and/or data
can be stored in any one of these storage devices. In general,
a machine readable medium includes any mechanism that
provides (i.e., stores and/or transmits) information in a form
accessible by a machine (e.g., a computer, network device,
personal digital assistant, manufacturing tool, any device
with a set of one or more processors, etc. ).

[0068] Examples of computer-readable media include but
are not limited to recordable and non-recordable type media
such as volatile and non-volatile memory devices, read only
memory (ROM), random access memory (RAM), flash
memory devices, floppy and other removable disks, magnetic
disk storage media, optical storage media (e.g., compact discs
(CDs), digital versatile disks (DVDs), etc.), among others.
The instructions can be embodied in digital and analog com-
munication links for electrical, optical, acoustical or other
forms of propagated signals, such as carrier waves, infrared
signals, digital signals, and the like.

[0069] In one example implementation, signal processing
and image formation using the photoacoustic probe is as
accomplished as illustrated in the flow chart shown in FIG. 2.
In step 200, the modulated laser is directed onto the sample,
and a photoacoustic response is generated and detected by the
ultrasound transducer array. Additionally, waveform engi-
neering may be applied to improve or optimize photoacoustic
radar signal generation and SNR, as discussed below. The
detected signal data are then collected from the transducer
elements in step 210 and stored for further processing a com-
puter-readable memory for subsequent processing.

[0070] As shown at step 220, the complex-valued cross-
correlation function B,(t) of each element (represented by
index 1) is computed using the Fourier transforms of the i-th
sensor signal S,(w) and the reference modulation waveform
S,(w). The cross-correlation function as a function of time
B,(t) can be computed using the inverse Fourier transform as
shown in Eq. (1):
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[0071] The subsequent stage of signal processing, shown at
step 230, involves B-mode image reconstruction, which is
achieved by forming multiple receiving beams electronically
steered over the area of interest. Although those skilled in the
art will be aware that there are many beamforming methods
available, in the standard delay-and-sum beamforming
method the cross-correlation image can be obtained by form-
ing the detection beam in the direction given by the angle 6
by summation of all sensor signals with corresponding time
delays:

ult, 6,,) = E Wi -B;(r— ?sin@m)
i=0 a

where w, are apodization or shading coefficients, x; is the
coordinate of the i-th sensor, ¢, is the speed of acoustic waves
in the sample, and N is the total number of sensors in a
transducer array. Forthe shading coefficient, one may employ
one of the standard window functions used in correlation and
spectral analyses, for example Hamming window, or a more
sophisticated apodization function can be applied to mini-
mize lateral sidelobes. In the case of near-field imaging, the
delay time in equation (2) may also include a term quadratic
withrespect to X, to take into account the wavefront curvature,
which can be essential for dynamic focusing of the phased
array probe. The result of the processing for multiple angles
0,,1s a set of m radial beams covering a sector of interest in the
test sample.

[0072] In another embodiment, a frequency-domain
method of image formation may be employed that takes
advantage of the limited signal bandwidth and frequency-
domain beamforming algorithm. This method does not
require time-domain representations of cross-correlation
functions B/(1) as in equation (2) but operates directly on the
Fourier spectra B,(w) computed as a weighted product of
S)(w) and S,*(w):

B (0)=w S )S; () G)

where w—are the same apodization coefficients as in (2).
Then the entire set of detection beams in Fourier domain can
be represented by a matrix U _, with dimensions N xN,,
where N, is the number of beams and N, the number of
discrete frequency bins:

U»ﬂij:OZ\P1 W;B(0)eXp(~iwT;,,,) “

whereT,, is delay time applied to the j-th element for the m-th
direction angle. Since the spectrum of the modulation chirp is
limited to a finite bandwidth f, <f<f,, the above operation can
be applied only to the subset of frequencies f;-T_,<k<f,-T_,
instead of the entire signal spectrum with dimension N,. The
band-limited nature of received signals and frequency
domain beamforming allow one to reduce computation time
dramatically compared with the standard time domain delay-
and-sum algorithm. Following computation of the matrix
U, the cross-correlation beams in time-domain for each
angle 0,, can be obtained performing m inverse Fourier trans-
forms:
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[0073] Finally, in step 240, the resulting correlation image
may be displayed. This final step of image formation involves
backprojection of the radial beam u(r=c,t,0) to the imaging
plane and interpolation of the polar coordinate data to a Car-
tesian grid suitable for image display. This back projection
step may involve bilinear interpolation of the polar mapped
data (r, 0) to rectangular Cartesian grid and resulting sector
image is displayed in a manner similar to conventional ultra-
sound. The signal processing described above may be per-
formed off-line in post-acquisition mode, or in real-time.
Real-time imaging may be achieved using simultaneous
acquisition of parallel data channels and hardware imple-
mented signal processing, as noted above.

[0074] In another embodiment, the photoacoustic imaging
system may also include an ultrasonic source (for example, a
High Intensity Focused Ultrasound (HIFU) transducer). In
the example implementation involving the use of a HIFU, the
HIFU is driven by a chirp waveform identical to the laser
(optical) modulation chirp, but delayed in order to account for
the differences between the speeds of light and sound. The
HIFU radiates a region of interest (ROI) at the location of the
laser light incidence at a phase shift with respect to the optical
chirp which increases the generated photoacoustic signal (ul-
trasound-aided photoacoustics). The photoacoustic signal is
enhanced through the HIFU-induced ultrasonic-force-medi-
ated expansion of the target and stronger collapse following
the acoustic rarefaction half-cycle of each chirp period. Atthe
same time during the HIFU-induced acoustic compression
half-cycle optical irradiation of the target with diminished
volume generates a higher temperature which produces a
stronger thermoelastic effect and stronger photoacoustic sig-
nal.

[0075] In another HIFU embodiment, a focused HIFU is
driven by a fixed frequency (fundamental or harmonic) and
directed to the target thereby causing localized heating. Opti-
cal excitation using modulation frequency chirps and cross-
correlation analysis as discussed above of the same region of
interest (ROI) generates photoacoustic signals of enhanced
magnitude due to the increased local temperature. FIG. 3
illustrates this alternative system embodiment including an
ultrasonic source 190 (e.g. a HIFU) for locally heating with an
ultrasound beam 192 the probed sample region of interest.

Depth-Resolved Photoacoustic Imaging with a Modulated
CW Laser Source

[0076] Generation of photoacoustic response in a targeted
sample occurs in the process of absorption and rapid thermal-
ization of the absorbed optical energy leading to spatially
non-uniform temperature distribution followed by ther-
moelastic deformations acting as the sources of acoustic
waves. Since the magnitude of a photoacoustic source q is
proportional to the first time-derivative of the temperature
(q~2T/at), the optical source must be modulated in time for
efficient sound generation.

[0077] Thesimplest form of modulation consists of'a single
short laser pulse when a test specimen is exposed to intense
laser beam within 5-10 ns time interval. Alternatively, as
noted above, a CW optical source can be intensity modulated
with high frequency using a modulation or chopping device,
for example, an acousto-optic modulator, to interrupt the
beam for short periods of time, thereby producing a periodic
irradiation pattern.
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[0078] Regardless of modulation implementation, the pho-
toacoustic pressure P can be expressed using the Fourier
transform of the wave equation given by:

VPR, w) +k*P(F, w) = —'ig—/gfI(?, w) ©
P

where k=w/c, is the acoustic wave number, c,, is the speed of
acoustic waves in tissue, C, is the specific heat at constant
pressure, f is the coefficient of thermal expansion, and q
describes the spectrum of the spatially distributed photother-
mal sources.

[0079] The frequency domain description given by Eq. (6)
is convenient because it allows one to abstract specifics of the
modulation pattern and analyze the photoacoustic response
for various experimental scenarios. To solve Eq. (6), the spa-
tial distribution of the source function q and appropriate
boundary conditions must be specified. The Transfer Func-
tion Method can be employed to relate the acoustic pressure
spectrum P(w) to the modulation waveform spectrum F(w) in
a way similar to theory of Linear Systems:

P(z,0)=IyHp,(w) F(w)exp(inz/c,) (7

where [, is laser irradiance of the sample surface. In terms of
signal analysis, Eq. (7) represents photoacoustic generation
as a “filtering” process of the input signal f(t) by a linear
system with the spectral transfer function H, (w) while the
laser irradiance [, 1s merely a scaling factor and exp(imz/c,,) is
the phase shift due to acoustic travel time delay z/c, to the
receiving transducer.

[0080] Generally, the photoacoustic transfer function H,, ,
(w) depends on the specific geometry, tissue optical and ther-
moelastic properties, as well as the boundary conditions. For
example, aone-dimensional uniform absorbing layer with the
absorption coefficient p, and the thickness L immersed in
fluid environment with the acoustic impedance p £,is charac-
terize by the transfer function:

Hpa(w) = )
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I Wl

where

[0082] and E=p.c/pc,is the acoustic impedance ratio of
the solid layer and the coupling fluid, k,=w/c_and k=w/c are
the corresponding wave number in the solid and the fluid.

[0083] Eq. (7) for the acoustic pressure spectrum with the
transfer function given by Eq. (8) implies that the sample
layer occupies one-dimensional space 0=z=L and the acous-
tic wave propagates in the negative direction of the z-axis. In
case of perfect acoustic matching of the layer to coupling fluid
(pscsP£ 4, Eq. (8) can be simplified significantly:
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[0084] Egs. (4) and (5) demonstrate that the physics of the
photoacoustic conversion is described entirely by the func-
tion H,,(m) regardless of the form of modulation of an optical
source. Therefore, the main difference between pulsed pho-
toacoustic modality and modulated CW technique is in the
form of the function F(w).

[0085] Incaseofashortlaser pulse excitation with duration
t; <10 ns, the excitation spectrum F(w) is nearly constant over
a very broad frequency range and the acoustic pressure spec-
trum is directly proportional to Hp,(w). Therefore, the tem-
poral profile of acoustic transients generated by short laser
pulses is given by the layer impulse response and can be found
using the inverse Fourier transform of the photoacoustic
transfer function:

P ~ I I meA(w)F(w)exp[éw([+ Ci)]dw (10)

ca

[0086] In case of harmonic modulation of a laser beam at
the angular frequency w,, the excitation spectrum can be
considered as a Dirac delta-function F(w)=2n0(w-w,). Such
amodulated laser beam is expected to generate anarrow-band
ultrasonic signal at the same angular frequency .

[0087] Although photoacoustic generation and detection of
narrow-band signals finds numerous applications in spectro-
scopic measurements, their use for spatially resolved imaging
is limited due to two major factors: first, axial resolution of
very narrow-band signals is extremely poor which makes
them unsuitable for spatially resolved measurements, and
second, the mean power of CW optical sources is typically
several orders of magnitude lower than alternative pulsed
systems, which results in very low SNR of the received sig-
nals.

[0088] Embodiments disclosed above address these two
challenges by customizing optical excitation waveforms with
finite bandwidth (“waveform engineering”; for example,
chirped waveforms of particular shapes) and using correla-
tion signal processing to increase SNR of each ultrasonic
sensor in the transducer array.

[0089] Linear frequency modulated waveforms (chirps)
with the bandwidth Af can provide maximum axial resolution
Az=c,/Af. For example, a typical chirped modulation wave-
form with the bandwidth Af=4 MHz theoretically provides
axial resolution about 375 um, which is sufficient for many
imaging applications.

[0090] Incontrastto pulsed photoacoustic excitation result-
ing in Eq. (10), information obtained with frequency domain
correlation methods is quite different. It can be shown using
Eq. (1) with S,(w)=F(w) and S,(»)=W(w)-P(w), where W(w)
is a spectral windowing function representing ultrasonic
transducer spectral sensitivity. Using Eq. (7), the Fourier
spectrum of the correlation function can be written as:

B(w) = hW(w) H(w)- |F(w)|zexp(liz£] an

a
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while the temporal profile can be obtained by the inverse
Fourier transform of Eq. (11):

B() = % f W(w)H(w)lF(w,)Izexp[liw( 1+ Ci)]am

The analytical solution of the integral in Eq. (12) is difficult
mathematically even for the simplified transfer function
given by Eq. (9), but can be computed numerically using Eq.
(8) for Hy, () and the Fourier transform of the specific modu-
lation function F(w).

[0091] The result of numerical computation for a uniform
absorbing layer with L=0.5 cm and =2 cm™ positioned at
the distance of 1z1=3 cm is shown in FIG. 4. In agreement with
Egs. (4) and (9), the spectrum of the photoacoustic pressure
(shown in FIG. 4(a)) is a replica of the chirp spectrum
weighted by the transfer function H,,(w) while the correla-
tion function B(t) (shown in FIG. 4(b)) peaks at the times
t=Izl/c, indicating the spatial positions of photoacoustic
sources. The second peak in FIG. 4b corresponds to move-
ments of the back surface of the layer with the peak magni-
tude scaled down due to light attenuation in the layer. The
double peak structure is explained by the band-limited nature
of the irradiation chirps and the full width at half maximum of
the peaks is equal to the reciprocal of the chirp bandwidth, i.e.
~250 ns. According to Egs. (8) and (12), the magnitude of the
correlation peaks is proportional to the product I, which has
the dimensions of W/ecm® and corresponds to the absorbed
optical energy per unit volume and unit time.

[0092] Insummary, the foregoing discussion demonstrates
that correlation processing of photoacoustic signals gener-
ated by a modulated CW optical source provides imaging
information related to the spatial position of photoacoustic
sources and the optical properties (u,) of test samples.

Laser Sources for Frequency Domain Correlation Imaging

[0093] One implementation of the frequency domain pho-
toacoustic technique and apparatus described above and
shown in FIG. 1 can be realized with a laser source that can be
modulated in the megahertz range and which delivers suffi-
cient optical power of the near-1R radiation over a relatively
large beam spot diameter (>1 cm). Additionally, for use in
clinical applications, it would be beneficial for such a laser
source to be portable to satisfy typical space constraints
encountered in clinical applications and to enable integration
with existing instruments such as ultrasound scanners.

[0094] A possible candidate that can meet the conditions of
the above example is a high-power laser diode with modu-
lated output controlled by electrical current. Use of electroni-
cally driven modulation can greatly simplify the generation of
optical excitation with complex wave patterns, for example,
non-linear chirps, phase modulated and coded waveforms
(e.g. Golay, Barker etc.), where such waveforms are engi-
neered to ensure sufficiently high frequency-domain photoa-
coustic SNR.

[0095] An additional important feature of optical sources
configured and provided using laser diodes is the convenience
of laser beam delivery to a targeted sample by means of
optical fibers attached directly to the diode head. The laser
beam emerging from the fiber tip can be shaped to deliver a
desired illumination pattern using collimators, cylindrical
lenses and other custom optical elements. In order to increase
the optical irradiance incident on the sample surface, several
laser diodes can be synchronized by a single driving signal
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waveform and the outputs of multiple diode heads can be
merged together in a single optical fiber or a bundle of fibers.

Customized Optical Waveform Design for Frequency
Domain Photoacoustic Radar Imaging Laser Safety and
Improved SNR

[0096] Eq. (12) shows that the correlation signal is propor-
tional to the laser irradiance I, and SNR can be increased by
increasing the mean power of CW optical source. This simple
way to increase SNR has limited utility in clinical settings due
to safety regulations imposed to prevent irreversible damage
that may be caused by laser radiation. Therefore, the optical
power used to irradiate tissue sample must conform to the
Maximum Permissible Exposure (MPE) level.

[0097] The safety standard sets MPE as a function of expo-
sure duration t through the following equation: E,, ., =5.5t°2°
[J/em?], valid for the wavelength range A=400-1400 nm and
for times t in the range 107"-10 s. Graphically, the safety
curve is shown in FIG. 5 (solid line). The area below the solid
line is the safety zone for various exposure times. The laser
exposure E produced by a laser with irradiance I, and chirp
durationT , is E=1'T , which is a linear function oftime T,
for the constant [,. Two examples of laser irradiance with [,=9
W/cm?® and 4 W/cm? are shown as dashed lines in FIG. 5 that
intersect the safety curve, respectively at times

5.5\43 13
I = (—] =05sand 15s. 13
Iy

[0098] Therefore, to optimize the SNR of the frequency
domain photoacoustic method, a combination of the three
parameters: laser irradiance 1,, exposure duration T, and
B, must be considered.

[0099] The strong nonlinearity of the MPE curve versus
exposure time carries an important implication for the SNR
and the trade-off between laser power and chirp duration. The
standard expression for correlation processing SNR under the
constraints of the MPE can be written as:

2E, ATy (14
SNRyp = TOS = NOc

where E, is the signal energy, A is the signal amplitude, T , is
the chirp duration and N, is the white noise power spectral
density. It follows from Eq. (14) that both large signal ampli-
tude A~I, and long chirp duration T, improve SNR. How-
ever, the laser irradiance I, must be related to T , according to
the safety standard set by E, . Taking into account the
safety curve and Eq. (14), it is easy to show that for two laser
chirps with 1, and I, at the safety limit and corresponding
durations T ;,; and T, ,, the ratio of the two SNRs is:

SNR, (Tchl ‘)1/2 (15)
SNR, ~

T

Bquation (15) shows that SNR,>SNR; if T;,,<T ;.

[0100] This result is an important result for optical wave-
form engineering design of laser sources intended for fre-
quency-domain photoacoustic imaging as it shows that SNR
of correlation processing can be increased by simultaneously
shrinking exposure time and increasing A (or 1) without
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violating safety regulations. Thus, for the two examples
depicted in FIG. 5, the one with irradiance 9 W/em?* and
T_,=0.5 s (FIG. 5, straight line 1), is expected to have higher
SNR than the one with 1,=4 W/em? and T ,=1.5 s (FIG. 5, line
2).

[0101] Accordingly, since the power of CW lasers is always
limited, a simple prescription for maximizing SNR can be
formulated as follows: the maximum available surface irra-
diance is set and the chirp duration is subsequently adjusted
according to the safety curve.

[0102] In summary, Equation 14 points to potentially sig-
nificant SNR improvement by using short, high irradiance (or
peak power) optical pulse chirps, a fact that was tested and
demonstrated experimentally by the inventors using acousto-
optic sine-wave chirp modulation.

[0103] Theaforementioned analysis and experimental sup-
port led the inventors to conclude that optimal laser source
waveform design for a multi-channel photoacoustic radar
imager does not consist of compact near-1R laser CW laser
diodes driven by sine-wave chirps, as conventionally done
with ultrasonic and other radar schemes. Instead, the inven-
tors realized that the signal to noise for a multi-channel pho-
toacoustic radar imager can be improved with waveform
engineering by varying the modulation pattern, laser irradi-
ance and exposure 5o as to maximize the A>T, productunder
MPE restrictions.

[0104] Accordingly, in one example implementation, a
suitable laser source for use multi-channel photoacoustic
radar imaging consists of a set of laser diodes modulated
in-sync by the electrical current to produce sufficient optical
power (for example, exceeding 10 W) and modulation fre-
quencies in the range of approximately 1-5 MHz (or higher,
such as approximately 1-25 MHz). The full-chirp repetition
rate exhibited by available specialty semiconductor laser
diodes is in approximately the 1-2 kHz range, and may be
extended to approximately the 1-10 kHz range.

[0105] Although conventional pulsed-laser photoacoustic
systems provide valuable optical contrast information, the
low repetition rate (~10-20 Hz) of today’s nanosecond pulsed
lasers can be notoriously slow even in the presence of multi-
transducer detection arrays. The slow pulse repetition rate of
Q-switched lasers restricts imaging to the 20-30 sec/image
range. This problem is especially severe for three-dimen-
sional photoacoustic imaging of large tissue areas such as the
female breast. Given the large number of pulses required for
full-frame image acquisition, the slow repetition rates seti-
ously limit image formation, a true impediment to real-time
applications.

[0106] In contrast, with the aforementioned modulated
laser source design of selected embodiments of the disclo-
sure, the photoacoustic radar imager can speed up the image
acquisition process close to 5-10 images/sec, well beyond the
20-30 sec/image typical of ns pulsed laser repetition rates.
This is a major step toward developing a portable imaging
instrument suitable for clinical use. While commercial high-
repetition-rate pulsed lasers (1 kHz) can deliver 8 images/sec
performance, the maximum permitted exposure laser safety
standard is exceeded and portability is sacrificed. The rela-
tively poor noise performance of high-repetition-rate pulsed
lasers due to jitter and inefficient high-pass filtering in the
presence of strong optical scattering exhibited by soft tissues
limits penetration depth up to 1 mm [Maslov K, Zhang H F,
Hu S, Wang L V. Optical-resolution photoacoustic micros-
copy for in vivo imaging of single capillary. Opt Lett 2008,
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33: 929-32; Allen T I, Alam S, Zhang E Z, Laufer J G,
Richardson D I, Beard PC. Use of a pulsed fibre laser as an
excitation source for photoacoustic tomography. Proc SPIE
2011; 7899: 78991V], thereby making it difficult or impos-
sible to generate depth resolved PA tomographic imaging. On
the contrary, the efficient noise-filtering action of cross-cor-
relation frequency-domain photoacoustic radar with pulse
compression can deliver higher frame rates without too much
noise penalty and without exceeding the MPE standard due to
the limited and adjustable chirp bandwidth.

[0107] High-irradiance and high-frequency pulsed chirps
are very compatible with commercial ultrasonic imager burst
repetition rates. This renders potential integration of the
present system into commercial biomedical ultrasonic imag-
ers much simpler and straightforward than other photoacous-
tic imaging schemes using pulsed laser excitation.

[0108] Until recently, near-infrared (700-900 nm) semi-
conductor laser diodes operating under a broad range of exter-
nally driven chirped waveforms from sine-wave to square-
wave to chirped pulses of adjustable duty cycle have not been
available. However, such sources are now available from
Laser Light Solutions, Princeton, N.J., and from OmniPulse
Technology, San Diego, Calif. Laser Light Solutions have
developed and constructed the first ever 808-nm diode laser
system suitable for the presently disclosed frequency-domain
photoacoustic radar imaging based on the foregoing wave-
form and emission parameter design. OmniPulse Technology
can provide 1-25 MHz modulated chirped laser diodes and
drivers for the purposes of deep and high-resolution photoa-
coustic radar tissue imaging.

[0109] In one embodiment that is useful for the measure-
ment of vascular tissue, the aforementioned laser system may
be modified to include a second wavelength in the form of a
dual-wavelength laser source, which may be integrated
within or with the photoacoustic hardware. The second wave-
length is particularly useful in measuring the ratio of differ-
ential photoacoustic responses due to hemoglobin absorp-
tion: the different absorption coefficients of oxy- and deoxy-
hemoglobin in blood aggregates can be an indicator of the
presence of malignant or benign tumors. Such an embodi-
ment is described in further detail below.

[0110] To summarize the preceding discussion, frequency-
domain correlation photoacoustic imaging is capable of pro-
viding spatially resolved information on optical heterogene-
ities in the test samples through the correlation image
recorded by a phased array of ultrasonic transducers. The
magnitude of the correlation contrast in the photoacoustic
images is proportional to the absorbed optical energy which
vields information on optical properties and chemical com-
position of the imaging area. Possible applications where this
technique can be used include, but are not confined to: imag-
ing of the vascular network of tissue samples and measure-
ments of hemoglobin oxygenation in the area of interest;
endoscopic (esophageal and colon) diagnostics of the pres-
ence of blood, fatty tissue (plaque) and polyps; and deep
seated tumors such as in breast tissue during the various stage
ofangiogenesis. Sensitivity of photoacoustic imaging to opti-
cal contrast and combined ultrasound-photoacoustic co-reg-
istration may improve breast cancer detection rate especially
in patients with high-density breasts.
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Modulation Waveform Engineering for Frequency-Domain
Correlation Photoacoustic Imaging

[0111] As noted above, an advantage and flexibility of the
disclosed embodiments is their ability to customize photoa-
coustic responses by selecting appropriate waveforms for
modulation of the optical source. Thus, the emitted CW opti-
cal radiation is coded by a specific function of time to opti-
mize SNR and improve contrast and axial resolution of the
resulting images. One example of the abovementioned coded
waveforms that can be utilized to increase SNR and restore
axial resolution on a scale less than 1 mm is a linear fre-
quency-swept (chirp) modulation pattern. Other examples of
intensity modulation include non-linear frequency sweeps.
[0112] Non-linear frequency modulation chirps can be gen-
erated through appropriate optical waveform engineering.
The motivation for these waveforms is the possibility of ben-
efiting from the maximum available bandwidth while con-
centrating more on the optimal or improved frequency range.
For instance, if the chirp Power Spectral Density (PSD) mim-
ics the photoacoustic response PSD, the cross-correlation
generates the maximum spectral energy and therefore the
highest peak. One proposed chirp family is:

2B
r() = Ajcos| wer + —71[”
nTy,

(16)

where the parameter n=2 for linear chirps and >2 for nonlin-
ear chirps. It has been demonstrated that nonlinear chirps can
increase the generated photoacoustic energy (magnitude of
cross-correlation amplitude). However, these chirps also gen-
erate larger sidelobes and broaden the peak of the envelope
correlation, thereby degrading axial resolution.

[0113] The nonlinear chirp SNR improvement property in
the phase signal can be combined with a linear chirp ampli-
tude signal to enhance the contrast and axial resolution of the
combined image. FIG. 6 compares three images of a 6.4-mm
diameter cylindrical inclusion located ~14 mm below the
surface perpendicular to the plane of the image. FIG. 6(a) is
the image generated by correlation amplitude with linear
chirp (0.5-3 MHz bandwidth).

[0114] Error! Reference source not found. 6(b) and (c)
depict the amplitude image multiplied by linear and nonlinear
phase signals, respectively. A broadened line and part of a
curvature are visible in the images which are, respectively,
related to the top surface of the phantom and the cylindrical
inclusion. Since the inclusion was located very deep inside
the medium, a linear time gain correction (TGC) was applied
to the signals or the phantom surface signal would dwarf the
inclusion signal. In all images, due to TGC, more speckle
noise is observable below the inclusion than above it. To
compare the contrast of the images, we use the following
contrast measure suggested by Patterson and Foster:

Signal mean in the lesion— (17

Signal mean in the background

"~ Signal mean in the background

[0115] The evaluated contrast factors (CF) were 2.4, 21.2
and 26.8 for images a, b and c, respectively. This shows that
by using the phase signal obtained from a nonlinear chirp, the
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amplitude contrast and axial image resolution (Error! Refer-
ence source not found. 6(5)) can be enhanced more than 10
times. This is 26% higher than the amplitude image filtered by
the phase image obtained with a linear chirp. Nonlinear
amplitude-phase combination imaging algorithms can be
readily added to array transducer photoacoustic imaging.
Here only the transmitted signal will change to the designed
nonlinear signal and amplitude/phase signals will be
extracted as before. These signals can be combined for each
element separately. Afterwards using the described phase
array algorithm, the 2D image is produced for the assigned
delay between the array elements so as to improve SNR for
deep subsurface absorbers such as cancerous lesions in a
human breast.

[0116] Another form of coded optical excitation may
include phase manipulated waveforms (for example, Barker
and Golay codes) to decrease sidelobes without spectral
weighting which, in turn, may improve SNR and image con-
trast.

[0117] Imaging with coded waveforms offers improved
performance relative to conventional ultrasound, and can
vield an increase in SNR and imaging depth. The finite time
required for transmit-receive cycles and dynamic focusing, as
required by known imaging methods, places restrictions on
the duration of ultrasonic pulses. In contrast, in some embodi-
ments, photoacoustic imaging operates exclusively in recep-
tion mode, thus allowing the generation of much longer (>1
ms) signals and higher SNR gains.

[0118] The aforementioned phased array photoacoustic
imaging embodiments may be employed for various bio-
medical applications such as noninvasive imaging of human
vasculature and imaging of optical contrast related to tissue
abnormalities. In one embodiment, the system may employ a
standard ultrasonic array probe integrated with conventional
ultrasound instrumentation for high-speed and interleaved
image co-registration of tissues. The following section dis-
cusses the adaptation of photoacoustic radar imaging and
ultrasonic image co-registration in greater detail.

Ultrasound and Photoacoustic Image Co-Registration

[0119] The use of ultrasonic transducer arrays for photoa-
coustic imaging allows one to combine two modalities (con-
ventional ultrasound and frequency-domain photoacoustic)
in one instrument capable of dual-mode imaging of the same
tissue sample. Photoacoustic imaging provides excellent sen-
sitivity to optical contrast but lacks information regarding
internal anatomical structure and delineation of various tissue
types. On the other hand, conventional ultrasound imaging
provides high-resolution structural information related to dis-
continuities of mechanical properties but is not sensitive to
the changes of chemical composition and early stage patholo-
gies.

[0120] Combination of two imaging modalities in a single
instrument and hybrid image co-registration may enhance
diagnostic capability of each technique used separately.
Therefore merits of ultrasound imaging, such as the delinea-
tion of a cancerous tumor boundaries, can be enhanced by
optical contrast information delivered by the photoacoustic
technique. One benefit of such interleaved photoacoustic and
ultrasound (photoacoustic-ultrasound) co-registration of the
physically different contrast mechanisms is the increased
information content that may improve diagnostic power of
conventional ultrasound. Another advantage of using photoa-
coustic radar technology for dual-mode imaging is the avail-
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ability of ultrasound instrumentation that can be adapted for
PA imaging. Combining the high repetition rate of laser
chirps with the high-speed parallel data acquisition hardware,
both imaging modalities can deliver real-time performance
which is very important for clinical applications.

[0121] To enable dual-mode photoacoustic-ultrasound
imaging, a standard ultrasound probe must be outfitted with
an optical delivery system providing laser irradiation of the
tissue surface. This can be accomplished by means of an
optical fiber connecting a laser source and terminated by a
single or several lens collimators that can be used for shaping
the spatial illumination pattern.

[0122] In one embodiment, such a dual-mode imaging
capability can be implemented as an add-on feature to exist-
ing clinical ultrasound instrumentation. In such a case, two
specific design issues should be addressed. First, since laser
illumination should coincide with the ultrasound imaging
plane and cover the depth range from several millimeters to
several centimeters, laser spot dimensions should closely
match the aperture of the ultrasonic array and illuminate the
area directly under the array.

[0123] Accordingly, in one embodiment, a layer of near-IR
transparent ultrasonic coupling media (water or gel), with a
suitable thickness (for example, about 1-2 cm) is inserted
between the ultrasound probe and the tissue sample (for
example, as shown in FIG. 7).

[0124] Inembodiments in which the laser irradiation is not
expected to be on all the time, suitable means may be pro-
vided to enable the initiation of laser irradiation and interrup-
tion of normal ultrasonic operation, in order to initiate col-
lection of the photoacoustic data. This can be accomplished
according to a wide variety of implementations, such as a
push button or a foot switch that triggers the laser source and
changes the ultrasonic array into reception mode. After a
specific time of laser exposure, normal ultrasound imaging
operation may be resumed, for example, while the system
software provides data processing and image display.

[0125] Accordingly, alternating photoacoustic-ultrasound
and ultrasound imaging can be repeated, for example, at the
operator’s request or according to a pre-selected and/or auto-
mated protocol, and the resulting images can be displayed. In
some embodiments, the images may be presented separately,
such as side-by-side (for example, as shown in FIG. 11) on a
split-screen monitor. In other embodiments, the images may
be fused together in a single image. Color coding may be
employed to show different contributions to the single images
from the two different imaging modalities.

[0126] An example of dual-mode imaging of a tissue
sample ex-vivo with artificial optical heterogeneities using a
standard clinical ultrasonic scanner and photoacoustic radar
sharing the same phased array probe is shown in FIG. 11, as
described further below.

Wavelength-Modulated Differential Spectroscopic
Photoacoustic Radar
[0127] Although the current state of the art of the photoa-

coustic radar when compared to conventional pulsed laser
photoacoustic imaging systems yields theoretical estimates
of SNR advantage of the latter on the order of 10 dB [Telen-
kov and Mandelis (2011)], experimental results show a much
smaller SNR difference due to 1) the limited frequency-do-
main ability to tune the laser irradiation modulation fre-
quency spectrum within the transducer optimal bandwidth;
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and 2) the inability to efficiently suppress the signal baseline
of pulsed laser systems even after high-pass filtering.

[0128] Nevertheless, the effective similar SNRs can be
tilted in favor of the photoacoustic radar through improve-
ments in terms of contrast and resolution. The latter can
render the performance and tumor specificity of the photoa-
coustic radar imager superior to that of pulsed photoacoustic
imagers, and utilizing the availability of compact and inex-
pensive CW laser diodes with a wide wavelength selection in
comparison with bulky and expensive Q-switched pulsed
lasers. This opens the possibility for more sensitive photoa-
coustic imagers than today’s state-of-the-art either as stand-
alone photoacoustic instruments or in co-registration with
commercial clinical ultrasound imagers.

[0129] Conventionally, the contrast of biomedical photoa-
coustic imaging systems is generated by absorption coeffi-
cient differences in the presence of blood in the 650-1000 nm
spectral range in cancerous tissue compared to blood-poor
healthy tissue. The photoacoustic contrast increases propor-
tionally to the concentration of blood (angiogenesis), i.e.
linearly with the (different) optical absorption coeflicients u,,
Fb, Wy mpons, Of hemoglobin (or de-oxyhemoglobin, Hb) and
oxyhemoglobin (HbO,), respectively, of the interrogated tis-
sueregion of interest (ROI) at the excitation wavelength. This
absorption coefficient distinction is very important, because
while angiogenesis can increase Hb concentration, tumor
hypermetabolism can decrease oxygen saturated hemoglobin
HbO,. This effect is, along with angiogenesis, the hallmark of
cancer, and one should be able to clearly measure the two
concentrations in order to identify the presence of cancer
using the absorption coefficients at two wavelengths:

Ha(h)AAn(10)€, (M) ContIn(10)€ 4o(A1 )Coe (13)

Ha(2)=In(10)€,,(h) CortIn(10)e 4. (ho) Cpe (19)

In these equations, A, A, are the two wavelengths, €, and e,
are the known molar extinction coefficients of oxy- and de-
oxyhemoglobin, respectively, and C__, C, are the molar con-
centrations of oxy- and de-oxyhemoglobin, respectively, in
the optically interrogated tissue.

[0130] However, with pulsed laser excitation, background
absorptions as well as ultrasonic transducer reverberations
(“ringing”) [ Telenkov and Mandelis (2010)] tend to compro-
mise the specificity and sensitivity of photoacoustic contrast
to a rather high detection threshold of the lowest possible
accumulation of angiogenetic oxygen-poor hemoglobin in
malignant (cancerous) lesions such as those encountered in
human breast imaging.

[0131] Theuse of a spectral reference where the absorption
coefficients of both HbO, and oxygen-poor (Hb) hemoglobin
are equal (the isosbestic point 500, ca. 780-800 nm), as shown
in F1G. 12, is important as it can yield higher or lower signals
when compared with absorptions in the e.g. 680 nm range
(shown at 510) where the Hb absorption coefficient is higher
than at the isosbestic point 500, while that of HbO, is lower.
If this is done sequentially as differential imaging, it will
improve somewhat the dynamic range of the measurement
through image normalization at two wavelengths, but the
spatial overlap matching of features from adjacent absorbers
is imperfect and the post-processing ratioing errors limit the
inherent spectroscopic capabilities of the technique, also
compromising its ability to identify higher and lower absorp-
tions/signals at the non-reference wavelength. To the best
knowledge of the inventors, blood concentration measure-
ments have only been made in arterial and veinous configu-
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rations using longer wavelength lasers (e.g. 905 nm
[Saerchen et al (2011)]) with single-point total hemoglobin
concentration (C,,=C,_+C,,) measurements limited in the
4-16 g/dL range. There appear to be no data on Cy, detection
limits in tissues and/or using photoacoustic imaging.

[0132] The aforementioned embodiments of the frequency
domain (e.g. chirped) photoacoustic radar, gives rise to the
unique possibility of implementing, in contrast to the differ-
ential scheme of the preceding paragraph, a truly differential
spectroscopic system and method using the cross-correlation
method disclosed above to monitor minute differences in
absorption coeflicients by using two optical souces (such as
semiconductor laser diodes) operating at the different wave-
lengths.

[0133] Forexample, in one embodiment, one optical source
possibly emitting in the 680 nm range where there exists a
local maximum difference in absorption coefficients between
HbO, and Hb for optimum discrimination between the two
types of blood, and the other diode emitting at, or close to, the
isosbestic point (=780 nm).

[0134] Such a differential spectroscopic photoacoustic
radar system may be employed by launching two out-of-
phase chirp-modulation waveforms (e.g. waveforms differ-
ing in phase by approximately 180 degrees), each modulating
the current of each laser, with the two beams focused on the
same spot of a tissue sample (or a blood-containing phantom,
for example, during testing or calibration), as shown in step
600 of the flow chart shown in FIG. 14. The remainder of the
processing steps of the method are similar to those outlined in
FIG. 2, where the reference waveform used in calculating the
cross-correlation image is modulating at the isosbestic wave-
length.

[0135] The system could be calibrated so as to emit
approximately the same number of photons at both wave-
lengths, given that the absorption coefficient of blood is
dependent linearly on the hemoglobin concentration:
w,(blood)=e(blood)[Cpy,], where € is the extinction coefli-
cient and [ ] indicates concentration. Owing to the approxi-
mate 180 degree phase shift between the two modulation
chirps, the output is a differential photoacoustic signal, in
which the maximum pressure wave compression at one wave-
length will be counterbalanced by the maximum rarefaction
at the other.

[0136] Accordingly, the photoacoustic signal is directly
proportional to the difference in absorption coefficients
between the isosbestic and the additional spectral point at the
same spatial location in real time, thereby yielding a sensitive
contrast image. This image can be directly interpreted in
terms of oxygenated (negative peak in cross-correlation sub-
traction, or negative phase if single frequency out-of-phase
wavelength modulation is used coupled to lock-in amplifier
demodulation) or non-oxygenated (positive peak or positive
phase) of blood concentration, in the interrogated tissue.
[0137] The system could be tested and/or calibrated with
several concentrations of both HbO, and Hb, in order to
construct curves of photoacoustic cross-correlation peak
threshold and full amplitude ranges vs. HbO, and Hb absorp-
tions (i.e. concentrations). The magnitude of the cross-corre-
lation and/or the phase difference under single-frequency
lock-in detection can be calibrated to measure the degree of
oxygenation of blood hemoglobin at or near 680 nm.

[0138] The differential spectroscopic cross-correlation
photoacoustic imaging systems and methods described
herein cannot be achieved using pulsed laser photoacoustic
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detection, even if two wavelengths can be implemented
sequentially, because differences between two large incoher-
ent photoacoustic signals and the concomitant noise levels
cannot subtract as efficiently as two coherent signals, both of
which enter into the same (simultaneous) or sequential (one
wavelength followed by the other) cross-correlation relation
with a delayed version of the incident waveform. A study of
the differential cross-correlation SNR vs. those of two
sequential cross-correlations, one at each wavelength, could
be employed to show the advantage on imaging quality and
threshold blood concentration sensitivity of the differential
scheme.

[0139] The foregoing embodiments may be employed to: a)
enhance photoacoustic imaging contrast; and b) integrate
photoacoustic imaging with ultrasound imaging (co-registra-
tion). For example, in biological regions where tumors may
grow, ultrasound imaging contrast is based on acoustic
impedance differences, i.e. differences between the speeds of
sound and/or the densities of the lesion and the respective
healthy tissue. These same differences can help amplify the
differential spectroscopic signals as they will contribute to the
cross-correlation difference through the) dependence of the
photoacoustic signal on the Griineisen coefficient, G-

,Bc? (20)

where 3 is the thermal expansion coefficient (in 1/° C.), C, is
the heat capacity (in J/g° C.), and c, is the speed of sound in
tissue (1.5 mm/ps in normal tissue). Both ¢ and f may change
in abnormal (cancerous) lesions. G multiplies i, thereby
possibly amplifying the differential signal.

[0140] In summary, the present embodiments disclose
modalities of differential spectroscopic photoacoustic radar
tissue imaging, whereby frequency-domain photoacoustic
radar techniques may be performed that may be superior to
the single-ended method described in other embodiments
disclosed herein.

[0141] In some embodiments, systems and methods are
provided for simultaneously interrogating the Hb and HbO,
concentrations in imaged tissues through the acquisition of
two spectral cross-correlation images, and their mathematical
manipulations, as indicated in Egs. (18) and (19) to solve for,
and obtain, quantitative images of C_ and C, for a) identi-
fication of blood rich regions and b) identification of saturated
(hypermetabolic) hemoglobin regions where breast (or other)
cancer may be diagnosed.

[0142] Referring now to FIG. 13, anexample apparatus 101
is shown for performing differential photoacoustic cross-cor-
relation imaging. The example apparatus 101 may employ
many of the components shown in FIG. 1. In one example
implementation, control and processing unit 125 (or one or
more external waveform generators 104, 124) generate two
simultaneous or sequential approximately out-of-phase
modulation waveforms, such as sine wave chirps in the ~1-5
MHz range (or higher, such as 25 MHz). The modulation
waveforms modulate the output of first and second optical
sources 102 and 122 (such as fast modulatable semiconductor
laser diodes). Firstand second optical sources preferably emit
high peak power (such as in the 5-15 W range) sinusoidally or
square-wave modulatable CW laser sources,) and repetition
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rate in the 1-10-kHz range (for example, implementable on
National Instruments platform).

[0143] Control and processing unit 125 may be pro-
grammed to implement photoacoustic radar processing steps
outlined above. As noted above, the beams emitted by first
and second optical sources 102 and 122 are nearly out-of-
phase laser-generated ultrasonic chirps. In applications asso-
ciate with the detection of differences in tissue, one optical
source emits a beam having a wavelength (or center wave-
length) at approximately the isosbestic wavelength, and the
other optical source may emit a beam having a wavelength
within the 680-nm range where there exists a local maximum
difference in absorption coefficients between HbO, and Hb
(for optimum discrimination between the two types of blood).
A maximum output photoacoustic signal may be obtained by
adjusting (fine tuning) the phases and amplitudes of the two
optical waveforms around the 180-degree point. This is so
because the two optical-wave phase difference does not
exactly coincide with the generated two-ultrasonic-wave
maximum compression and rarefaction phase difference, due
to the different optical absorption lengths in the same medium
(e.g. blood); in practice, fine tuning around the 180-degree
phase shift will be required for maximum differential photoa-
coustic signal generation.

[0144] In another example embodiment, two single-fre-
quency (0.1-30 MHz range) sine-wave or square-wave modu-
lated lasers (modulated out of phase) at, or close to, the
isosbestic point (~780 nm) and the other wavelength as
described above, simultaneously irradiate the tissue, measur-
ing the photoacoustic signal with at least one ultrasound
transducer (an array may be employed for imaging applica-
tions). Amplitude- and phase-adjusted waveforms may be
used so as to maximize the differential signal due to the
different absorption coefficients of a hemoglobin-rich ROI, as
described above, with the sign of the relative phase (e.g. the
phase of the differential PA signal modulated between 680
nm and 800 nm) indicating the type of lesion (cancerous or
benign). The differential method is expected to yield very
sensitive and specific photoacoustic imaging contrast when
used in a raster scanned mode or with an ultrasonic transducer
phase array. This approach, while being disclosed via the
example of lesion type detection, may be employed in other
applications, in which a sample is characterized by an absorp-
tion spectrum possibly, but not necessarily, including an isos-
bestic point associated with two absorbing species.

[0145] The potential amplification of differential photoa-
coustic signals with regard to healthy tissues based on Grii-
neisen coefficient contrast superposed on the optical absorp-
tion coefficient contrast will further give rise to optimized
sensitivity to local tumors excited photoacoustically as dis-
cussed in reference to equation 20 above. The following
examples are presented to enable those skilled in the art to
understand and to practice embodiments of the present dis-
closure. They should not be considered as a limitation on the
scope of the present embodiments, but merely as being illus-
trative and representative thereof.

EXAMPLES
Example 1

Photoacoustic Imaging with CW Laser Source

[0146] The example below illustrates the application of a
photoacoustic array imaging system for the imaging of refer-
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ence sample and human blood vessels. FIG. 7 illustrates the
experimental apparatus employed in the present example. A
standard ultrasonic 64-element phased array probe 300 was
employed (GE Parallel Design, Inc., Phoenix, Ariz.), having
a central frequency 3.5 MHz, 80% mean bandwidth at -6 dB
and pitch 0.254 mm. The imaging plane is shown in the Figure
at 310.

[0147] A laser beam 320 was continuously modulated by
an acousto-optic modulator (AOM; not shown in Figure)
driven by chirp waveforms with linear frequency sweeps in
the range of approximately 1-5 MHz (or higher, for example,
approximately 1-25 MHz). The laser beam was incident on
the sample surface 330 through a container with coupling
water at an oblique angle (<20°). The coupling water was in
contact with the sample surface through a thin transparent
plastic film. The laser spot diameter on the surface was
approximately 3 mm and the mean laser power could be
varied from 100 mW to 1 W.

[0148] Two types of tissue phantoms were prepared foruse
in the experiments: one was made using PVC plastisol with
dispersed MgO, nanoparticles, and the second utilized water
solution of Intralipid™ suspension with concentration 0.24%
by volume. Measurements of the scattering coefficient of the
PVC phantom using the Monte Carlo technique gave for the
reduced scattering coefficient p /=4 cm™" (g=0.9). To simulate
an optical heterogeneity, an inclusion with dimensions 1
cmx1 cmx0.5 cm of the same material stained with black
color paint (absorption coefficient 4 cm™" at 1064 nm) was
inserted into the PVC phantom at depth ~1.5 cm. The liquid
phantom contained two inclusions with p,=2 and 4 ecm™
respectively. The inclusion depth was varied using a micro-
positioning stage.

[0149] Parallel data acquisition and signal processing were
implemented using modular 8-channel analog-to-digit con-
verters (PXI-5105) and LabView software package (National
Instruments, Austin, Tex.). The current implementation ofthe
photoacoustic probe did not provide simultaneous acquisition
of all 64 channels with high sampling rate. To expedite data
collection, a parallel-sequential data collection scheme was
developed that utilized parallel readout 340 of a subarray of 8
elements sequentially multiplexed over the entire array using
4 programmable switch boards (PX1-2593). Although such
parallel-sequential data acquisition is slower than a truly par-
allel scheme, it provides an inexpensive and flexible alterna-
tive for readout of multiple channels within acceptable time
frames. Moreover, the modular PXT architecture permits easy
hardware expansion to increase the total number of channels
and the size of the parallel subarray, which is important for
utilization of various ultrasonic arrays with the photoacoustic
probe.

[0150] Three series of imaging measurements were con-
ducted to verify system performance and its capability to
detect optical heterogeneities: first, discrete point-like optical
inclusions in the PVC material were imaged to determine
spatial resolution of the photoacoustic probe; next, optically
scattering (PVC and Intralipid-based) phantoms were
employed to image position and size of optical inclusions;
and finally, imaging of blood vessels 350 in-vivo was tested
using the wrist of a human volunteer, as shown in FIG. 8 (the
incident direction of the laser beam is shown at 360).

[0151] Initially, the probe point spread function (PSF) was
determined using point sources embedded in clear media at
different distances from the sensor array. The theoretical PSF
shown in FIG. 9(a) was reconstructed using parameters of the
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transducer array and the frequency-swept point sources posi-
tioned at the depth ranging from 1.5 to 6 cm. Gaussian white
noise was added to the input signals to simulate detection with
SNR=-34 dB.

[0152] Experimental measurements of the PSF were car-
ried out using five cotton threads positioned at different
depths and exposed sequentially to the modulated laser
source. Results of the measurements are shown in FIG. 9(5)
as amosaic of five sector scans obtained for the photoacoustic
sources positioned at the depths 2-5.5 cm. The results were
consistent with the theoretical beam pattern computed for a
64-element array with 0.254 mm pitch.

[0153] Imaging of optical heterogeneities in the light-scat-
tering media with the photoacoustic probe and coded optical
excitation is shown in FIG. 10. Prior to photoacoustic imag-
ing, the PVC phantom was scanned with a conventional ultra-
sound system (Ultrasonix, British Columbia, Canada) to
determine the exact position of the inclusion. The result of the
ultrasound test recorded with a 128-element linear probe is
shown in FIG. 10(a). Since the inclusion was prepared from
the same material, acoustic contrast was negligible and the
resulting image contrast was very low.

[0154] Theinclusion position was identified as an area with
slightly reduced speckle density and shown in FIG. 10(a) by
a dashed rectangle at 400. On the other hand, imaging the
same phantom with the photoacoustic phased array probe,
shown in FIG. 10(b), clearly shows optical contrast due to the
increased light absorption in the subsurface chromophore and
generation of acoustic waves. The upper spot in F1G. 10(5) is
due to a laser beam with mean power ~1 W impinging on the
surface, while the bright line at the depth 1.5 cm below the
surface indicates the top surface of the inclusion.

[0155] Similarly, two discrete chromophores immersed in
the Intralipid™ solution at 1-cm depth were imaged by the
photoacoustic probe. The resulting correlation image, shown
in FIG. 10(c), reveals their position and lateral dimensions
(shown at arrow 410). The signals observed below the two
main peaks correspond to acoustic reflections from the inclu-
sion back surface.

[0156] The result of human wrist imaging is shown in FIG.
10(d). The laser beam irradiance of the tissue surface was
maintained at <14 W/cm?, which is well below the safety
limit of 980 W/cm? for 1 ms chirp duration. The reconstructed
sector image shows discrete bright spots related to sound
generation in the superficial blood vessels of the wrist.
[0157] An example of dual-mode (ultrasound and photoa-
coustic) imaging of a tissue specimen ex-vivo with embedded
optical contrast heterogeneities (wires) is shownin F1G. 11. A
sample of skinless chicken breast tissue with three thin (<200
um) wires inserted at depths 15-20 mm was examined
sequentially using a clinical ultrasound scanner Sonix Touch
(Ultrasonix Inc., Richmond, BC) and photoacoustic radar
system. Both imaging systems shared a 64-element phased
array brought in contact with the chicken breast through a
layer of clear water (2 cm thick) used as a coupling medium.
[0158] FIG. 11(a) shows a standard B-mode ultrasonic
image with pixel values proportional to the amplitude of
backscattered acoustic waves. The three wires in the tissue are
labeled with arrows and can be easily identified in the image.
Since the tissue structure is highly heterogeneous, strong
acoustic speckle is present which reduces the overall image
contrast.

[0159] The photoacoustic radar image in FIG. 115 was
recorded after switching off the normal ultrasound imaging
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mode, enabling laser irradiation and redirecting signals from
the phased array to photoacoustic data acquisition and pro-
cessing unit as shown in FIG. 1. Optical absorption of wire
plastic insulation coating generates acoustic response
detected by the phased array. Cross-correlation processing
and beamforming applied to the correlation data enables
image reconstruction to obtain the cross-correlation image in
the same manner as shown in FIG. 11a, but pixel values here
are proportional to the amplitude of the cross-correlation
signal as opposed to the amplitude of acoustic scattering.
Although the physical meaning of the two images is quite
different, both indicate the presence of wires and their relative
positions. Since chicken breast tissue is optically quite uni-
form, the background speckle noise is much lower compared
to the ultrasound image.

Example 2

Dual Channel, Dual Wavelength Laser Diode Driver
Modulator System

[0160] Inthe present example, an example configuration of
the optical sources for realizing the apparatus shown in FIG.
13 and for implementing the method shown in FIG. 13 is
provided. In the present non-limiting example, first optical
source 102 is a 680 nm, 5 watt laser diode, and second optical
source 122 is a 780 nm, 5 watt laser diode. An Agilent pro-
grammable pulse generator is employed to vary the start and
stop frequencies along with sweep rate and continuously
variable phase shift between the two channels, for imple-
menting modulators 104, 124, and phase shifter 125 as a
single subsystem. The total energy from the pair of laser
diodes is coupled to a single 250 to 300 um fiber optic for
delivering a single beam to the sample. Each laser diode
includes its own thermo-electric cooler with a controller for
wavelength stabilization. Each laser diode driver is capable of
running at 12 amps ata 50% duty cycle, and the output current
of each driver is adjustable. The laser diode drivers have a 25
MHz capability with 30 MHz capability at a reduced output
current (~8 amps). The ultimate high end frequency limit is
dictated by the inductance of the laser diode package.
[0161] The specific embodiments described above have
been shown by way of example, and it should be understood
that these embodiments may be susceptible to various modi-
fications and alternative forms. It should be further under-
stood that the claims are not intended to be limited to the
particular forms disclosed, but rather to cover all modifica-
tions, equivalents, and alternatives falling within the spirit
and scope of this disclosure.
Therefore what is claimed is:
1. A method of performing photoacoustic imaging within a
sample, the method comprising:
providing an optical beam, wherein a wavelength of the
optical beam is selected such that the optical beam is
absorbed when directed onto the sample;
generating a reference modulation waveform for modulat-
ing the optical beam,
modulating the optical beam according to the reference
modulation waveform, thereby obtaining a modulated
optical beam;
directing the modulated optical beam into the sample;
detecting, with an ultrasonic transducer array, photoacous-
tic waves responsively generated within the sample and
obtaining a photoacoustic signal from each element of
ultrasonic transducer array;
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for each element in the ultrasonic transducer array, com-
puting a cross-correlation function based on a Fourier
transform of the photoacoustic signal and the reference
modulation waveform; and

processing the cross-correlation functions of the elements

and performing image reconstruction according to a
beamforming algorithm to obtain a cross-correlation
image.

2. The method according to claim 1 where the reference
modulation waveform includes a chirp.

3. The method according to claim 2 wherein the chirp is a
linear chirp.

4. The method according to claim 2 wherein the chirp is a
nonlinear chirp.

5. The method according to claim 1 wherein the cross-
correlation image is a cross-correlation phase image.

6. The method according to claim 2 wherein properties of
the modulated optical beam are determined according to:

selecting a maximum surface irradiance; and

selecting a duration of the chirp such that a maximum

exposure criteria is met.

7. The method according to claim 2 wherein a full-chirp
repetition rate of the reference modulation waveform is
between approximately 1 kHz and 10 KHz.

8. The method according to claim 1 wherein a bandwidth of
the reference modulation waveform is selected be on the
order of 1 MHz.

9. The method according to claim 1 wherein a bandwidth of
the reference modulation waveform is between approxi-
mately 1 MHz and 5 MHz.

10. The method according to claim 1 wherein the step of
computing a cross-correlation function of each element is
performed in parallel for all transducer elements.

11. The method according to claim 1 wherein the step of
obtaining the cross-correlation image includes:

forming a back projection of the data onto an imaging

plane; and

interpolating the back projection of the data into a suitable

coordinate system for displaying the cross-correlation
image.

12. The method according to claim 1 wherein the step of
processing the cross-correlation functions of the elements
according to a beamforming algorithm includes multiplying a
contribution of each element by a shading coefficient.

13. The method according to claim 12 wherein the shading
coefficient is selected to provide sidelobe suppression.

14. The method according to claim 1 wherein the reference
modulation waveform is selected to provide pulse compres-
sion.

15. The method according to claim 1 wherein the step of
modulating the optical beam includes the step of modulating
a current of a semiconductor laser.

16. The method according to claim 1 wherein the cross-
correlation image is a cross-correlation amplitude image, the
method further comprising:

generating a cross-correlation phase image; and

obtaining an additional cross-correlation image by multi-

plying the cross-correlation amplitude image by the
cross-correlation phase image.

17. The method according to claim 1 wherein the sample is
tissue.

18. The method according to claim 17 wherein the tissue is
vascular tissue.
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19. The method according to claim 1 wherein the wave-
length of the optical beam is selected such that the modulated
optical beam is absorbed by one of oxy-hemoglobin and
deoxy-hemoglobin.

20. The method according to claim 1 wherein the wave-
length of the optical beam is selected to lie within a range of
approximately 755 nm to 808 nm.

21. The method according to claim 1 further comprising
the step of applying a time gain correction to the cross-
correlation image.

22. The method according to claim 1 further comprising:

providing an ultrasound source for generating a modulated

ultrasonic beam; and
spatially overlapping the modulated ultrasonic beam with
the optical beam at a region of interest within the sample;

wherein the modulated ultrasonic beam is modulated
according to the reference modulation waveform, and
wherein a phase relationship between the modulated
optical beam and the modulated ultrasonic beam is
selected to enhance the photoacoustic signal.

23. The method according to claim 22 wherein the modu-
lated ultrasonic beam is used as a localized heat generating
source for enhance the photoacoustic response at a raised
temperature.

24. The method according to claim 22 wherein the ultra-
sound source is a high intensity focused ultrasound trans-
ducer.

25. The method according to claim 1 wherein the optical
beam is a first optical beam, and wherein said wavelength is a
first wavelength, the method further comprising:

providing a second optical beam, wherein a wavelength of

the second optical beam is a second wavelength different
than the wavelength of the first optical beam, and
wherein the wavelength of the second optical beam is
selected such that the second optical beam is absorbed
when directed onto the sample;

modulating the second optical beam according to a second

reference modulation waveform, thereby obtaining a
second modulated optical beam; and

directing the second modulated optical beam into the

sample.

26. The method according to claim 25 wherein an absorp-
tion spectrum of the sample includes an isosbestic point asso-
ciated with two absorbing species;

wherein the first wavelength is approximately equal to a

wavelength of the isosbestic point, and wherein the sec-
ond wavelength is a wavelength other than the first
wavelength; and

wherein the second reference modulation waveform differs

by the first reference modulation waveform by a phase
shift of approximately 180 degrees.

27. The method according to claim 26 wherein the first
wavelength is approximately equal to an isosbestic point of
oxy- and de-oxyhemoglobin.

28. The method according to claim 26 wherein the second
wavelength is approximately equal to 680 nm.

29. The method according to claim 25 further comprising:

detecting, with the ultrasonic transducer array, a second

photoacoustic signal responsively generated within the
sample;

for each element in the ultrasonic transducer array, com-

puting a second cross-correlation function based on a
Fourier transform of the second photoacoustic signal
and the second reference modulation waveform; and
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processing the second cross-correlation functions of the
elements and performing image reconstruction accord-
ing to a beamforming algorithm to obtain a second
cross-correlation image.

30. The method according to claim 29 further comprising
the step of comparing the first cross-correlation image to the
second cross-correlation image.

31. A photoacoustic imaging system comprising:

an optical source for producing an optical beam, wherein a

wavelength of said optical source is selected such that
the optical beam is absorbed when directed on a sample;

a modulating means for modulating said optical source

according to a reference modulation waveform and gen-
erating a modulated optical beam;

an ultrasonic transducer array configured to detect photoa-

coustic waves generated in response to absorption of the
modulated optical beam and to provide a photoacoustic
signal from each element of said ultrasonic transducer
array; and

a control and processing unit configured to:

generate the reference modulation waveform;

calculate, for each element of said ultrasonic transducer
array, a cross-correlation function based on a Fourier
transform of a detected photoacoustic signal and the
reference modulation waveform; and

process the cross-correlation functions and perform
image reconstruction according to a beamforming
algorithm for generating a cross-correlation image.

32. The photoacoustic imaging system according to claim
31 wherein said optical source is a laser configured for direct
current modulation.

33. The photoacoustic imaging system according to claim
32 wherein said laser is a semiconductor laser.

34. The photoacoustic imaging system according to claim
33 wherein said semiconductor laser has a modulation band-
width within the range of approximately 1 MHz to 25 MHz
and a full chirp repetition rate within the range of approxi-
mately 1 kHz to 10 kHz.

35. The photoacoustic imaging system according to claim
31 wherein the wavelength of said optical source is within a
range of approximately 755 nm to 808 nm.

36. The photoacoustic imaging system according to claim
31 wherein an electrical connection between said ultrasonic
transducer array and said control and processing unit is par-
allel electrical connection.

37. The photoacoustic imaging system according to claim
36 wherein said control and processing unit is further config-
ured to process the photoacoustic signals from said ultrasonic
transducer array in parallel.

38. The photoacoustic imaging system according to claim
31 wherein said optical source is configured to provide a
maximum surface irradiance, and wherein the reference
modulation waveform is a chirped waveform, and wherein a
duration of the chirp of the reference modulation waveform is
provided such that a maximum permissible exposure criteria
is met.

39. The photoacoustic imaging system according to claim
31 wherein a power of said optical source exceeds approxi-
mately 10 W.

40. The photoacoustic imaging system according to claim
31 wherein said wavelength is a first wavelength and said
reference modulation waveform is a first reference modula-
tion waveform;

Apr. 25,2013

wherein said system further comprises a second optical
source for producing a second optical beam, wherein a
wavelength of said second optical source is a second
wavelength selected such that the second optical beam is
absorbed when directed on a sample; and

wherein said modulating means is adapted for modulating

said second optical source according to a second refer-
ence modulation waveform and generating a second
modulated optical beam.

41. The photoacoustic imaging system according to claim
40 wherein an absorption spectrum of the sample includes an
isosbestic point associated with two absorbing species;

wherein said first wavelength is approximately equal to a

wavelength of the isosbestic point, and said second
wavelength is a wavelength other than said first wave-
length; and

wherein said second reference modulation waveform dif-

fers by said first reference modulation waveform by a
phase shift of approximately 180 degrees.
42. The photoacoustic imaging system according to claim
40 wherein said first wavelength is approximately equal to an
isosbestic point of oxy- and de-oxyhemoglobin.
43. The photoacoustic imaging system according to claim
42 wherein said second wavelength is approximately equal to
680 nm.
44. The photoacoustic imaging system according to claim
40 wherein said control and processing unit is further config-
ured to:
generate the second reference modulation waveform;
calculate, for each element of said ultrasonic transducer
array, a second cross-correlation function based on a
Fourier transform of a detected photoacoustic signal and
the second reference modulation waveform; and

process the second cross-correlation functions according
to a beamforming algorithm for generating a second
cross-correlation image.

45. The photoacoustic imaging system according to claim
31 further comprising an ultrasound source for generating a
modulated ultrasonic beam and spatially overlapping the
modulated ultrasonic beam with the optical beam at a region
of interest within the sample, wherein the modulated ultra-
sonic beam is modulated according to the reference modula-
tion waveform, and wherein a phase relationship between the
modulated optical beam and the modulated ultrasonic beam is
selected to enhance the photoacoustic signal.

46. The photoacoustic imaging system according to claim
45 wherein the ultrasound source is a high intensity focused
ultrasound transducer.

47. A method of measuring a differential photoacoustic
signal from a sample, wherein an absorption spectrum of the
sample includes an isosbestic point associated with two
absorbing species, the method comprising:

providing a first optical beam having a first wavelength,

wherein the first wavelength is approximately equal to a
wavelength of the isosbestic point;

providing a second optical beam having second wave-

length, wherein the second wavelength is different than
the first wavelength;

generating a reference modulation waveform;

modulating the first optical beam and the second optical

beam according to the reference modulation waveform,
thereby obtaining a first modulated optical beam and a
second modulated optical beam, wherein the first modu-
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lated optical beam and the second modulated optical
beam are approximately out of phase;
directing the first modulated optical beam and the second
modulated optical beam onto the sample; and

detecting, with at least one ultrasonic transducer, photoa-
coustic waves responsively generated within the sample
and obtaining a differential photoacoustic signal from
the at least one ultrasonic transducer.

48. The method according to claim 47 further comprising
inferring a property of the sample based on the sign of the
phase of the differential photoacoustic signal.

49. The method according to claim 48 wherein the sample
is tissue, and wherein the first wavelength is approximately
equal to an isosbestic point of oxy- and de-oxyhemoglobin.

50. The method according to claim 49 wherein the property
is a characterization of a tumor.

51. The method according to claim 49 wherein the property
is a degree of oxygenation of blood within the tissue.
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