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(57) Abstract: Systems and methods are disclosed to enhance three-dimensional photoacoustic imaging behind, through, or inside a
scattering material. Embodiments of the invention can increase the optical fluence in an ultrasound transducer focus and/or enhance
the optical intensity using wavefront shaping before the scatterer. The photoacoustic signal induced by an object placed behind the
scattering medium can serve as feedback to optimize the wavefront, enabling one order of magnitude enhancement of the pho -
toacoustic amplitude. Using the enhanced optical intensity, the object can be scanned in two dimensions and/or a spot can be
scanned by re -optimizing the wavefront before post-processing of the data to reconstruct the image. The temporal photoacoustic sig-
nal provides information to reconstruct the third-dimensional information.
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IMAGING THROUGH SCATTERING MEDIA WITH HIGH SIGNAL TO NOISE
RATIO AND RESOLUTION

FIELD
This disclosure relates generally to imaging through scattering media with high

signal-to-noise ratio and resolution.

GOVERNMENT RIGHTS
This invention was made with government support under grant number
DGE0801680 awarded by the National Science Foundation. The government has certain

rights in the invention.

BACKGROUND

Scattering from turbid materials limits the depth through which images can be
obtained. However, due to its deterministic nature, the scattering can be compensated
with the help of a feedback mechanism using wavefront shaping. As a result, a focused
spot can be created behind the scattering medium. Initial techniques have been limited by
the inability to provide a feedback without access to the back side of the scatterer. Lately,
new feedback mechanisms have been proposed such as iterative optimization feedback
from fluorescence or digital OPC with second harmonic generation nanoparticles used as
guide stars. These techniques are limited by a scarcity constraint that requires that the
feedback signal only comes from a single particle to ensure single focus creation.
However, this constraint can be overcome with iterative focusing methods by using a
nonlinear feedback, such as two photon fluorescence, which itself is limited by optical
power. Another promising method for imaging into scattering materials, especially
biological tissue, uses a guide star created with an ultrasound focus. Ultrasonic waves
propagate through soft tissue with three orders of magnitude less scattering than optical
waves, allowing them to penetrate much deeper with minimal scattering. The ultrasound
focus guide star locally modulates the frequency of light crossing it. These tagged
photons are then used to record the scattered optical field, which when phase conjugated,
delivers photons back to the ultrasound focus. Later, similar techniques were improved to
allow for a reduction of the optical focus spot size.

A less explored feedback mechanism for focusing light through scattering

materials is the photoacoustic effect. The photoacoustic effect produces acoustic waves as
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a medium absorbs light and undergoes thermal expansion. The photoacoustic effect is
used in modern photoacoustic microscopy to image at depth in tissue. Photoacoustic
microscopy differs from ultrasound imaging in that its contrast stems from optical
absorption, as opposed to mechanical properties. Photoacoustics allows, for example,
imaging of the vasculature by using hemoglobin in blood as the absorbing medium.
Photoacoustic feedback has also been suggested for measuring the transmission matrix
through a scattering material onto light-absorbing fibers. In this transmission matrix
measurement the input optical modes were related to the absorbers found behind the
scattering material. As a result, it was possible to localize particles along the axis of the
transducer and create optical foci at the absorbers detected in the matrix. Unfortunately,

none of these two early techniques has demonstrated so far imaging capability.

SUMMARY

Embodiments described herein include a method that includes illuminating a
sample through a scatterer using a light source and at least one spatial light modulator;
receiving a photoacoustic signal from a transducer; determining an optimized wavefront
from the photoacoustic signal; modifying a configuration of the spatial light modulator
based on the optimized wavefront; and illuminating the sample through the scatterer using
the light source and the spatial light modulator with the modified configuration.

In some embodiments, the spatial light modulator is an optical element selected
from the group consisting of one or more spatial light modulators, phase-only spatial light
modulators, intensity-only spatial light modulators, prism arrays, diffractive elements,
diffusers, holograms, Dammann gratings, liquid crystal spatial light modulators, phase
masks, amplitude masks, acousto-optic modulator, acousto-optic deflector, and
phase/amplitude masks.

In some embodiments, the modified configuration can produce an optical focus
that is smaller than the acoustic focus. In some embodiments, the determining the
optimized wavefront includes using an optimization algorithm to determine the optimized
wavefront. In some embodiments, the method may also include scanning the sample,
moving the sample with fluid, scanning a focus of the transducer, and/or scanning a focus
of the light source.

An imaging system is also disclosed that includes a pulsed light source; an optical
system configured to direct light from the light source toward a sample through a

scatterer; one or more acoustic transducers configured to record acoustic signals from the
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sample; and a controller coupled with at least a portion of the optical system and the one
or more acoustic transducers, wherein the controller is configured to modify the phase
and/or amplitude of the light directed by the optical system through the wall using data
from the one or more acoustic transducers.

In some embodiments, the one or more acoustic transducers can be disposed
outside the wall such that the acoustic signals pass through the wall. In some
embodiments, the optical system may include a spatial light modulator, one or more
lenses and/or an objective lens.

In some embodiments, the optical system may include an optical element selected
from the group consisting of one or more spatial light modulators, phase-only spatial light
modulators, intensity-only spatial light modulators, prism arrays, diffractive elements,
diffusers, holograms, Dammann gratings, liquid crystal spatial light modulators, phase
masks, amplitude masks, acousto-optic modulator, acousto-optic deflector, and
phase/amplitude masks.

In some embodiments, the controller may be configured to use a optimization
algorithm based on data from the one or more acoustic transducers modify the phase
and/or amplitude of the light.

In some embodiments, the controller may be configured to use spatially varying
feedback to optimize an optical wavefront from the optical system such that light is
enhanced and focused to a single speckle behind the wall. In some embodiments, the
controller may be configured to increase the depth of optical resolution photoacoustic
microscopy by providing high intensity optical focus. In some embodiments, the
controller may be configured to scan the sample, scan a focus of the transducer, and/or
scan a focus of the light source.

A method is also disclosed that may include illuminating a sample inside a
scatterer with a plurality of optical wavefronts modulated by a spatial light modulator,
cach of the plurality of optical wavefronts produced modulated by the spatial light
modulator using one of a plurality SLM matrices selected from a population of SLM
matrices; receiving a plurality of electric signals from a transducer, wherein each of the
plurality of electric signals correspond with a photoacoustic signal received at the
transducer for each of the plurality of illuminations; determining an optimum SLM matrix
from the population of SLM matrices based on the plurality of electric signals; and
returning an image of the sample corresponding with illumination of the sample with the

optimum SLM matrix.
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In some embodiments, the determining an optimum SLM matrix from the
population of SLM matrices comprises determining an optimum SLM matrix from the
population of SLM matrices using a genetic algorithm. In some embodiments, the
determining an optimum SLM matrix from the population of SLM matrices based on the
plurality of electric signals comprises determining an optimum SLM matrix from the
population of SLM matrices based on the peak-to-peak voltage of the plurality of electric
signals. In some embodiments, the optimum SLM matrix produces an optical focus at or
near the sample that is smaller than the acoustic focus.

In some embodiments, the method may include scanning the sample in the x-y
plane; and repeating the method. In some embodiments, the method may include moving
the focus of the transducer; and repeating the method.

In some embodiments, the image may be a three-dimensional image of the
sample. In some embodiments, the plurality of electric signals may comprise a plurality
of acoustic signals, wherein the acoustic signals are enhanced by nonlinear efforts in the
sample.

These illustrative embodiments are mentioned not to limit or define the disclosure,
but to provide examples to aid understanding thercof. Additional embodiments are
discussed in the Detailed Description, and further description is provided there.
Advantages offered by one or more of the various embodiments may be further
understood by examining this specification or by practicing one or more embodiments

presented.

BRIEF DESCRIPTION OF THE FIGURES

These and other features, aspects, and advantages of the present disclosure are
better understood when the following Detailed Description is read with reference to the
accompanying drawings.

Figure 1 illustrates a block diagram of a photoacoustic system according to some
embodiments described herein.

Figure 2 illustrates a specific example of a photoacoustic system of the
photoacoustic system shown in Figure 1, according to some embodiments described
herein.

Figure 3A illustrates how the enhancement evolved as the optimization proceeded
according to some embodiments described herein.

Figures 3B and 3C illustrate the photoacoustic response for a flat phase and the
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optimized phase mask are compared according to some embodiments described herein.

Figures 4A-4F illustrate some of the benefits of embodiment described herein.

Figure 5A shows a number of simulation results of the photoacoustic signal
enhancement from an optimization algorithm according to some embodiments described
herein.

Figure 5B shows a number of results of the optical enhancement inside the
transducer focus according to some embodiments described herein.

Figures 6A-6F illustrate some of the benefits of the embodiment described herein.

Figure 7 shows an image from an optical microscope that shows the thickness of
the hairs used in Figures 6A-6F according to some embodiments described herein.

Figure 8 is a flowchart of a process for returning an optimized image of a sample
imaged through a scatterer according to some embodiments described herein.

Figures 9A-9D illustrate the relationship between optical intensity distribution and
acoustic intensity distribution according to some embodiments described herein.

Figures 10A and 10B are graphs showing results of photoacoustic and optical
enhancements through an optimization algorithm with various acoustic focus to speckle
size ratios and noise-to-signal ratios using the embodiments described herein.

Figure 11A shows an image of a target area including a sample without using the
embodiments described herein including wavefront optimization.

Figure 11B shows an image of the target arca including the sample using the
embodiments described herein including wavefront optimization.

Figures 12A-C illustrate some results of an imaging example performed on alpaca
hair using the embodiments described herein.

Figures 13A-13G illustrate some results of an imaging example performed on a
fly wing using the embodiments described herein.

Figure 14A-C illustrate an example image of sweat bee wing hair according to
some embodiments described herein.

Figures 15A-D illustrates an absorber jumping method according to some
embodiments described herein.

Figure 16 is a block diagram of a computer system that can be used in conjunction

with some embodiments described herein.

DETAILED DESCRIPTION

Systems and methods are disclosed that use a photoacoustic feedback to optimize
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an optical focus for imaging a sample through a scatterer. By using photoacoustic
feedback to shape the wavefront response using a spatial light modulator, in some
embodiments, the focus of light through a scatterer can be optimized. This optimization
can include an iterative process and/or a genetic algorithm that can improve over time
based on signals representing photoacoustic measurements of the sample. The
optimization may also be used for imaging various points of a target location after
scanning the sample, scanning the acoustic focus location, and/or scanning the focus of
light from the spatial light modulator. The optimization may result in an optical focus
that is smaller than the acoustic focus of a photoacoustic transducer.

In some embodiments, non-iterative algorithms may be used. For example, the
properties of a medium (or scatterer) can be measured as described above by determining
an optimized SLM Matrix for each point within the sample of interest. This can be done,
for example, using the so-called transmission matrix that characterizes the medium (or
scatterer). With the knowledge of the transmission matrix light can be focused on
arbitrary locations without using a genetic algorithm for imaging within the medium.

Moreover, by analyzing the temporal profile of a resulting photoacoustic wave, in
some embodiments, a three-dimensional (3-D) image can be formed from a two-
dimensional scan. Embodiments described herein may also achieve a significant
improvement in signal-to-noise ratio of about one order of magnitude or more.

Furthermore, according to some embodiments described herein, high contrast
photoacoustic imaging systems can combine wavefront shaping using, for example, a
spatial light modulator and an ultrasound transducer. The spatial light modulator phase
can encode the wavefront to maximize the intensity of light through a scatterer, while the
transducer can provide feedback for an iterative optimization algorithm.

Figure 1 illustrates a block diagram of a photoacoustic system 100 according to
some embodiments described herein. The photoacoustic system 100 includes a light
source 105, a spatial light modulator 110, an optical system 115, an objective 120, a
scatterer 125, a sample 130, a transducer 135, and a feedback system 140. The
photoacoustic system 100 can provide a number of different imaging results. For
example, the photoacoustic system 100 can provide a three-dimensional image of the
sample from a two-dimensional scan. As another example, the photoacoustic system 100
can provide a high signal-to-noise image of the sample.

The light source 105 can include, for example, one or more lasers, laser diodes,

collimated light sources, pulsed lasers, picosecond lasers, femtosecond lasers, etc. The
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light source 105 may also include a high repetition rate light source (e.g., a pulsed laser)
such as, for example, a light source operating above 100 Hz. The light source may direct
light onto and/or through the spatial light modulator 110.

The spatial light modulator 110 can include any optical element that can provide
controllable spatially varying modulation of the light from the light source. The spatially
varying modulation can include either or both phase and amplitude modulation. The
spatial light modulator 110 may include, for example, acousto-optic modulator, acousto-
optic deflector, electro-optic modulator, galvo-mirror, galvo-mirror array, a deformable
mirror, a digital micromirror device, a liquid crystal spatial modulator, a phase-only
spatial light modulator, an intensity-only spatial light modulator, etc. The spatial light
modulator 110 may be a reflective spatial light modulator and/or refractive spatial light
modulator. The spatial distribution of the light from the spatial light modulator 110 may
be modified based on input from a controller The spatial light modulator 110 may
produce a controlled response to incident light from the light source 105 based on an
SLM matrix provided by the feedback system 140. Each value in a given SLM matrix
can correspond with a pixel of the spatial light modulator and the value can correspond
with an amplitude and/or phase of the light modulated and/or produced by the spatial light
modulator. The SLM matrix may include a phase mask or wavefront.

The optical system 115 can direct light from the spatial light modulator 110
toward the objective 120. The optical system 115 can include any number and/or type of
optical elements such as, for example, one or more lenses, focusing optical elements,
mirrors, refractors, reflectors, filters, scatters, gratings, diffusers, prisms, prism arrays,
holograms, beam splitters, polarizing devices, linear polarizers, circular polarizers, dicroic
mirrors, non-linear materials, crystals, polymers, optical fibers, single mode fibers, fiber
bundles, multimode fibers, etc.

The objective 120 can focus light from the optical system onto the sample through
the scatterer 125. The objective can include one or more focusing optical elements such
as, for example, a microscope or portions of a microscope, endoscopic objective, light
delivery fiber, etc. In some embodiments, the objective 120 and the optical system 115
may be combined into a single system.

The scatterer 125 can include any type of scattering element that can produce, for
example, a non-uniform optical or speckle field. The scatterer 125, for example, can
include a glass diffuser, a wall, turbid media, a membrane, a skin, an opaque wall, a

scattering medium, bone, a skull, tissue, a scattering wall, etc.
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The sample 130 may include any sample that may be imaged by the photoacoustic
system 100. The sample 130 may be disposed on the surface of or with a scanning
mechanism that can move the sample 130 in the x-plane and/or the y-plane. In some
embodiments, the sample 130 may also be moved using fluid such as, for example, in a
microfluidic device.

The transducer 135 may include any type of acoustic transducer that converts
acoustic energy waves into an electrical signal. The transducer 135 may include, for
example, one or more immersion transducers, a high frequency transducer, pressure
transducer, sonar transponder, ultrasonic transceiver, piezoelectric transducer, a
transducers based on optical resonance shifts due to the effect of acoustic pressure,
interferometer based acoustic detectors, capacitive micro-machined ultrasound
transducers etc. The transducer may or may not be placed behind the scatterer 125. In
some embodiments, the transducer 135 may be disposed on the same side of the scatterer
125 as the light source 105 and/or the spatial light modulator 110. In some embodiments,
the sample 130 may be disposed within a medium and the transducer 135 may not be
disposed with the medium.

In some embodiments, the scatterer 125, the sample 130, and/or the transducer
135 may disposed within a fluid such as, for example, alcohol, water, oil, tissue, bodily
fluids, etc. In some embodiments, the scatterer 125 may include tissue or bone, and the
sample 130 may be any biological sample located within or behind the tissue or bone.

In some embodiments, the transducer 135 may be located externally relative to the
tissue or bone. For example, the sample 130 may be brain tissue, and the scatterer 125
may include the skull. The transducer 135 may be located outside the skull. As another
example, the sample 130 may be an inner portion of the eye, and the scatterer 125 may
include the outer portions of the eye such as the damaged lens by a cataract and/or the
vitreous humor. The transducer 135 may be located outside the eye.

The feedback system 140 may include various electrical components that may
amplify, filter, and/or measure electrical signals from the transducer 135 and/or the light
source 105 and provide a feedback signal to the spatial light modulator 110 that may be
used to modulate the state and/or response of the spatial light modulator 110. The
feedback system 140, for example, can include one or more amplifiers, filed
programmable gate arrays (FPGAs), comparators, controllers, processors, memories, user
interfaces, logic, circuits, oscilloscopes, etc. The feedback system 140 may also include

any or all components described in conjunction with computational system 1600. The
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feedback system 140 may also control the operation of the light source 105, the spatial
light modulator 110, and/or the transducer as well as any other components.

The photoacoustic system 100 can maximize the photoacoustic signal produced
received by the transducer 135 by modulating the wavefront produced using the spatial
light modulator 110. An iterative optimization algorithm such as, for example, a process
800 shown in Figure 8, may be used by the feedback system 140 for optimization. In
some embodiments, a genetic algorithm can be used for the optimization. In the
optimization algorithm, the cost function may be the peak-to-peak voltage (e.g.,
proportional to pressure) or the electrical current of the acoustic signal produced from the
transducer in response to the acoustic wave. Using the feedback from the photoacoustic
signal provided by the transducer 135, the optimization algorithm can be used to
determine a state (e.g., the SLM matrix) of the spatial light modulator 110 that maximizes
the cost function and/or the light intensity within the acoustic focus volume. After the
optimization process the best response of the spatial light modulator 110 may be
projected by the spatial light modulator 110. This optimization may occur for each
position at a target near the sample 100, for different focus locations of the transducer
135, and/or for different focus positions provided by the spatial light modulator 110.

In some embodiments, the photoacoustic system 100 can image the sample 130
through the scatterer 125. Such embodiments can use wavefront optimization using
photoacoustic feedback from the transducer 135 to focus the light from the light source
105 and/or the spatial light modulator 110 to image the sample 130 behind the scatterer
125 with improved signal-to-noise ratio at sub-acoustic resolution. An optical focus that
is smaller than the acoustic focus can be created by taking advantage of the spatially non-
uniform sensitivity of the acoustic transducer to the photoacoustic waves generated by the
sub-acoustic-sized optical speckle. Using this optimized optical focus, photoacoustic
images can be created with sub-acoustic resolution behind the scatterer 125 using acoustic
feedback.

In some embodiments, the photoacoustic system 100 can pre-compensate for the
optical wavefront resulting from the scatterer 125, and/or the light propagation can be
controlled through and beyond the scatterer 125. In some embodiments, acoustic waves
detected by the transducer 135 can provide a feedback mechanism for wavefront
optimization that can occur at the spatial light modulator 110. The penetration of acoustic
waves can be much deeper than optical waves and may not be affected by optical

scattering.
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In some embodiments, the scatterer can produce speckle in a target region at or
surrounding the sample 130. The speckle size can be a function of the scatterer 125, the
wavelength of the light, and the spatial light modulator 110. In some embodiments, the
spatial light modulator can be programmed with an SLM matrix that produces a light
response that results in a speckle size that is smaller than transducer focus. Since the
scatterer 125 may produce a varied response to the light provided by the spatial light
modulator 110, feedback from the transducer 135 can be used to optimize the spatial light
modulator 110 to provide light response that may result in a speckle size that is smaller
than the transducer focus.

In some embodiments, the feedback system 140 may execute a genetic algorithm
to optimize the wavefront produced by the spatial light modulator 110. An example
process for executing a genetic algorithm is shown in Figure 8. The genetic algorithm
may use a population of SLM matrices to optimize the wavefront produced modulated by
the spatial light modulator 110. The population of SLM matrices may include a plurality
(e.g., 50, 100, 150, 200, 500, 1000, etc.) of candidate SLM matrices that can be mutated
and altered based on feedback from the transducer. Each value in a given SLM matrix can
correspond with a pixel of the spatial light modulator and the value can correspond with
an amplitude and/or phase of the light modulated and/or produced by the spatial light
modulator.

The genetic algorithm can start from a population of randomly generated SLM
matrices. The genetic algorithm can be an iterative process, with the population in each
iteration called a generation. In each generation, the fitness of every SLM matrix in the
population of SLM matrices can be evaluated in relation to the acoustic feedback. The
fitness can include the intensity of the acoustic signal produced by a given SLM matrix.
The more fit SLM matrices can then be selected from the current population and/or
modified (recombined and possibly randomly mutated) to form a new generation SLM
matrices. The new generation of SLM matrices can then be used in the next iteration of
the algorithm. Commonly, the algorithm terminates when either a maximum number of
generations has been produced, or a satisfactory fitness level has been reached for the
population such as, for example, a threshold value has been achieved. The process 800 in
Figure 8 includes an example genetic algorithm.

In some embodiments, the genetic algorithm may begin by creating a population
of random SLM matrices (or phase masks). These SLM matrices may be ranked

according to a cost function which quantifies how well each mask optimizes the
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photoacoustic signal. The cost function may weight, for example, the intensity of the
returned acoustic signal. The genetic algorithm may continue by creating a new
generation of SLM matrices by combining (e.g., mating) pairs of randomly selected SLM
matrices, with a higher probability of selection given to the better performing SLM
matrices. These new SLM matrices are also ranked according to the cost function. The
process continues for a set number of generations to facilitate the evolution of an optimal
SLM matrix.

In some embodiments, the sample can be scanned around the focus because of the
speed limitations imposed by the low repetition rate of the laser. In some embodiments,
with a higher repetition rate laser source and a fast spatial light modulator sub-second
optimization of the input phase mask can occur. In some embodiments, the transducer
135 may be scanned rather than the sample 130. In some embodiments, one or more
scanning transducer may be used for in-vivo testing of biologically relevant samples
and/or increase the penetration depth of current photoacoustic microscopy techniques.

In some embodiments photoacoustic images can be created by locally enhancing
fluence using photoacoustic imaging combined with wavefront shaping to locally enhance
fluence and hence the image signal to noise. Furthermore, some embodiments can image
in three dimensions through a highly scattering medium (without use of the no significant
memory effect) and without need to access the back side of the scatterer where the object
18 located.

Figure 2 illustrates a photoacoustic system 200 that is a specific example of the
photoacoustic system 100 shown in Figure 1, according to some embodiments described
herein. While various specific details are described in conjunction with Figure 2, these
specific details only represent one specific example of the various embodiments described
herein. In the photoacoustic system 200, the light source 105 is a laser 205. The laser
205 in conjunction with the optical system 215 can produce an attenuated, expanded, and
collimated 5 ns laser pulse. The laser 205, in this specific example, may include a
continuum Surelight 120 laser. The laser 205 may have a 20 Hz repetition rate and/or
may be an Nd:YAG frequency doubled laser that produces light at 532 nm wavelength.

The spatial light modulator 110 may include a reflective, phase-only, liquid
crystal spatial light modulator 210 (e.g., Boulder Non-linear Systems, 512x512 pixels).
The phase-only liquid crystal spatial light modulator 210 may be illuminated by the laser
205. Following the phase-only liquid crystal spatial light modulator 210, the energy per

pulse in the beam can be about ~21 pJ. The energy per pulse can be between 1 pJ and
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200 mJ. The phase-only liquid crystal spatial light modulator 210 can control the
wavefront that ultimately is used to image the sample.

An optical system 215 may include a 4f optical system having two lenses
(f1=150mm, f2=250mm). The optical system 215 may image the spatial light modulator
onto the back aperture of a long working distance microscope objective 220 (Mitutoyo,
34 mm working distance, 5x magnification, 0.14 NA).

The microscope objective 220 can focus light into a water tank 250 or medium
and onto the surface of scattering material 225 (e.g., glass diffuser). The scattering
material 225 and/or water tank 250 can scatter the light form the illumination and optical
systems. A sample 230 used for wavefront optimization and imaging can be located
anywhere behind the scattering material 225 and/or mounted to a 2-D translation stage to
allow for scanning in the x and y dimensions. The photoacoustic signal produced by the
sample can propagate through the water and can be detected by a 90 MHz transducer 235
(e.g., Olympus, model V3512). The transducer 235 can detect the photoacoustic signal
from the sample 230 that is disposed behind the scattering material 225.

Feedback system 240 may include an amplifier 241, an oscilloscope 242, and/or a
computer 243. After being pre-amplified using the amplifier 241 (e.g., Femto HSA-7-2-
40, low-noise 40dB) the signal can be recorded and/or digitized and sent to the computer
243 for analysis. The signal can also be digitally high-pass filtered with any type of filter
such as, for example, a 2nd order Butterworth filter with a cut-off frequency of 80 MHz
to remove the low frequencies using the oscilloscope 242.

Some embodiments described herein have been used to image a polypropylene
tube (90 um inner diameter and 120 pm outer diameter) filled with India ink and placed
behind a glass diffuser (scatterer 125). In one example, an optimization algorithm such
as, for example, the process 800 shown in Figure 8, runs with a population size of 20 and
804 input modes through 1200 phase mask measurements, or 60 generations, to find the
optimal SLM matrix (or phase mask). The mutation rate decreased as the optimization
progressed. Figure 3A, for example, illustrates how the enhancement evolved as the
optimization proceeded. The enhancement, for example, can be defined as the value of
the cost function of the projected mask divided by the mean of the cost function from
cach member of the initial population. An amplitude enhancement of 10 of the
photoacoustic signal is observed after 1200 iterations, which can be indicative of a 10-
fold increase in absorbed light in the focal region.

Figures 3B and 3C illustrate the photoacoustic response for a flat phase and the
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optimized phase mask are compared. To minimize the noise of the photoacoustic signal
40 samples of the signal were averaged. As the signal strength increases the number of
averaged samples decreases gradually to, for example, in order to decrease the
optimization time. As a result the signals shown in Figure 3B and Figure 3C are taken
with 40 and 5 averaged samples, respectively. In some embodiments, the optimization
process may occur in real time and/or may take some processing time to complete such
as, for example, about 15 minutes. In some embodiments, the time required to process
the data may be limited by the repetition rate of the laser (or light source). These figures
show clearly the improvement in the photoacoustic signal produced using an optimization
algorithm.

Figures 4A-4F illustrate some results of an imaging example performed on two
polypropylene tubes using embodiments described herein. In this example, the
optimization algorithm used a population size of 20 and included 804 input modes
through 1200 SLM matrix measurements, or 60 generations, to find the optimal SLM
matrix. After verification of photoacoustic signal enhancement, 3-D imaging can be
enhanced with localized optical fluence. As a first demonstration the sample around the
optimized focus with the automated translation stage can be scanned. The photoacoustic
signal amplitude, recorded from each position in the x-y plane, can be processed to
reconstruct the 3-D maximum intensity projection of the two tubes (Figure 4A). The
temporal profiles of the photoacoustic signal can encode the z (axial) information. By
sliding a window through the signal and selecting the maximum value for each window
position many z values can be fixed to each x and y position to create the third dimension.
The size of the window is determined by the axial resolution, 6z, of the transducer, which

oz=c,[B=15um.

comes from its bandwidth, B, and the speed of sound, cs: The transducer

may also determine the transverse resolution of the acoustic beam:

BD(-6dB) =1.02-Fe, [Df =36um, yhare BD is the acoustic beam diameter at the focus plane,

F is the focal distance, D is the diameter of the transducer, and f is the central frequency.
A 2-D slice can be extracted from the 3-D image to measure the distance between
the two tubes. In Figure 4B the normalized 2-D image corresponding to an intermediate
plane shows the photoacoustic maximum signal from both tubes is separated by 170 um.
From the size of the outer diameter it can be inferred that the tubes are 50 um apart. A
normalized 1-D scan from the x=0.02 mm profile is shown in Figure 4C. As the optical

focus moved away from the center of the tube during the image scan procedure, the
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wavefront no longer matched the curvature of the tube and the focus inside the tube was
destroyed, thus producing negligible signal at the tube edges. Despite this, the tubes are
clearly defined with high-absorption contrast. For comparison, the 3-D, 2-D, and 1-D
reconstruction with a non-optimized wavefront projected on the SLM are shown in
Figures 4D, 4E, and 4F, respectively. In this case, the width of the two tubes and their
separation remain difficult to infer. Figure 4C also compares the photoacoustic intensities
(proportional to acoustic pressure squared) of the optimized and non-optimized scans.

Some embodiments described herein can produce an order of magnitude or greater
enhancement of the photoacoustic signal amplitude using an optimization algorithm (e.g.,
a genetic algorithm) of the phase of the input wavefront to compensate for scattering and
increase the optical intensity of light in the acoustic focus. This enhancement can allow
for the imaging of two 90 um inner diameter tubes with excellent signal-to-noise ratio as
compared to a flat phase wavefront. Furthermore, by using the time of arrival information
from the photoacoustic signal, the depth information can be recovered and a 3-D image
can be reconstructed after scanning the sample in two dimensions.

In some embodiments, with a higher repetition rate laser source and a faster
wavefront modulation device sub-second optimization of the input phase mask can occur.
Embodiments described herein can produce photoacoustic images created by locally
enhancing optical focus using feedback from photoacoustic signals, which can enhance
fluence and/or the image signal to noise. Furthermore, embodiments of the invention can
image in three dimensions through a highly scattering medium (with no significant
memory effect) and without need to access the back side of the scatterer where the object
18 located.

In some embodiments, wavefront optimization using the photoacoustic feedback
can enhance the photoacoustic signal by increasing the light fluence in the transducer
focal region. The light distribution in the transducer focus, for example, can be
determined by the optical speckle size. When the optical speckle size is smaller than the
transducer focus, the optimization creates a focus whose size is smaller than the
transducer focus. This can allow the system to resolve objects smaller than the acoustic
resolution of the transducer using the created optical focus. Figure SA shows a number of
simulation results of the photoacoustic signal enhancement from an optimization
algorithm such as, for example, using the process 800 shown in Figure 8. Each line
represents a ratio of ultrasound transducer focus diameter to optical speckle diameter. As

the ratio increases, the photoacoustic enhancement decreases. When the optical speckle is
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smaller than the ultrasound focus, the photoacoustic enhancement will differ from the
actual optical enhancement. Figure 5B shows a number of results of the optical
enhancement inside the transducer focus. As with the PA signal, the enhancement
decreases with increasing transducer focus to optical speckle size ratio. However, the
decrease is not as drastic which means that an optical focus can be created with large size
ratios.

Figures 6A-6F illustrate some of the benefits of the embodiment described herein.
Figures 6A, 6B, and 6C show images acquired using embodiments described herein to
image alpaca hairs. In some embodiments, the scatterer 125 or 225 may be a glass
diffuser. The hairs being imaged have diameters of 20, 30, and 50 microns based on
measurements from an optical microscope as shown in Figure 7. Figure 6A shows the
cross section of the hairs at their depth, showing that some embodiments described herein
measure a hair size which agrees with the measurements obtained via the optical
microscope. In contrast, the images obtained without using the enhanced optical focus
(Figures 6D, 6E, and 6F) broaden the dimensions of the alpaca hairs. In some
embodiments, the resolutions in the images are limited by the ultrasound transducer
transverse focal size (~36 microns). As shown in Figure 6F, when the full image is
reconstructed in three dimensions without wavefront optimization, two alpaca hairs are
visible. As shown in Figure 6C, all three hairs are resolved when the smaller optical
focus is used and/or with wavefront optimization.

In some embodiments, optical interaction with the scatterer 125 may produce a
speckle field that is detected by the transducer 135. The speckle field, for example, can
be an intensity pattern produced by the mutual interference of a set of wavefronts during
and/or after interaction with the scatterer 125 and/or with other portions of the
photoacoustic system 100. In some embodiments, the speckle pattern may be a subjective
speckle field, an objective speckle field, and/or a near-field speckle field. The speckle
field caused by the scatterer 125 can cause a number of problems in imaging the sample
130.

Figure 8 is a flowchart of the process 800 for returning an optimized image of a
sample imaged through the scatterer 125 according to some embodiments described
herein. One or more steps of the process 800 may be implemented, in some
embodiments, by one or more components of a computational system 1600 of Figure 16
and/or the feedback system 140. Although illustrated as discrete blocks, various blocks

may be divided into additional blocks, combined into fewer blocks, or eliminated,
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depending on the desired implementation.

The process 800 begins at block 805. At block 805 the next SLM matrix can be
retrieved from a population of SLM matrices. The population of SLM matrices can
include a plurality of matrices that can be sent to the spatial light modulator to control the
operation of the spatial light modulator. In some embodiments, each value in a given
SLM matrix can correspond with a pixel of the spatial light modulator and the value can
correspond with an amplitude and/or phase of the light modulated and/or produced by the
spatial light modulator. In some embodiments, each SLM matrix of the population of
SLM matrices can be created randomly, from a previous optimization process, from
practice, from previous use, from memory, etc. The population of SLM matrices can
include any number of SLM matrices. At block 805 the first SLM matrix can be retrieved
from the population of SLM matrices.

At block 810 the SLM matrix retrieved from the population of SLM matrices can
be sent to the spatial light modulator 110. The light source 105 (e.g., a laser) may then be
pulsed at block 815. The spatial light modulator may modulate the light provided by the
light source 105 based on the SLM matrix and directed to illuminate the sample 130
through the scatterer 125.

At block 820 acoustic data may be received from the transducer 135. The
acoustic data may include a voltage and/or current measurement based on the acoustic
response of the sample to the illumination provided by the spatial light modulator 110
through the scatterer 125.

At block 825 the acoustic data may be correlated and/or stored with the SLM
matrix and used to illuminate the sample 130. In some embodiments the acoustic data
and/or the SLM matrix may be stored in memory (¢.g., working memory 1635).

At block 830 it can be determined if each SLM matrix in the population of SLM
matrices has been used or if a predetermined number of cycles of blocks 805-825 has
occurred. If not, then the process 800 proceeds to block 805 and the next SLM matrix
may be retrieved. If each SLM matrix in the population of SLM matrices has been used
or if a predetermined number of cycles of blocks 805-825 has occurred as determined at
block 830, then the process 800 proceeds to block 835.

At block 835 the population of SLM matrices can be optimized. This can occur
using any number of algorithms, methods, techniques, etc. For example, each SLM
matrix in the population of SLM matrices can be ranked based on the corresponding

acoustic data response. For example, the SLM matrices can be ranked based on the
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intensity and/or magnitude of the acoustic data response. The highest ranked SLM
matrices (e.g., the top 10-20%) can be used to optimize to recreate the population of SLM
matrices. For example, a function operating on one or more of a percentage of the highest
ranked SLM matrices can be used to create an optimized population of SLM matrices.
The function may include addition, subtraction, averages, means, combinations, etc. of
one or more of the highest ranked SLM matrices. Regardless of the function(s) used, the
optimized population of SLM matrices may include matrices based on the previously
highest ranked SLM matrices.

At block 840 it can be determined whether the process 800 should repeat with the
optimized population of SLM matrices and return to block 805 where the first (the next)
SLM matrix of the optimized population of SLM matrices can be retrieved. In some
embodiments, the process 800 may use a counter to determine whether the process 800
repeats at block 840. In some embodiments, the process 800 may use a clock to
determine whether sufficient time has passed beyond a predetermined time in order to
determine whether the process 800 should repeat at block 840. In some embodiments, the
process 800 may compare an average acoustic data value, a mean acoustic data value, a
median acoustic data value, a variance of the acoustic data value, or any other function of
the acoustic data value with a predetermined threshold value to determine whether the
process 800 should repeat at block 840.

In some embodiments, blocks 805-830 and/or blocks 805-840 may execute in a
single repetition cycle of the light source 105. For example, if the laser is in operation at
a repetition rate of 20 Hz, then blocks 805-830 and/or blocks 805-840 may repeat 20
times a second to allow each illumination of the light source 105 to correspond with a
different SLM matrix.

Once it has been determined that the process 800 may not repeat at block 840,
then the process 800 may proceed to block 845. At block 845 it can be determined if
another sample position should be imaged. Often, only a portion of the sample may be
imaged at a given time. For example, the transducer 135 may be focused on a specific
portion of the sample during the first iteration or on a target area near the sample. If all
the samples have not yet been imaged, then the process 800 should proceed to block 850
where either the sample 130 may be physically moved and/or the transducer 135 focus
may be moved to ensure that another portion of the sample is imaged by the transducer in
blocks 805-840.

The process 800 may repeat until all the sample positions have been imaged by
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the transducer 135. The process 800 may end at block 855 where the optimized acoustic
data for each sample position is returned and/or an image created from the optimized
acoustic data for each sample position may be returned.

In some embodiments, two dimensional images may be obtained by plotting the
amplitude or intensity of the optimized photoacoustic response (measured at cach
transducer position) at a given arrival time or within a narrow time window. The depth at
which a particular image is constructed is related to the arrival time through the speed of
sound in the media. Three dimensional images are constructed by combining two
dimensional images obtained at various (adjacent) depths. The arrival time thus yields the
depth information.

Figures 9A-9D illustrate the relationship between optical intensity distribution and
acoustic sensitivity of the transducer according to some embodiments described herein.
Figure 9A shows an example image of a speckle field prior to optimization and Figure 9C
shows a graph of the cross section of the focus region mapping intensity versus distance.
The lines 910 and 915 in Figure 9A and/or Figure 9B represent the spatial intensity of the
transducer focus region at ultrasound frequencies of 50 MHz (central frequency of the
received photoacoustic signal) and 80 MHz (frequency used for feedback optimization),
respectively. Various other frequencies may be used. The lines 930 and 925 in Figure 9C
and/or Figure 9D show the cross section of the transducer focal region at ultrasound
frequencies of 50 MHz (central frequency of the received photoacoustic signal) and 80
MHz (frequency used for feedback optimization), respectively. The line 920 shows the
optical intensity distribution and demonstrates that the light is not focused in the absence
of wavefront optimization.

Some embodiments described herein can return a focused intensity distribution
through the scatterer 125 using wavefront optimization. Figure 9B shows an example
image of a speckle field with wavefront optimization and Figure 9D shows a graph of the
cross section of the focus region mapping intensity versus distance with wavefront
optimization. As shown in Figure 9D, the intensity distribution illustrated by the line 905
shows a focused optical intensity distribution.

In some embodiments, the spatial light modulator 110 can use wavefront shaping
to control the speckle field in such a way as to place a single high intensity speckle within
the ultrasound transducer focus. This may, for example, improve the resolution to optical
speckle size and/or improve the signal-to-noise ratio. In some embodiments, wavefronts

can be optimized using, for example, a genetic algorithm with spatially non-uniform
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photoacoustic as an input to the genetic algorithm.

As shown in Figure 9A, as the speckle spot size decreases relative to the acoustic
focus, the photoacoustic enhancement decreases rapidly. As shown in Figure 9B,
however, the optical enhancement also decreases with decreasing speckle size, but the
rate of decrease is significantly less. This can indicate, for example, that regardless of a
small speckle size comparable to the acoustic feedback, an optical focus can be created.
Furthermore, the size of the created focus may be a single speckle at the center of the
acoustic focus. Thus, despite optimizing the wavefront with an acoustic size feedback, the
light is localized to a single speckle creating an optical focus. In some embodiments, a
focus may be created from multiple speckles such as, for example, using multiple smaller
speckles to focus the light.

Figures 10A and 10B are graphs showing results of photoacoustic and optical
enhancements through an optimization algorithm with various acoustic focus-to-speckle-
size ratios and noise-to-signal ratios using embodiments described herein.

Figure 11A shows an image of a target arca including a sample without using
embodiments described herein including wavefront optimization. Figure 11B shows an
image of the target area including the sample using embodiments described herein
including wavefront optimization. As shown in Figure 11B, the acoustic focus is
illustrated with a dashed circle in the center of the figure and an image of the sample is
clearly visible within the acoustic focus.

To demonstrate the effectiveness of embodiments described herein, a 50 pum black
alpaca hair was selected as a sample for photoacoustic feedback and placed behind a
scatterer. In this example, the large diameter hair was selected to overfill both the acoustic
transducer focal region (e.g., 36 um) and the speckle spot size (~15 pm). This ensured
that the optimization feedback included many speckles, all contributing to the
photoacoustic signal. After photoacoustic optimization the photoacoustic signal was
enhanced by ~8 (see, ¢.g., Figure 3A). The FWHM of the focused speckle spot was 13
microns, which, in this example, is much smaller than the acoustic transducer size. The
measured optical enhancement was 13, over twice the photoacoustic enhancement.
Despite the larger absorber and larger acoustic feedback, a small, single speckle optical
focus was created with optical enhancement higher than photoacoustic enhancement as
the simulations indicated.

Figures 12A-C illustrate some results of an imaging example performed on alpaca

hair using embodiments described herein. Three alpaca hairs (diameters 20, 30, and 50
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um, +/- 5 um) were placed near each other behind the scatterer 125 in the photoacoustic
system 200 shown in Figure 2. A fourth hair (diameter 50 pm) was also placed near the
hairs for optimization but was not imaged. After optimization the hair sample was
scanned through the optimized focus, and the photoacoustic signal was recorded for each
position and processed to reconstruct an image. For comparison the hairs were also
imaged with a flat phase wavefront (providing a random speckle field) and a uniform
optical field. The results are shown in Figures 12A, 12B, and 12C. Using the optimized
focal spot the measured hair diameters were 29, 30, and 45 pum, while the uniform field
yielded 72, 52, and 72 um and the speckle field 45, 70, and 57 pm. As shown in Figure
12C, embodiments described herein can provide better imaging.

Figures 13A-13G show the results of an imaging example performed on a fly
wing (e.g., Musca Domestica) using embodiments described herein. The fly wing was
mounted and placed behind the scattering medium. The large vein on the leading edge of
the wing was used for wavefront optimization focusing. The fly wing was then imaged
by scanning it behind the scatterer. For comparison the wing was also imaged with a flat
phase wavefront, i.e., a random speckle field. Wavefront optimization provided an SNR
improvement of ~6. Additionally, the resolution of the photoacoustic image was
improved with optimization, as shown in Figures 13A-13G. However, both images, flat
phase and optimized, where able to resolve structures less than the acoustic focus. The
ability to improve resolution with the flat phase is a result of the random speckle field
containing one or two speckles that overpowered the rest of the speckles within the
acoustic focus. This result is not highly repeatable as it is governed by the randomness of
the speckle field. However, the optimization provided further resolution enhancement, 5
um in the x-direction and 11 pm in the y-direction, as the light was focused to a single
speckle.

Embodiments of the invention include techniques that rely on spatially varying
feedback signals to optimize the optical wavefront such that the light was enhanced and
focused to a single speckle behind a scattering medium. Embodiments of the invention
create an optical focal spot ~3 times smaller than the acoustic feedback diameter. The
formation of this focus can allow for imaging-absorbing samples at a higher resolution
and SNR than possible without the scatterer. This method has the potential to increase the
depth of optical resolution photoacoustic microscopy by providing high intensity optical
foci deeper into tissue. It also provides a way to look through a scattering wall with

higher resolution than the detection mechanism would otherwise allow.
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Figures 14A-C illustrate an example image of sweat bee wing hair according to
some embodiments described herein. Figure 14C shows a photoacoustic image
superimposed with an optical image. Figure 14A shows a subset of the optical image
shown in Figure 14C and shows only the hairs of the sweat bee wing. Figure 14B shows
the corresponding photoacoustic image obtained using embodiments described herein. A
normalized cross correlation analysis of the images in Figure 14A and Figure 14B reveals
a strong correlation when they overlap, indicating the photoacoustic signatures
correspond to the hairs. The scale of Figure 14A and Figure 14B is 20um. The image of
the bee wing was performed by scanning the bee wing behind the scatterer. The
photoacoustic image significantly improves after optimization in either or both the
resolution and SNR, which can facilitate 3D image reconstruction by sectioning the
photoacoustic waveform temporally.

In applications involving imaging inside or through turbid media (e.g., scatterer
110), one rarely has the ability to scan an object through a single focused point. In some
embodiments, the transducer can be scanned and the wavefront can be optimized at each
transducer position; thereby building an image point-by-point. In some embodiments, the
wavefront can be optimized on a uniform, extended absorber and the spatial sensitivity of
the transducer can lead to a preferred optical focus at the center of the acoustic focus after
optimization.

If the wavefront is not optimized on an extended absorber, then the optimization
routine may produce an optical focus at the position within the transducer focal region
that produces the largest measured photoacoustic response. This response may depend on
both the absorbed optical energy distribution and/or a transducer point spread function.
As the transducer is scanned to build up a photoacoustic image the exact location of the
focus may not be known at each step. Nevertheless, in some embodiments, an optical
focus may be produced that jumps from absorber to absorber to maximize the
photoacoustic response while delivering significant spatial information as shown in
Figure 15A.

Figure 15B shows an image of target that is scanned by jumping from absorber to
absorber as described above. As shown in Figure 15B, in this example, the target
includes of 55£3pum wide chromium bars separated by 55+3um. Figure 15C illustrates the
photoacoustic response to uniform and optimized illumination fields as the transducer is
scanned across the target. This indicates that the optimized focus improves the ability to

resolve the individual bars, which may be a direct result of having a tight focus that seeks
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the strongest absorber rather than a response integrated over the entire focal volume.
Figure 15D shows the results of using this method, which shows good agreement with
theory. As shown the optimized wavefront produces an enhanced photoacoustic response
and/or may allow for the individual bars to be resolved.

Moreover, in some embodiments, the frequency spectra of the photoacoustic
signals generated by the optimized wavefront showed an enhanced high frequency
response with respect to those with uniform illumination.

The computational system 1600 (or controller or processor) shown in Figure 16
can be used to perform any of the embodiments of the invention. For example, the
computational system 1600 can be used to execute the various methods, processes,
inferences, decisions, and/or calculations described herein. As another example, the
computational system 1600 can be used to perform any calculation, identification, and/or
determination described herein. The computational system 1600 includes hardware
clements that can be electrically coupled via a bus 1605 (or may otherwise be in
communication, as appropriate). The hardware elements can include one or more
processors 1610 including, without limitation, one or more general-purpose processors
and/or one or more special-purpose processors (such as digital signal processing chips,
graphics acceleration chips, and/or the like); one or more input devices 1615, which can
include, without limitation, a mouse, a keyboard, and/or the like; and one or more output
devices 1620, which can include, without limitation, a display device, a printer, and/or the
like.

The computational system 1600 may further include (and/or be in communication
with) one or more storage devices 1625, which can include, without limitation, local
and/or network-accessible storage and/or can include, without limitation, a disk drive, a
drive array, an optical storage device, a solid-state storage device, such as a random
access memory (“RAM”) and/or a read-only memory (“ROM”), which can be
programmable, flash-updateable, and/or the like. The computational system 1600 might
also include a communications subsystem 1630, which can include, without limitation, a
modem, a network card (wireless or wired), an infrared communication device, a wireless
communication device and/or chipset (such as a Bluetooth device, an 802.6 device, a Wi-
Fi device, a WiMax device, cellular communication facilities, etc.), and/or the like. The
communications subsystem 1630 may permit data to be exchanged with a network (such
as the network described below, to name one example) and/or any other devices described

herein. In many embodiments, the computational system 1600 will further include a
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working memory 1635, which can include a RAM or ROM device, as described above.

The computational system 1600 also can include software elements, shown as
being currently located within the working memory 1635, including an operating system
1640 and/or other code, such as one or more application programs 1645, which may
include computer programs of the invention, and/or may be designed to implement
methods of the invention and/or configure systems of the invention, as described herein.
For example, one or more procedures described with respect to the method(s) discussed
above might be implemented as code and/or instructions executable by a computer
(and/or a processor within a computer). A set of these instructions and/or codes might be
stored on a computer-readable storage medium, such as the storage device(s) 1625
described above.

In some cases, the storage medium might be incorporated within the
computational system 1600 or in communication with the computational system 1600. In
other embodiments, the storage medium might be separate from the computational system
1600 (e.g., a removable medium, such as a compact disc, etc.) and/or provided in an
installation package, such that the storage medium can be used to program a general-
purpose computer with the instructions/code stored thereon. These instructions might
take the form of executable code, which is executable by the computational system 1600
and/or might take the form of source and/or installable code, which, upon compilation
and/or installation on the computational system 1600 (e.g., using any of a variety of
generally available compilers, installation programs, compression/decompression utilities,
etc.) then takes the form of executable code.

Numerous specific details are set forth herein to provide a thorough understanding
of the claimed subject matter. However, those skilled in the art will understand that the
claimed subject matter may be practiced without these specific details. In other instances,
methods, apparatuses, or systems that would be known by one of ordinary skill have not
been described in detail so as not to obscure claimed subject matter.

Some portions are presented in terms of algorithms or symbolic representations of
operations on data bits or binary digital signals stored within a computing system
memory, such as a computer memory. These algorithmic descriptions or representations
are examples of techniques used by those of ordinary skill in the data processing art to
convey the substance of their work to others skilled in the art. An algorithm is a self-
consistent sequence of operations or similar processing leading to a desired result. In this

context, operations or processing involves physical manipulation of physical quantities.
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Typically, although not necessarily, such quantities may take the form of electrical or
magnetic signals capable of being stored, transferred, combined, compared, or otherwise
manipulated. It has proven convenient at times, principally for reasons of common usage,
to refer to such signals as bits, data, values, elements, symbols, characters, terms,
numbers, numerals, or the like. It should be understood, however, that all of these and
similar terms are to be associated with appropriate physical quantities and are merely
convenient labels. Unless specifically stated otherwise, it is appreciated that throughout
this specification discussions utilizing terms such as “processing,” “computing,”
“calculating,” “determining,” and “identifying” or the like refer to actions or processes of
a computing device, such as one or more computers or a similar electronic computing
device or devices, that manipulate or transform data represented as physical electronic or
magnetic quantities within memories, registers, or other information storage devices,
transmission devices, or display devices of the computing platform.

The system or systems discussed herein are not limited to any particular hardware
architecture or configuration. A computing device can include any suitable arrangement
of components that provides a result conditioned on one or more inputs. Suitable
computing devices include multipurpose microprocessor-based computer systems
accessing stored software that programs or configures the computing system from a
general-purpose computing apparatus to a specialized computing apparatus implementing
one or more embodiments of the present subject matter. Any suitable programming,
scripting, or other type of language or combinations of languages may be used to
implement the teachings contained herein in software to be used in programming or
configuring a computing device.

Embodiments of the methods disclosed herein may be performed in the operation
of such computing devices. The order of the blocks presented in the examples above can
be varied—for example, blocks can be re-ordered, combined, and/or broken into sub-
blocks. Certain blocks or processes can be performed in parallel.

The use of “adapted to” or “configured to” herein is meant as open and inclusive
language that does not foreclose devices adapted to or configured to perform additional
tasks or steps. Additionally, the use of “based on” is meant to be open and inclusive, in
that a process, step, calculation, or other action “based on” one or more recited conditions
or values may, in practice, be based on additional conditions or values beyond those
recited. Headings, lists, and numbering included herein are for ease of explanation only

and are not meant to be limiting.
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While the present subject matter has been described in detail with respect to
specific embodiments thereof, it will be appreciated that those skilled in the art, upon
attaining an understanding of the foregoing, may readily produce alterations to, variations
of, and equivalents to such embodiments. Accordingly, it should be understood that the
present disclosure has been presented for purposes of example rather than limitation, and
does not preclude inclusion of such modifications, variations, and/or additions to the

present subject matter as would be readily apparent to one of ordinary skill in the art.
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CLAIMS
That which is claimed:

1. A method comprising:

illuminating a sample through a scatterer using a light source and at least
one spatial light modulator;

receiving a photoacoustic signal from a transducer;

determining an optimized wavefront from the photoacoustic signal;

modifying a configuration of the spatial light modulator based on the
optimized wavefront; and

illuminating the sample through the scatterer using the light source and the
spatial light modulator with the modified configuration.

2. The method according to claim 1, wherein the modified
configuration produces an optical focus that is smaller than the acoustic focus.

3. The method according to claim 1, wherein the spatial light
modulator is an optical element selected from the group consisting of one or more spatial
light modulators, phase-only spatial light modulators, intensity-only spatial light
modulators, prism arrays, diffractive elements, diffusers, holograms, Dammann gratings,
liquid crystal spatial light modulators, phase masks, amplitude masks, acousto-optic
modulator, acousto-optic deflector, and phase/amplitude masks.

4. The method according to claim 1, wherein the determining the
optimized wavefront includes using an optimization algorithm to determine the optimized
wavefront.

5. The method according to claim 1, further comprising scanning the
sample, moving the sample with fluid, scanning a focus of the transducer, and/or scanning
a focus of the light source.

6. An imaging system comprising:

a pulsed light source;

an optical system configured to direct light from the light source toward a
sample through a scatterer;

one or more acoustic transducers configured to record acoustic signals
from the sample; and

a controller coupled with at least a portion of the optical system and the
one or more acoustic transducers, wherein the controller is configured to modify the

phase and/or amplitude of the light directed by the optical system through the wall using
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data from the one or more acoustic transducers.

7. The imaging system according to claim 6, wherein the one or more
acoustic transducers is disposed outside the wall such that the acoustic signals pass
through the wall.

8. The imaging system according to claim 6, wherein the optical
system comprises a spatial light modulator, one or more lenses and/or an objective lens.

9. The imaging system according to claim 6, wherein the optical
system includes an optical element selected from the group consisting of one or more
spatial light modulators, phase-only spatial light modulators, intensity-only spatial light
modulators, prism arrays, diffractive elements, diffusers, holograms, Dammann gratings,
liquid crystal spatial light modulators, phase masks, amplitude masks, acousto-optic
modulator, acousto-optic deflector, and phase/amplitude masks.

10.  The imaging system according to claim 6, wherein the controller is
configured to use a optimization algorithm based on data from the one or more acoustic
transducers modify the phase and/or amplitude of the light.

11. The imaging system according to claim 6, wherein the controller is
configured to use spatially varying feedback to optimize an optical wavefront from the
optical system such that light is enhanced and focused to a single speckle behind the wall.

12. The imaging system according to claim 6, wherein the controller is
configured to increase the depth of optical resolution photoacoustic microscopy by
providing high intensity optical focus.

13. The imaging system according to claim 6, wherein the controller is
configured to scan the sample, scan a focus of the transducer, and/or scan a focus of the
light source.

14. A method comprising:

illuminating a sample inside a scatterer with a plurality of optical
wavefronts modulated by a spatial light modulator, each of the plurality of optical
wavefronts produced modulated by the spatial light modulator using one of a plurality
SLM matrices selected from a population of SLM matrices;

receiving a plurality of electric signals from a transducer, wherein each of
the plurality of electric signals correspond with a photoacoustic signal received at the
transducer for each of the plurality of illuminations;

determining an optimum SLM matrix from the population of SLM

matrices based on the plurality of electric signals; and
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returning an image of the sample corresponding with illumination of the
sample with the optimum SLM matrix.

15.  The method according to claim 14, wherein the determining an
optimum SLM matrix from the population of SLM matrices comprises determining an
optimum SLM matrix from the population of SLM matrices using a genetic algorithm.

16.  The method according to claim 14, wherein the determining an
optimum SLM matrix from the population of SLM matrices based on the plurality of
electric signals comprises determining an optimum SLM matrix from the population of
SLM matrices based on the peak-to-peak voltage of the plurality of electric signals.

17.  The method according to claim 14, wherein the optimum SLM
matrix produces an optical focus at or near the sample that is smaller than the acoustic
focus.

18.  The method according to claim 14, further comprising:

scanning the sample in the x-y plane; and

repeating the method.

19.  The method according to claim 14, further comprising:

moving the focus of the transducer;

repeating the method.

20.  The method according to claim 14, wherein the image is a three-

dimensional image of the sample.

21.  The method according to claim 14, wherein the plurality of electric
signals comprise a plurality of acoustic signals, wherein the acoustic signals are enhanced

by nonlinear effects in the sample.



PCT/US2014/052756

1/19

WO 2015/031395

| 24N314

4!
I/ \

IoONpsuelL],

4

o[dweg

(

Sel

(

0tl

Joeqpas]
J2I9]189 AT} WIISAS HMMEMW
913808 1noalqoO reondo [¢ W> I
noy
Nmﬁ Noﬁ Nmﬁ 1 NS 1

001

201N0Y
W3rT

SOl




2/19 PCT/US2014/052756

WO 2015/031395

7 24n31,
0] 74
ﬂ A J
574 —— AT - T
; o
0cc GLZ .
Jaonpsue.l A
Z4INO06 S f \
LTI
| a
I
| )
ﬁ GET 0£2 522 /2/ oLz
7
0s¢c

S0¢

S0¢




3/19 PCT/US2014/052756

WO 2015/031395

00¢

DE 24n31]

(su) sump,
0ST 00l OS

[euss vd peziundQ

£00-
00"
10°0-

reuds vd

100 2

(A

00
£00

00¢

g€ 24n31

(su) sun,
0ST 00l OS

Teudis vd aseydie]

Y€ 24n31,]

UOHRIN
0001 0SL 00S 0ST 0

T ST

juswvdueyuy



4/1 9 PCT/US2014/052756

WO 2015/031395

Ap 2431,
(ww)A
S0 v0 €0 0 TO0 oo
VA
| "
o=
A
9'0%
Y \ <
808
[
1@
DF 24n31,]
(ww)A
S0 v¥0 €0 <¢0 TO Ilbo

J\(l( = \ \./r.\\ = ON
C0g
L]
oS
|
902
I
01 X aseydield —- U 8 om,.
paziwpndog — <
T ()

NRN O TN

NON WO M N

¥ 24n31]

(wwi)x
800 900 00 ¢00

0

dy 24n31




5/19 PCT/US2014/052756

WO 2015/031395

3
T T T T T T T r E
3
\ VoV
. R
il
\ —., / _ “m_
\ \ WEE
i / \ —" _—.m_ s
\ Lot
\ \ i
\ \ ’_.“_ °
R \ \ / .. 8
/ / ’._ —
N\ AR
AN \
\
RN v\ o
\ S
n N N N // 2
A NN g S n N \
EEEEERR N ,,/
! _ P m “ NN
EEEEEER
I S Y S E— o
9 o 9 © © o © o o o o
m («)] o0 (S 0 ) < @ < =
Sjuswadueyuy

Measurements

Figure 54

3
T T T T T T T I T E
3
.//. \ /. / .... / =)
/// \ \ / \
\\ / ) \ \
\, /, \ \\ \ o
- //././ /.. / / .._. / !
NN\ ALY
//. “ / / .\ \
NRRAW
/I. s, // \ 5
B //”/ /,. / /__. / m
ﬂ// /./ /M,/
//.I./ /oo/ ./’
//17 /.,/_..V S
rJ 5 5 5 o///o oa [Fp]
—HHNNNN G TN //.j~ /y
T 3
i v i
T 8 2 3 3§ 8 8 8 °©

sjuswadueyuy

Measurements

Figure 5B



WO 2015/031395

z(mm)

0.8}
0.6
0.4}

0.2}

/

O N N N LN LY
0 0.05 0.1 0.15 0.2 0.25 0.3
x(mm)

Figure 64

0.02 0.04 0.06 0.08

y(mm)

Figure 6B

Figure 6C

0.35

PCT/US2014/052756

+



WO 2015/031395 7/1 9 PCT/US2014/052756

+

Figure 6F



WO 2015/031395 8/1 9 PCT/US2014/052756

+




WO 2015/031395 9/1 9 PCT/US2014/052756

+

805
/\ Retrieve the next SLM

800
\ matrix A

y

810 \_|Send SLM matrix to the
SLM

y

815/\ Pulse the laser

y

820/\ Receive acoustic data
from the transducer 850

y

825/\ Correlate the acoustic
data with SLM matrix

Align sample, SLM
and/or transducer at

next sample position
A

End?
830

Optimize the population
8357 N of SLM matrices based
on the acoustic data

Repeat with
optimized population
of SLM matrice

840

Next sample
position?

845

Return optimized
855 | P

acoustic data for each )
position F igure 8




PCT/US2014/052756

10/19

WO 2015/031395

915

915

\910

Figure 9B

\910

Figure 9A

905

.0
-2
~ A
E O
S
=~
(]
<
\%
(o]
(]
I)C
2 N
S o
Xr
2 &
(S
(]




PCT/US2014/052756

11/19

WO 2015/031395

go[ 24n31g

oley azIs 3pads / 213snody
14 € [4

- -

0'CYSN
O'T USN
S0 USN
SC'0USN
0’0 ¥SN

juswadueyul |eondo

10¢

o
<

Enhancement

o
0

08

YOI 24n31,q

onley azis 9ppads / a1snody

S 14 € [4

SCOYSN — —

00YSN ——

o
<

judwWadURYU J1I3SN0JBOOYd

o o
(o] —

o
on
Enhancement

(=]
N

o
o



WO 2015/031395 12/19 PCT/US2014/052756

+

Figure 11B

Figure 114



WO 2015/031395 13/19 PCT/US2014/052756

a) Uniform field

0 10 20 30 40
y(um)

iii)

upper hair middle hair lower hair

0.080

0.060

0.040

0.020

250 300 100 200 100 200
x(um) X(pm) x(pm)

0.000

Figure 124



WO 2015/031395

14/19

b) Speckle field

0 20 30 40
y(um)
ii)

upper hair middle hair lower hair

0.005
0.004r1

0.0031

0.002

0.001f

2.50 300 1I00 2I00 1.00 200
x(um)  x(um)  x(um)

Figure 12B

PCT/US2014/052756

+



WO 2015/031395 1 5/19 PCT/US2014/052756

+

c) Optimized focus

0 10 20 30 40
y(um)

i)

upper hair middle hair lower hair

0.81

o.6f

04r

0.2

250 300 1(I)0 200 100 200
X(um)  x(um)  x(um)

Figure 12C



WO 2015/031395

o
(=}
_ N
S 8
-la -
o o
[Fp]
N (=] LN e
-l -l
(wripouelsiq

: o
9 | B
2 E
ro¥ o
- i
®
o o
wn
o o e
o o
L’
(wripoueysiqg

]
c
o
©
> 2
3 S
8 i
N
E A
B
o & o
o (@] o o
n O
L]
(umpouelsiqg

+

Distance(um)

Distance(um)
Figure 13C

Figure 13B

Distance(um)
Figure 134

16/19

0.2

o
Ayisuaju] wnixep

21um

17 pm

i n

o
Ayisuaju] wnixep

150 200

100
X Distancéum)

Figure 13E

50

150 200

100
X Distancépm)

Figure 13D

50

PCT/US2014/052756

o
o
o
o
4
i
o
1S
i
|
|
|
|
|
| o
1 u
Fp]
. o
N 9+ ! o
o < o @9
o o
Ajisuaju] winixepy
o
: o
oN
o
i {wv
L
o
R | 1<
| i
|
|
|
gl o
5 1 u
<t
L o
o

Ajisuaju] winixepy

Y Distance(pm)

Figure 13G

Y Distan cepm)

+

Figure 13F



WO 2015/031395 1 7/19 PCT/US2014/052756

Figure 144 Figure 14B

Figure 14C



WO 2015/031395 1 8/19 PCT/US2014/052756

Eoongoots:.

Ny
R
N
NS
N
N
3
X
R
poun - A F
N o
1R
R %
3 Xy R
A o
§ N \‘\,_f_'-‘_'\:‘
g
\: .
N
N
3}
g
X
N
o Reveg
o F o
& B

Figure 15B

K1 e - A
Y tia

s

ARECER R S R 2 AR

5 3 ¥ i

! - N N NN sy
W e R OF O €F W

o
R
tF
i
e
e -
ot -
RO L
&
ey &
&= bl 3
i X oy
o N R
et s o
EY N T
¥ b

Figure 154

fonus

¥

: . ¥

SRR R
R S - S

R > Sl spnpchuy

Arivyst

Figure 15D

Figure 15C



WO 2015/031395 1 9/19 PCT/US2014/052756

1600
f},-/’"
¥
1605
Processor(s) Working
[/m Memory
1610
/, Storage Device(s) Osper:lting
ystem
1625
1640“//
!/‘ Input Device(s) ///‘ 1645
1616
Application(s)
{,«w Output Device(s)
1620
Communications
,//" Subsystem
1630

Figure 16

1635

+



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2014/052756

A. CLASSIFICATION OF SUBJECT MATTER
GO1N 21/17(2006.01)i, GO1IN 21/47(2006.01)i, GO1N 29/00(2006.01)i, G01B 11/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO1IN 21/17; GO6F 19/00; GOIN 9/24; GO1IN 29/44; GOIN 21/55; A61B 5/1455; HO4N 1/40; A61B 5/00; GOIN 29/04; GO1B 9/02; GOIN
21/47;, GOIN 29/00;, GO1B 11/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: photoacoustic, spatial light modulator, transducer, wavefront, optimizing

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2013-0102865 A1(MANDELIS et al.) 25 April 2013 1-21
See paragraphs 57-59, claim 1, and figure 1.

A US 4471785 A (WILSON et al.) 18 September 1984 1-21
See column 5, lines 27-60 and figure 2.

A US 5701185 A (REISS et al.) 23 December 1997 1-21
See column 3, lines 17-60 and figure 1.

A US 2012-0182558 Al (MASUMURA, TAKAHIRO) 19 July 2012 1-21
See paragraphs 16-19 and figure 1.

A US 2012-0029829 Al (LI et al.) 02 February 2012 1-21
See claim 1 and figure 1.

|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
11 December 2014 (11.12.2014) 12 December 2014 (12.12.2014)
Name and mailing address of the I[SA/KR Authorized officer L,
International Application Division \S,S\?\\\‘ 3
« Korean Intellectual Property Office LEE. Hun Gil § 0
189 Cheongsa-to, Seo-gu, Dagjeon Metropolitan City, 302-701, ’ § ;‘“\“}\: §%§
T o Republic of Korea %\\‘%&&if\ ¥
Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-8525 Norconspes®

Form PCT/ISA/210 (second sheet) (July 2009



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/052756

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2013-0102865 Al 25/04/2013 None

US 4471785 A 18/09/1984 EP 0120073 Al 03/10/1984
WO 84-01434 Al 12/04/1984

US 5701185 A 23/12/1997 None

US 2012-0182558 Al 19/07/2012 US 8817255 B2 26/08/2014
WO 2012-080838 A2 21/06/2012
WO 2012-080838 A3 16/08/2012

US 2012-0029829 Al 02/02/2012 CN 103228201 A 31/07/2013
WO 2012-015566 Al 02/02/2012

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - wo-search-report
	Page 50 - wo-search-report

