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(57) ABSTRACT

A method for obtaining a 3-D OR-PAM image of microvas-
culature within a region of interest of a subject is provided.
The method includes: focusing a first light pulse at a first
depth beneath a first surface position within the region of
interest; receiving a first PA signal in response to the first light
pulse; focusing a second light pulse at a second depth beneath
the first surface position within the region of interest; receiv-
ing a second PA signal in response to the second light pulse;
and forming the 3-D OR-PAM image by combining the first
PA signal and the second PA signal.
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SINGLE-CELL LABEL-FREE
PHOTOACOUSTIC FLOWOXIGRAPHY IN
VIVO

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/950,189 filed Nov. 24, 2015, which is
a divisional of U.S. patent application Ser. No. 13/874,653
filed May 1, 2013 (now U.S. Pat. No. 9,226,666), which is a
divisional of U.S. patent application Ser. No. 12/739,589 filed
Jun. 28, 2010 (now U.S. Pat. No. 8,454,512), which is a U.S.
National Phase Patent Application of International Applica-
tion Serial No. PCT/US2008/081167 filed Oct. 24, 2008,
which claims priority to U.S. Provisional Patent Application
No. 60/982,624 filed Oct. 25, 2007, of which all disclosures
are hereby incorporated by reference in their entirety.

[0002] This applicationis also a continuation of U.S. patent
application Ser. No. 14/164,117 filed Jan. 24, 2014, which is
a continuation-in-part of U.S. patent application Ser. No.
13/125,522 filed on Apr. 21, 2011, which is a U.S. National
Phase Patent Application of International Application Serial
No. PCT/US2009/061435 filed on Oct. 21, 2009, which
claims priority to U.S. Provisional Application No. 61/107,
845 filed on Oct. 23, 2008, of which all disclosures are hereby
incorporated by reference in their entirety. U.S. patent appli-
cation Ser. No. 14/164,117 further claims priority to U.S.
Provisional Application No. 61/756,092 filed on Jan. 24,
2013, the disclosure of which is also hereby incorporated by
reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

[0003] This invention was made with government support
under grants RO1 EB000712 and RO1 NS46214, both
awarded by the U.S. National Institutes of Health. The gov-
ernment has certain rights in the invention.

COLOR DRAWINGS

[0004] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

BACKGROUND

[0005] The subject matter disclosed herein relates gener-
ally to photoacoustic imaging and, more specifically, to using
photoacoustic tomography to characterize a target or targeted
area within a tissue.

[0006] Moreover, the field of the invention relates generally
to noninvasive imaging and, more particularly, to imaging an
area with an object using confocal photoacoustic imaging.
[0007] Most living cells require oxygen to metabolize
nutrients into usable energy. In vivo imaging of oxygen trans-
port and consumption at high spatial and temporal resolution
is required to understand the metabolism of cells and related
functionalities. Although individual parameters such as sO,,
partial oxygen pressure (pO,), or blood flow speed (V)
may partially characterize tissue oxygenation, no single
parameter can provide a comprehensive view of oxygen
transport and consumption. To quantify the fundamental
metabolic rate of oxygen (MRO,), three primary imaging
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modalities have been employed in previous research: positron
emission tomography (PET), functional magnetic resonance
imaging (fMRI), and diffuse optical tomography (DOT).
These three imaging modalities are capable of imaging
MROQ, at a millimeter-scale spatial resolution, but this reso-
lution is inadequate to visualize MRO, at a single-cell reso-
lution, at which many important oxygen transport and deliv-
ery processes occur.

[0008] Photoacoustic (PA) microscopy has been proposed
to measure MRO, of a region at the feeding and draining
blood vessels. However, this assessment of MRO, has been
limited to a relatively large region due to the limitations of
existing PA microscopy devices. As a result, the feeding and
draining blood vessels—especially those surrounding a
tumor—may be numerous and difficult to identify. Since
micrometer-sized RBCs are the fundamental elements for
delivering most of the oxygen to cells and tissues, there exists
a need for direct functional imaging of flowing individual
RBCs in real time.

[0009] The capability of noninvasively imaging capillaries,
the smallest blood vessels, in vivo has long been desired by
biologists at least because it provides a window to study
fundamental physiological phenomena, such as neurovascu-
lar coupling, on a microscopic level. Existing imaging
modalities, however, are unable to simultaneously provide
sensitivity, contrast, and spatial resolution sufficient to non-
invasively image capillaries.

BRIEF DESCRIPTION

[0010] In one aspect, a device for real-time spectral imag-
ing of single moving red blood cells in a subject in vivo is
provided. The device includes: an isosbestic laser to deliver a
series of isosbestic laser pulses at an isosbestic wavelength,
an isosbestic pulse width of less than 10 ns and an isosbestic
pulse repetition rate of at least 2 kHz; a non-isosbestic laser to
deliver a series of non-isosbestic laser pulses at a non-isos-
bestic wavelength, a non-isosbestic pulse width of less than
10 ns and a non-isosbestic pulse repetition rate of at least 2
kHz; an optical fiber to direct the series of isosbestic laser
pulses and the series of non-isoshestic laser pulses to an
optical assembly; and the optical assembly to focus the series
of isosbestic laser pulses and the series of series of non-
isosbestic laser pulses into a beam with a beam cross-sec-
tional diameter of less than 10 pm through an optical focus
region. Fach isosbestic laser pulse is delivered at a pulse
separation period of about 20 us before or after each adjacent
non-isosbestic laser pulse.

[0011] In another aspect, a system for real-time spectral
imaging of single moving red blood cells in a subject in vivo
is provided. The system includes: a dual wavelength light
source module to produce a series of isosbestic laser pulses at
an isosbestic wavelength, an isosbestic pulse width of less
than 10 ns and an isosbestic pulse repetition rate of at least 2
kHz and a series of non-isosbestic laser pulses at a non-
isosbestic wavelength, a non-isosbestic pulse width of less
than 10 ns and a non-isosbestic pulse repetition rate of at least
2 kHz; and an optical module to direct the series of isosbestic
laser pulses and the series of non-isosbestic laser pulses
through an optical focus region in a cylindrical beam with a
beam cross-sectional diameter of less than 10 pm. Each isos-
bestic laser pulse is delivered at a pulse separation period of
about 20 ps before or after each adjacent non-isosbestic laser
pulse.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0013] The following drawings illustrate various aspects of
the disclosure.
[0014] FIG. 1 is a diagram of an imaging system that

includes an ultrasonic imaging system and a photoacoustic
scanner.

[0015] FIG. 2 is a schematic diagram of an exemplary
direct contact dark-field photoacoustic microscopy scanner.
[0016] FIG. 3 is a block diagram of an exemplary quanti-
tative spectroscopic measurement system that includes the
photoacoustic microscopy scanner shown in FIGS. 1 and 2.
[0017] FIG. 4 is a timing diagram for photoacoustic imag-
ing used by the scanner shown in FIGS. 1, 2, and 3.

[0018] FIG.S5isaschematic diagram of an exemplary pho-
toacoustic head that may be used with the measurement sys-
tem shown in FIG. 3, including a single-element spherically
focusing transducer.

[0019] FIG. 6 is a schematic diagram of a second exem-
plary photoacoustic head that may be used with the measure-
ment system shown in FI1G. 3, including a spherically focus-
ing annular transducer array.

[0020] FIG. 7 is a schematic diagram of a third exemplary
photoacoustic head that may be used with the measurement
system shown in FIG. 3, including a linear phase array of
ultrasonic transducers.

[0021] FIG. 8is a schematic diagram of an exemplary pho-
toacoustic scanner system that uses cantilever beam-based
two-dimensional scanning for volumetric imaging.

[0022] FIG. 9 is a schematic diagram of a second exem-
plary photoacoustic scanner system that combines cantilever
beam scanning and linear translation scanning for volumetric
imaging.

[0023] FIG. 10A shows a blood flow image in a mouse
prostate taken by an ultrasonic system.

[0024] FIG. 10B shows a blood oxygenation level image
acquired with photoacoustic imaging.

[0025] FIG. 11A shows an ultrasonic image of blood ves-
sels.
[0026] FIG. 11B shows a photoacoustic image of oxygen

saturation of hemoglobin (sO,).

[0027] FIG. 11C shows an ex-vivo microsphere-perfusion
image of arterioles (red) and venules (blue).

[0028] FIG. 12 is a flowchart illustrating an exemplary
photoacoustic tomography imaging method.

[0029] FIG. 13 is a flowchart illustrating an exemplary
method for determining an oxygen metabolic rate within a
biological tissue.

[0030] FIG. 14is a schematic diagram ofa single red blood
cell (RBC) photoacoustic flowoxigraphy (FOG) device.
[0031] FIG. 15A is a series of images of single RBCs
releasing oxygen in a capillary in a mouse brain obtained
using a single red blood cell (RBC) photoacoustic flowoxig-
raphy (FOG) device; scale bars: x=10 um, z=30 um.

[0032] FIG. 15B includes a series of graphs summarizing
simultaneous measurements of multiple functional param-
eters from the images of single RBCs, including total hemo-
globin concentration (C,), oxygen saturation (sO,), flow
speed (Vg,,,, unit: mm-s-1), and metabolic rate of oxygen
(MRO,).
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[0033] FIG.15Cisa graph summarizing normalized MRO,
versus VsO, at various flow speeds within a vessel.

[0034] FIG. 15D is a graph summarizing normalized
MRO, versus <sO,> at various flow speeds within a vessel;
<s0,> denotes the sO, averaged over the capillary segment in
the field of view.

[0035] FIG. 15F is a graph summarizing <sO,> as a func-
tion of Vg,,,, at various VsO,.

[0036] In FIGS. 15C, 15D, and 15E, each point on the
graphs represents one measurement averaged over 1 s.
[0037] FIG. 16A is a series of images summarizing the
dynamic imaging of single-RBC oxygen delivery under a
transition from hypoxia to hyperoxia for 60 s as RBCs flow in
the positive x-direction through a 30-um capillary segment
obtained using a single red blood cell (RBC) photoacoustic
flowoxigraphy (FOG) device; each oblique line in the x-t
images tracks one single RBC.

[0038] FIGS. 16B, 16C, 16D, 16E, and 16F are graphs
summarizing <Cg,>, <s0,>, VsO,, V4,,,, and MRO, aver-
aged over 10 sec, respectively; error bars are SEM, p values
were determined by two-way ANOVA tests, and *** indi-
cates p<0.001.

[0039] FIG. 17A is a sO, maximum-amplitude-projection
(MAP) image of a mouse brain cortex obtained using a single
red blood cell (RBC) photoacoustic flowoxigraphy (FOG)
device; the dashed box within the image encloses a capillary
segment of interest and the scale bar equals 200 pm.

[0040] FIG. 17B is a graph summarizing the measured
systemic blood glucose level measured every 10 minutes after
insulin injection.

[0041] FIGS. 17C, 17D, 17E, 17F, and 17G are graphs
summarizing MRO,, <Cg;,>, <s0,>, V50,, and V4., quan-
tified from single-RBC images of the capillary segment of
interest.

[0042] FIG. 17H is a graph comparing average MRO,,
<Cpp>, <805, V50, and V4, during normoglycemia and
hypoglycemia; error bars are SEM.

[0043] FIG. 171 is a graph comparing the fitted slopes of
MRO,, <C,y>, <s05>, Vs0,, and V4,,,, during normoglyce-
mia and hypoglycemia; error bars are SD.

[0044] FIG. 18A is a schematic of an experimental setup
used for imaging of neuron-single-RBC coupling in mouse
visual cortex using a single red blood cell (RBC) photoacous-
tic flowoxigraphy (FOG) device.

[0045] FIG. 18B is a series of graphs summarizing the
transient responses of sO,, VsO,, V., and MRO, to asingle
visual stimulation; error bars denote SEMs, and * denotes
p<0.05, ** denotes p<<0.01, and *** denotes p<0.001 accord-
ing to two-way ANOVA ftests.

[0046] FIG. 18C is a MAP image of sO, obtained without
continuous visual stimulations.

[0047] FIG. 18D isaMAP image of sO, obtained with 1 Hz
continuous optical flashing stimulations on the left mouse
eye. The scale bars in FIGS. 18C and 18D are x=10 pm and
=10s.

[0048] FIG. 18E is a graph summarizing the relative
changes of single RBC functional parameters (<C,>,
<50,>, Vs0,, V4, and MRO,) under continuous visual
stimulation; all values are normalized to mean values of con-
trol images, error bars are SEMs, and * denotes p<0.05
according to two-way ANOVA tests.

[0049] FIGS. 18F, 18G, 18H, and 18I are graphs summa-
rizing cumulative distribution functions (CDFs) of <sO,>,
V505, V..., and MRO,, respectively under control (ctrl) and
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stimulation (stim) conditions; MRO, was normalized to the
mean value of the control experiment.

[0050] FIG. 19 is a block diagram illustrating the arrange-
ment of modules of a single red blood cell (RBC) photoa-
coustic flowoxigraphy (FOQG) system.

[0051] FIG. 20 is an illustration of an acoustically transpar-
ent optical reflector in an aspect.

[0052] FIG. 21 is a diagram of a photoacoustic sensor that
may be used with an imaging system.

[0053] FIG. 22 is a block diagram of a system that uses
confocal photoacoustic microscopy.

[0054] FIG. 23 is a diagram of a photoacoustic sensor that
may be used with the imaging system shown in FIG. 22.
[0055] FIG. 24 is a diagram of an alternative photoacoustic
sensor that may be used with the imaging system shown in
FIG. 22.

[0056] FIG. 25A is a schematic diagram of a second alter-
native photoacoustic sensor that may be used with the imag-
ing system shown in FI1G. 22.

[0057] FIG. 25B is a cross-sectional schematic diagram of
the second alternative photoacoustic sensor shown in FIG.
25A.

[0058] FIG. 26 is a schematic diagram of a third alternative
photoacoustic sensor that may be used with the imaging sys-
tem shown in FIG. 22.

[0059] FIG. 27 is a schematic diagram of a fourth alterna-
tive photoacoustic sensor that may be used with the imaging
system shown in FIG. 22.

[0060] FIG. 28 is a diagram of a fifth alternative photoa-
coustic sensor that may be used with the imaging system
shown in FIG. 22.

[0061] FIG.29is aschematic diagram of a sixth alternative
photoacoustic sensor that may be used with the imaging sys-
tem shown in FIG. 22.

[0062] FIG. 30 is a schematic diagram of a seventh alter-
native photoacoustic sensor that may be used with the imag-
ing system shown in FI1G. 22.

[0063] FIG.31 is a schematic diagram of an eighth photoa-
coustic sensor that may be used with the imaging system
shown in FIG. 22.

[0064] FIGS.32A,32B, and 32C are images representing a
lateral resolution measurement by the imaging system using
a resolution test target immersed in clear liquid.

[0065] FIGS.33A and 33B are images representing a mea-
surement of the imaging depth by the imaging system.
[0066] FIGS. 34A and 34B are photoacoustic images of a
microvasculature by the imaging system.

[0067] FIG.34C isaphotograph of the microvasculature of
FIGS. 34A and 34B, taken from a transmission microscope.
[0068] FIGS. 35A and 35B are maximum amplitude pro-
jection (MAP) images acquired before (FIG. 34A) and after
(FIG. 34B) a high-intensity laser treatment.

[0069] FIG. 36A is an in vivo image of a capillary bed
captured using the imaging system.

[0070] FIG. 36B is an in vivo image of multiple levels of
blood vessel bifurcations captured using the imaging system.
[0071] Corresponding reference characters and labels indi-
cate corresponding elements among the views of the draw-
ings. The headings used in the figures should not be inter-
preted to limit the scope of the claims.

[0072] Aspects of the invention may be better understood
by referring to the following description in conjunction with
the accompanying drawings.
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DETAILED DESCRIPTION

[0073] While the making and using of various embodi-
ments of the invention are discussed in detail below, it should
be appreciated that the presently described embodiments pro-
vide many applicable inventive concepts that may be embod-
ied in a wide variety of contexts. The specific embodiments
discussed herein are merely illustrative of exemplary ways to
make and use embodiments of the invention and do not
delimit the scope of the invention.

[0074] To facilitate the understanding of this invention, a
number of terms are defined below. Terms defined herein have
meanings as commonly understood by a person of ordinary
skill in the areas relevant to the embodiments of the invention.
Terms such as “a,” “an” and “the” are not intended to refer to
only asingular entity, but include the general class of which a
specific example may be used forillustration and are intended
to mean that there are one or more of the elements. The
terminology herein is used to describe specific embodiments
of the invention, but their usage does not delimit the inven-
tion, except as outlined in the claims. The terms “compris-
ing.” “including,” and “having” are intended to be inclusive
and mean that there may be additional elements other than the
listed elements.

[0075] The order of execution or performance of the opera-
tions in embodiments of the invention illustrated and
described herein is not essential, unless otherwise specified.
That is, the operations may be performed in any order, unless
otherwise specified, and embodiments of the invention may
include additional or fewer operations than those disclosed
herein. For example, it is contemplated that executing or
performing a particular operation before, contemporaneously
with, or after another operation is within the scope of aspects
of the invention.

[0076] The terminology herein is used to describe embodi-
ments of the invention, but their usage does not delimit the
invention.

[0077] To be consistent with the commonly used terminol-
ogy, whenever possible, the terms used herein follow the
definitions recommended by the Optical Society of America
(OCIS codes).

[0078] In some embodiments, the term “photoacoustic
microscopy” refers to a photoacoustic imaging technology
that detects pressure waves generated by light absorption in
the volume of a material such as, but not limited to, a biologi-
cal tissue, and propagated to the surface of the material. The
term “photoacoustic microscopy” further refers to methods
for obtaining images of the optical contrast of a material by
detecting acoustic or pressure waves traveling from the
object, typically at micrometer scale image resolution. More-
ovet, “photoacoustic microscopy” includes, but is not limited
to, detection of the pressure waves that are still within the
object. The methods of photoacoustic microscopy may make
use of computer-based image reconstruction although pho-
toacoustic tomography encompasses photoacoustic micros-
copy.

[0079] In various embodiments, the term “photoacoustic
tomography” refers to a photoacoustic imaging technology
that detects acoustic and/or pressure waves generated by light
absorption in the volume of a material such as, but not limited
to, biological tissue, and propagated to the surface of the
material.

[0080] In some embodiments, the term “piezoelectric
detectors” refers to detectors of acoustic waves utilizing the
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principle of electric charge generation upon a change of vol-
ume within crystals subjected to a pressure wave.

[0081] Insome embodiments, the terms “reflection mode”
and “transmission mode” refer to modes of operating a pho-
toacoustic imaging system. “Reflection mode” employs the
detection of acoustic and/or pressure waves transmitted from
a volume from which the waves are generated to an optically
irradiated surface. “Transmission mode” employs the detec-
tion of acoustic and/or pressure waves transmitted from a
volume from which the waves are generated to a surface that
is opposite to, or substantially different from, the irradiated
surface.

[0082] In some embodiments, the term “time-resolved
detection” refers to the recording of the time history of a
pressure wave with a temporal resolution sufficient to recon-
struct the pressure wave profile.

[0083] In some embodiments, the term “transducer array”
refers to an array of ultrasonic transducers.

[0084] In some embodiments, the terms “transducer array”
and “phase array transducer” refer to an array of piezoelectric
ultrasonic transducers.

[0085] In some embodiments, the terms “focused ultra-
sonic detector,” “focused ultrasonic transducer,” and
“focused piezoelectric transducer” refer to a curved ultra-
sonic transducer with a hemispherical surface, a planar ultra-
sonic transducer with an acoustic lens attached, or an elec-
tronically focused ultrasonic array transducer.

[0086] In some embodiments, the term “photoacoustic
waves” refers to pressure waves produced by light absorption.
[0087] In some embodiments, “isosbestic wavelength”
refers to a wavelength of light characterized by a hemoglobin
absorbance that corresponds to an oxyhemoglobin absor-
bance.

[0088] In some embodiments, “non-isosbestic wave-
length” refers to a wavelength of light characterized by a
hemoglobin absorbance that does not correspond to an oxy-
hemoglobin absorbance.

[0089] In embodiments of the invention, the term “diffrac-
tion-limited focus” includes, but is not limited to, an optimal
focusing of light within limitations imposed by diffraction.
[0090] In embodiments of the invention, the term “confo-
cal” refers to a feature of a photoacoustic imaging system
characterized by the focus of the illumination system coin-
ciding with the focus of the detection system.

[0091] As will be described below, embodiments of the
invention provide a method of characterizing a target within a
tissue by focusing one or more laser pulses on the region of
interest in the tissue so as to penetrate the tissue and illumi-
nate the region of interest. The pressure waves induced in the
object by optical absorption are received using one or more
ultrasonic transducers that are focused on the same region of
interest. The received acoustic waves are used to image the
structure or composition of the object. The one or more laser
pulses are focused by an optical assembly, typically including
optical fibers, lenses, prisms and/or mirrors, which converges
the laser light towards the focal point of the ultrasonic trans-
ducer. The focused laser light selectively heats the region of
interest, causing the object to expand and produce a pressure
wave whose temporal profile reflects the optical absorption
and thermo-mechanical properties of the object. Inaddition to
a single-element focused ultrasonic transducer, an annular
array of ultrasonic transducers may be used to enhance the
depth of field of the imaging system by using synthetic aper-
ture image reconstruction. The assembly of the ultrasonic
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transducer and laser pulse focusing optics are positioned on a
cantilever beam and scanned together, performing fast one- or
two-directional sector scanning of the object. The cantilever
beam is suspended inside a closed, liquid filled container,
which has an acoustically and optically transparent window
on a side of the transducer-light delivery optics assembly. The
window may be permanent or disposable. The window is
positioned on an object surface, where acoustic coupling gel
is applied. Neither immersion of the object in water nor
movement of the scanner relative to the object surface is
necessary to perform imaging. Further, a linear transducer
array, focused or unfocused in elevation direction, may be
used to accelerate image formation. The signal recording
includes digitizing the received acoustic waves and transfer-
ring the digitized acoustic waves to a computer for analysis.
The image of the object is formed from the recorded acoustic
waves.

[0092] Inaddition, embodiments of the invention may also
include one or more ultrasonic transducers or a combination
thereof. The electronic system includes scanner drivers and
controllers, an amplifier, a digitizer, laser wavelength tuning
electronics, a computer, a processor, a display, a storage
device or a combination thereof. One or more components of
the electronic system may be in communication remotely
with the other components of the electronic system, the scan-
ning apparatus or both.

[0093] Theimaging method described herein, which uses a
confocal photoacoustic imaging system, is one of the possible
embodiments, specifically aimed at medical and biological
applications but not limited to these applications. The
embodiments of the invention are complementary to pure
optical and ultrasonic imaging technologies and may be used
for diagnostic, monitoring or research purposes. The main
applications of the technology include, but are not limited to,
the imaging of arteries, veins, capillaries (the smallest blood
vessels), pigmented tumors such as melanomas, hematomas,
acute burns, and or sentinel lymphatic nodes in vivo in
humans or animals. Embodiments of the invention may use
the spectral properties of intrinsic optical contrast to monitor
blood oxygenation (oxygen saturation of hemoglobin), blood
volume (total hemoglobin concentration), and even the meta-
bolic rate of oxygen consumption; it may also use the spectral
properties of a variety of dyes or other contrast agents to
obtain additional functional or molecular-specific informa-
tion. In other words, embodiments of the invention are
capable of functional and molecular imaging.

[0094] In other aspects, a single-RBC photoacoustic
flowoxigraphy (FOG) device is described herein, which can
noninvasively image oxygen delivery from single flowing
RBCsinvivo with 10 millisecond temporal resolutionand 3.4
micrometer spatial resolution. The single-RBC photoacous-
tic flowoxigraphy (FOG) device uses intrinsic optical absorp-
tion contrast from oxy-hemoglobin (HbO,) and deoxy-hemo-
globin (Hb), and therefore, allows label-free imaging.
Multiple single-RBC functional parameters, including the
total hemoglobin concentration (Cy,), the oxygen saturation
(50,), the gradient of oxygen saturation (VsO,), the flow
speed (V4,,,). and the metabolic rate of oxygen (MRO,,), may
be simultaneously quantified in real time. The system works
in reflection instead of transmission mode, allowing nonin-
vasive imaging in vivo.

[0095] Other embodiments of the invention may be used to
monitor possible tissue changes during x-ray radiation
therapy, chemotherapy, or other treatment, and may also be
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used to monitor topical application of cosmetics, skin creams,
sun-blocks or other skin treatment products. Embodiments of
the invention, when miniaturized, may also he used endo-
scopically, e.g. for the imaging of atherosclerotic lesions in
blood vessels or precancerous and cancerous lesion in the
gastrointestinal tract.

[0096] To incorporate photoacoustic imaging into an ultra-
sonic scanning system or imaging system 100, a photoacous-
tic excitation source, such as a tunable pulsed dye laser,and a
light delivery system are introduced to the ultrasonic scan-
ning system 100 as shown in FIG. 1. The light delivery sys-
tem, including an optical fiber and light focusing optics, are
integrated into the handheld ultrasonic scanner. Light from
either the pump laser (before frequency doubling) or the
tunable dye laser may be selected with a beam switch and
coupled into the optical fiber. The laser must be synchronized
with the imaging system 100. In the exemplary embodiment,
the imaging system 100 interlaces trigger pulses between the
laser and the ultrasonic pulses. The imaging system 100 also
controls the emission wavelength of the tunable laser. The
light focusing optics is placed inside the ultrasonic scanning
head.

[0097] FIG. 2 s a diagram of an exemplary photoacoustic
scanner 200 of the imaging system in accordance with one
embodiment of the invention. As shown in FIG. 2, scanner
200 is implemented as a handheld device. A dye laser,
pumped by a Q-switched pulsed neodymium-doped yttrium
lithium fluoride (Nd:YLF) laser delivers approximately 1.0
millijoules (mJ) per pulse to a 0.60-mm diameter optical fiber
204. The laser pulse width is approximately 8.0 nanoseconds
(ns), and the pulse repetition rate varies from approximately
0.1 kilohertz (kHz) to approximately 2.0 kHz. The fiber out-
put 204 is coaxially positioned with a focused ultrasonic
transducer 211. The concave bowl-shaped transducer 211 has
a center frequency of approximately 30.0 megahertz (MHz)
and a nominal bandwidth of 100%. The laser light from the
fiber 204 is expanded by a conical lens 210 and then focused
through an annular hollow cone shaped optical condenser
212, which also serves as a back-plate of the ultrasonic trans-
ducer. The optical focal region overlaps with the focal spot of
the ultrasonic transducer 211, thus forming a confocal optical
dark-field illumination and ultrasonic detection configura-
tion. The photoacoustic setup is mounted inside a hollow
cylindrical cantilever beam 203 supported by a flexure bear-
ing 202. The cantilever beam 203 is mounted inside a con-
tainer 201. The container is filled with immersion liquid and
sealed with an optically and acoustically transparent mem-
brane 213. The object 215, e.g., animal or human, is placed
outside the container 201 below the membrane 213, and the
ultrasonic coupling is further secured by coupling gel 214.
The cantilever beam is moved by an actuator 206, and its
inclination angle is controlled by a sensor 208. Part of the
laser pulse energy is reflected from the focusing optics, such
as a conical lens 210, and after multiple reflections from the
diffusely reflecting coating of the integrating chamber 207, is
detected by a photodetector 205. The signal from the photo-
detector 205 is used as a reference signal to take into account
energy fluctuations of the laser output. An aperture dia-
phragm 209 screens the photo-detector 205 from ambient
light and sample surface reflection.

[0098] Compared to alternative designs, the above design
provides the following advantages. First, the high axial stiff-
ness of the cantilever beam increases repeatability of the axial
position of the photoacoustic detector. Second, the friction-

Sep. 1,2016

less flexure bearing pivot decreases the lateral position error
of the photoacoustic detector and the mass of the system,
thereby decreasing mechanical vibration (noise) of the scan-
ner and increasing its overall mechanical stability. Third, the
sealed container design makes the photoacoustic scanner por-
table and ergonomic, which widens the application field of
the photoacoustic technique, especially in medical and bio-
logical practice. Fourth, the device performs interlaced acqui-
sition of time-resolved laser-induced pressure waves and
reflected ultrasonic pulses, which may be used, for example,
to measure the tissue metabolic rate through co-registration
of ultrasound pulsed-Doppler and photoacoustic spectral data
at high temporal and spatial resolution.

[0099] FIG. 3 is a block diagram of an exemplary photoa-
coustic system 300 that uses dark-field photoacoustic micros-
copy with sector scanning and quantitative spectroscopic
measurement capability in accordance with one embodiment
of the invention. The system includes a light delivery sub-
system that includes of a tunable pulsed laser subsystem 302,
an optical fiber or fibers and the associated fiber coupling
optics 301, a scanner 303 that includes a light focusing device
and one or more ultrasonic transducers, and an electronic
system that may include an ultrasonic pulser/receiver 304, a
motion controller 306, a data acquisition system 305, and a
data-analyzing computer 307. Depending on the particular
application, the photoacoustic system 300 may have an array
of peripheral devices (not shown) such as manipulation arm,
health and environment monitoring devices, and data storage.
The focusing device of the scanner 303 is connected to an
output of the fiber coupler 301 via single or multiple optical
fibers that receive one or more laser pulses from the tunable
laser 302 and focus the one or more laser pulses into a tissue
so as to illuminate the tissue. The one or more ultrasonic
transducers positioned alongside the focusing optics are
focused on the region of interest and receive acoustic or
pressure waves induced in the object by the laser light. The
electronic system records and processes the received acoustic
or pressure waves and controls scanner motion. Ultrasonic
transducers may work in two modes, as a receiving transducer
for photoacoustic signals and as a pulser/receiver for conven-
tional pulse/echo ultrasonic imaging. The focusing device
includes an optical assembly of lenses, prisms, and/or mirrors
that expands and subsequently converges the laser light
toward the focal point of the one or more ultrasonic transduc-
ers.

[0100] The dark field confocal photoacoustic sensor is
placed on a cantilever beam to perform sector scanning along
the tissue surface. The near-simultaneously (e.g., approxi-
mately 20.0 microsecond (us) delayed) recorded photoacous-
tic and pulse/echo pressure-wave time histories are displayed
by the data-analyzing PC 307 versus the photoacoustic sensor
position to construct co-registered images of the distribution
of the optical and mechanical contrast within the tissue.
Depending on the type of scanning (e.g., one or two axis), the
device produces cross-sectional (B-scan) or volumetric
images of the tissue structure. When the tissue under investi-
gation is an internal organ, the optical fiber and transducer
may be incorporated in an endoscope and positioned inside
the body.

[0101] The data acquisition subsystem 305 produces a
clock signal to synchronize all electronic comporents of the
photoacoustic device. The motor controller 306 drives the
cantilever beam actuators and measures the current position
of the photoacoustic transducer. At transducer locations pre-
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defined by the data-analyzing computer 307, the motor con-
troller generates trigger pulses synchronized with the clock
signal, which are used to trigger the pulse laser and start the
data acquisition sequence.

[0102] High-frequency ultrasonic waves generated in the
tissue by the laser pulse are recorded and analyzed by the data
analyzing computer 307 to reconstruct an image. The shape
and dimensions of the optical-contrast tissue structures are
generally determined from the temporal profile of the laser-
induced ultrasonic waves and the position of the focused
ultrasonic transducer. A single axis sector scanning by the
ultrasonic transducer positioned within the cantilever beam is
used to form a two-dimensional image, and two-axis scan-
ning is used to form a three-dimensional image. However, a
transducer array may be used to reduce the time of scanning
and light exposure. The following examples are provided for
the purpose of illustrating various embodiments of the inven-
tion, and are not meant to limit the embodiments of the
invention in any fashion.

[0103] To obtain functional images, laser pulses from a
tunable laser (e.g., a dyelaser) are used to illuminate the tissue
surface. By switching between several light wavelengths, the
optical absorption spectrum of a tissue structure may be mea-
sured. This spectrum is influenced by the dispersion of optical
absorption and scattering in the object. Nevertheless, in cases
where the tissue absorption has definite and distinct spectral
features, which is the case, for example, with oxyhemoglobin
and deoxyhemoglobin, by using a proper minimization pro-
cedure it is possible to separate the contributions of different
tissue constituents, and thus permit the measurement of local
blood oxygenation in the tissue in order to separate normal
and diseased tissues. Similarly, certain tumors may be iden-
tified by targeting them with biomolecules conjugated to
various contrast agents such as selectively absorbing dyes.
[0104] Embodiments of the invention may include any real-
ization of a photoacoustic imaging device which uses a can-
tilever beam to perform object scanning. The following
devices may implement the method described herein: a semi-
rigid cantilever beam supported by a flexure bearing, a fixed
end flexible cantilever beam, a cantilever beam with two
degrees of freedom supported by two perpendicular flexure
bearings, and a cantilever beam supported by a flexure bear-
ing attached to a linear scanning stage.

[0105] To synchronize the optical and ultrasonic compo-
nents of the ultrasonic-based photoacoustic imaging system,
the ultrasonic system shown in FIGS. 1-3 generates a trigger-
ing signal for the pulsed laser as shown in the timing diagram
4000fFIG. 4. The ultrasonic system acquires signals from the
ultrasonic transducer and reference photo-detector and super-
imposes and/or codisplays photoacoustic images and ultra-
sound pulse-echo images. More specifically, a pump laser
produces a pulse energy of approximately 20.0 mJ at a fun-
damental wavelength of approximately 1056.0 nm, and/or a
tunable dye laser produces a pulse energy of greater than
approximately 2.0 mJ at a frequency of up to approximately
2.0 kHz. The laser system thus provides approximately 8.0 ns
wide laser pulses, which are short enough for the targeted
spatial resolution. The ANSI safety limits are satisfied for a
pulse energy less than or equal to approximately 2.0 mJ, a
diameter of illumination greater than or equal to approxi-
mately 6.0 mm, a laser frequency less than or equal to
approximately 2.0 kHz, and a scanning step size greater than
or equal to approximately 0.1 mm. At 2 kHz PRF, the data
acquisition time for a B-scan frame consisting of 200 A-lines
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is approximately 100.0 ms, yielding a B-scan frame rate of
approximately 10.0 Hz. When approximately 20.0 mJ of
pulse energy is used for deep penetration, the illumination
area is increased to greater than or equal to approximately 1.0
cm? and the laser PRF decreased to approximately 50.0 Hz.
Taking into account the decreased resolution for deep imag-
ing, a B-scan frame rate of approximately 1.0 Hz is achieved
if fifty A-lines are acquired to per B-scan.

[0106] Moreover, the ultrasonic scanning system generates
one photoacoustic imaging synchronization signal for every n
pulse-echo ultrasonic triggering pulses (shown as trigger
pulses j and j+n in the timing diagram in FIG. 4), where n is
approximately the ratio of the ultrasound PRF to the laser
PRF. As the ultrasonic scanning progresses into the next
frame (Bscan), the laser triggers will be generated in connec-
tion with pulse-echo triggers j+1 and j+n+1 correspondingly.
After n consecutive frames of scanning, a complete photoa-
coustic image will be acquired, and the cycle will continue. At
this time, the ultrasonic scanning system generates a control
word to change the wavelength of the dye laser emission if
spectral information is to be collected. Because the photoa-
coustic imaging system works at a fraction of the frame rate of
the ultrasonic system, laser triggers will be simply introduced
between consecutive pulse-echo triggers a few microseconds
depending on imaging depth (e.g., approximately 20.0 ps for
a depth of approximately 30.0 mm) ahead of the correspond-
ing pulse-echo trigger. This lead time will be sufficient for the
data acquisition of photoacoustic data before the ultrasonic
pulser applies a high voltage to the ultrasonic transducer. This
mode of operation does not compromise the pure ultrasonic
frame rate while the maximum photoacoustic imaging frame
rate is achieved.

[0107] Various examples of photoacoustic scanners will
now be described in reference to FIGS. 5, 6, and 7, wherein
the photoacoustic sensor includes an optical focusing device
and one or more ultrasonic transducers.

[0108] The embodiments of the invention provides fast
(e.g., approximately thirty frames per second) high resolution
photoacoustic imaging of biological tissues in vivo. This par-
ticular embodiment has a lateral resolution as high as
approximately 50.0 micrometers (um) and an imaging depth
limit of about 5.0 mm. The image resolution may be further
improved by either increasing the frequency and bandwidth
of the ultrasonic transducer or increasing the numerical apet-
ture of the optical objective lens. The latter applies when
imaging within the depth of one optical transport mean free
path is desired. With the help of an ultrasonic array trans-
ducer, faster photoacoustic imaging is possible and signal
averaging, when needed, is also realistic.

[0109] Embodiments of the invention may include any real-
ization of light focusing using any kind of mirrors, prisms,
lenses, fibers, and diaphragms that may produce illumination
directed to the focal area of the focused ultrasonic transducer
if sector scanning of the object is performed. Embodiments of
the invention may also include any photoacoustic techniques
with any light delivery and ultrasonic detection arrangement
placed inside a sealed container for scanning, where the con-
tainer may remain motionless during acquisition of one
image frame.

[0110] The following devices may be used to implement
photoacoustic sensing for the purpose described herein: (1) a
bowl-shaper focusing ultrasonic transducer; (2) a flat ultra-
sonic transducer attached to an acoustic lens; (3) a linear or
(4) an annular focused or unfocused ultrasonic transducer



US 2016/0249812 Al

array combined with an optical microscope annular con-
denser which may consist of lenses, mirrors, prisms or their
combination. Various examples of the photoacoustic assem-
bly suitable to be placed inside the hollow cantilever beam
will now be described in reference to FIGS. 5, 6, and 7
wherein the focusing assembly includes an optical focusing
device and one or more ultrasonic transducers.

[0111] A diagram of a photoacoustic sensor assembly 500
of the imaging system in accordance with the main embodi-
ment of the embodiments of the invention is shown in FI1G. 5.
More specifically, FIG. § shows a diagram of one embodi-
ment of a photoacoustic sensor 500 in accordance with the
scanner design shown in FIG. 1. A laser pulse is delivered via
optical fiber 501, expanded by a conical lens 507, passed
around the ultrasonic transducer 510, and focused by a coni-
cal prism 511. The transducer 510, focusing optics 507 and
511, optical fibers 501 and 502, and electrical wires connect-
ing the transducer are placed inside the cylindrically shaped
cantilever beam 509. In a non-scattering object, the laser
energy distribution along the ultrasonic transducer axis would
be confined to the transducer’s depth of focus. In highly
scattering media, the laser energy distribution is broader. The
laser light penetrates through the transparent membrane 512
and the surface of the object 513 to a sufficient depth, selec-
tively heating targets in the tissue that have higher optical
absorption and producing ultrasonic waves. The ultrasonic
waves that propagate toward the tissue surface are detected by
an acoustic transducer 510, and digitized and transferred to a
computer for data analysis. Part of the energy of the laser
pulse is reflected from the lens surface, and the reflected light
is homogenized by multiple reflections from the diffusively
reflective coating of an integrating chamber 506 and reaches
the sensing optical fiber 502. The output of the sensing optical
fiber 502 is connected to a photo-detector (not shown). This
measurement is used to compensate for the fluctuations in the
laser output. An iris diaphragm 508 prevents most ambient
light from entering the integrating chamber. An optical
absorber 504 absorbs collimated back reflected and ambient
light, which enters the integrating chamber through the iris
aperture. A baffle 505 shields the sensing fiber from direct
exposure to light reflected from the conical lens.

[0112] FIG. 6 shows a diagram of another embodiment of a
photoacoustic sensor 600 of the imaging system in accor-
dance with FIG. 1. The photoacoustic sensor 600 is similar to
photoacoustic sensor 500 (shown in FIG. 5), except that the
single-element focused ultrasonic transducer is replaced with
a multi-element annular piezoelectric transducer array 610.
The ultrasonic transducer array 610 may be dynamically
focused to different depths for a single laser pulse by intro-
ducing time-of flight-dependent time delays between signals
from different transducer elements, thus extending the depth
range of the cross-sectional (B-scan) image with high lateral
resolution.

[0113] FIG. 7 shows a diagram of yet another embodiment
of a photoacoustic sensor 700 of the imaging system 100
shown in FIG. 1. The photoacoustic sensor 700 uses a multi-
tude of optical fibers 701, a system of prisms 704 to deliver
light pulses, and a one-dimensional cylindrically focused
transducer array 705 to form a photoacoustic B-scan image.
In this embodiment, the photoacoustic sensor 700 uses trans-
lational symmetry instead of cylindrical symmetry. Unlike
the embodiments shown in FIGS. 5 and 6, a wedge-shaped
light beam is formed instead of a cone-shaped one, and a
linear transducer array 705, similar to one used in medical
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ultrasonic diagnostics, is used to acquire photoacoustic sig-
nals. Using beam forming, such a device may produce a
complete photoacoustic B-scan image with a single laser
pulse, making possible ultrafast real-time photoacoustic
imaging with the B-scan frame rate limited by the pulse
repetition rate of the laser. Sector scanning the single row of
piezoelectric elements produces volumetric photoacoustic
images at potential rates of approximately thirty volumetric
frames per second.

[0114] FIG. 8is ablock diagram of another embodiment of
a photoacoustic scanner 800 that uses sector scanning in two
perpendicular directions. A laser pulse is coupled into an
optical fiber 805, which is coaxially positioned with the
focused ultrasonic transducer 813. With the help of the focus-
ing optics 812, the laser light from the fiber 805 is expanded,
passed around the transducer, and then converged towards the
ultrasonic focus inside the object under investigation 816.
The optical focal region overlaps with the focal spot of the
ultrasonic transducer 813, thus forming a confocal optical
dark-field illumination and ultrasonic detection configura-
tion. The photoacoustic setup is mounted inside a hollow
cylindrical cantilever beam 808 supported by a first flexure
bearing 803. The bearing 803 is mounted in a frame 804,
which is mounted inside a container 801 on second and third
flexure bearings 802. The axis of rotation of the second and
third bearings 802 is perpendicular to the axis of rotation of
the first bearing 803. Tilting of the cantilever beam 808 in two
perpendicular directions results in two dimensional scanning
along the object surface. The container 801 is filled with
immersion liquid and sealed by an optically and acoustically
transparent membrane 814. The object (e.g., animal or
human) 816 is placed outside the container 801 below the
membrane 814, and ultrasonic coupling is further secured by
coupling gel 815. The cantilever beam 808 is moved by an
actuator 807, and its inclination angle is controlled by a
sensor 810. Part of the laser pulse energy is reflected from the
focusing optics, such as conical lens 812, and, after multiple
reflections from the diffusely reflective coating of an integrat-
ing chamber 809, is transmitted by the sensing optical fiber
806 to a photo-detector (not shown). The signal from the
photo-detector is used as a reference signal to offset the
energy fluctuations of the laser output. An aperture dia-
phragm 811 screens the photo-detector from ambient light
and sample surface reflection.

[0115] FIG. 9is ablock diagram of another embodiment of
a photoacoustic scanner 900 that uses sector scanning in one
direction and linear scanning in a perpendicular direction. A
laser pulse is coupled into optical fiber 909, which is coaxially
positioned with a focused ultrasonic transducer 914. With the
help of a focusing optics 913, the laser light from the fiber 909
is expanded, passed around the transducer 914, and then
converged towards the ultrasonic focus inside the object
under investigation 917. The optical focal region overlaps
with the focal spot of the ultrasonic transducer 914, thus
forming a confocal optical dark-field illumination and ultra-
sonic detection configuration. The photoacoustic detector
setup is mounted inside a hollow cylindrical cantilever beam
911 supported by a flexure bearing 904, which is mounted in
a frame 905. The frame 905 is mounted on a translation stage
903 inside a container 901. The axis of rotation of the bearing
904 is perpendicular to the displacement direction of the
translation stage 903. Tilting of the cantilever beam 911 in
combination with linear motion in a perpendicular direction
results in two dimensional scanning along the object surface.
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The container 901 is filled with immersion liquid and sealed
with optically and acoustically transparent membrane 915.
The sample (e.g., animal or human) 917 is placed outside the
container 901 below the membrane 915, and the ultrasonic
coupling is further secured by coupling gel 916. The cantile-
ver beam 911 is moved by an actuator 907, and its inclination
angle is controlled by a sensor 908. The translation stage 903
is moved by a motor 902, which may be a combination of a
ball screw, belts, a step motor, a voice coil linear actuator, or
piezoelectric actuator. Part of the laser pulse energy is
reflected from the focusing optics, such as conical lens 913,
and, after multiple reflections from the diffusely reflective
coating of an integrating chamber 910, is transmitted by the
sensing optical fiber 906 to a photo-detector (not shown). The
signal from the photo-detector is used as a reference signal to
compensate for the energy fluctuations of the laser output. An
aperture diaphragm 912 screens the photo-detector from
ambient light and sample surface reflections.

[0116] FIG. 10A shows a blood flow image in a mouse
prostate taken by an ultrasonic system and FIG. 10B shows a
blood oxygenation level image acquired with photoacoustic
imaging. More specifically, FIG. 10A shows 3D tumor pet-
fusion and flow architecture in a mouse prostate tumor
imaged by an ultrasonic system, and FIG. 10B shows a pho-
toacoustic image of sO, in subcutaneous blood vessels in a
200-g Sprague-Dawley rat in vivo. Structural image data
reflects the total hemoglobin concentration acquired at 584
nm, color reflects the sO,. The combination of these two
contrasts can shed light on tissue oxygen consumption within
the volume of for example a relatively small tumor or small
organ, which reflects the metabolic rate of the tissue.

[0117] Similarly, a contrast agent enhanced ultrasonic
image, as shown in FIG. 11A, taken by an ultrasonic system
shows blood perfusion and major veins and arteries but must
rely on anatomical cues to distinguish between veins and
arteries. By contrast, such a distinction can be made by pho-
toacoustic imaging directly using the imaged oxygen satura-
tion of hemoglobin, as shown in FIG. 11B. This distinction is
confirmed as shown in FIG. 11C, which shows ex-vivo micro-
sphere-perfusion image of arterioles (red) and venules (blue).
[0118] By recording photoacoustic signals obtained at vari-
ous optical wavelengths, the optical absorption spectrum of
the object may be measured. The optical absorption coeffi-
cient is dominated by the absorption of hemoglobin in many
cases. Because two forms of hemoglobin—oxygenated and
deoxygenated—have distinctly different absorption spectra,
onemay recover the partial concentrations of the two forms of
hemoglobin. This value may be used to quantify the oxygen
saturation of hemoglobin and the relative total concentration
of hemoglobin. Of course, this example merely illustrates the
principle, which may be extended to the measurement of
other optical absorbers using two or more excitation optical
wavelengths.

[0119] Because of the fast frame rate, the device in the
embodiments of the invention may combine blood flow mea-
surement into and out of regions of interest using the pulse-
Doppler technique with blood oxygenation measurements to
estimate oxygen metabolism in tissues and organs. The oxy-
gen metabolic rate (MRO,) is the amount of oxygen con-
sumed in a given tissue region per unit time per 100 g of tissue
or of the organ of interest. In typical physiological conditions,
since hemoglobin is the dominant carrier of oxygen, the key
measure of blood oxygenation is the oxygen saturation of
hemoglobin (sQ,). Therefore, we have
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MRO,%(503 4,505 0, Cp" Ay Vi Eqn. (1)

in which A, is the area of the incoming vessel, v,, is the mean
flow velocity of blood in the incoming vessel, and C,,, is the
total concentration of hemoglobin. While A, and v,, may be
estimated using ultrasound imaging, sO, and relative C,
may be estimated from multi-wavelength photoacoustic
methods.

[0120] FIG. 12 is a flowchart 1200 illustrating an exem-
plary photoacoustic tomography imaging method that char-
acterizes a tissue by focusing 1201 one or more laser pulses
on a region of interest in the tissue and illuminating the region
of interest. More specifically, the laser pulses are emitted
from collimating optics mounted on a cantilever beam that is
flexibly mounted within a handheld device. In one embodi-
ment, the cantilever beam is a semi-rigid cantilever beam
supported by a flexure bearing. In another embodiment, the
cantilever beam is a fixed-end flexible cantilever beam. In
another embodiment, the cantilever beam is mounted with
two degrees of freedom and is supported by perpendicular
flexure bearings. In yet another embodiment, the cantilever
beam is supported by a flexure bearing that is coupled to a
linear scanning cage. Acoustic waves induced in the object by
optical absorption are received 1202 and a signal is generated
1203 representative of the acoustic waves using one or more
ultrasonic transducers that are focused on the same region of
interest. The signal is then used to image 1204 the structure or
composition of the object. The one or more laser pulses are
focused by an optical assembly, which typically includes
lenses, prisms, and/or mirrors. The optical assembly con-
verges the laser light towards the focal point of the ultrasonic
transducer. The focused laser light selectively heats the region
of interest, causing the object to expand and produce a pres-
sure wave having a temporal profile that reflects the optical
absorption and thermo-mechanical properties of the object.
In addition to a single-element, focused ultrasonic transducer,
an annular array of ultrasonic transducers may be used to
enhance the depth of field of the imaging system by using
synthetic aperture image reconstruction. The assembly ofthe
ultrasonic transducer and laser pulse focusing optics are posi-
tioned on a cantilever beam and scanned together, performing
fast one-directional or two-directional sector scanning of the
object. The cantilever beam is suspended inside a closed,
liquid-filled container, which has an acoustically and opti-
cally transparent window on a side of the transducer-light
delivery optics assembly. The window is positioned on an
object surface and acoustic coupling gel is applied. The
received acoustic waves are digitized and the digitized acous-
tic waves are transmitted to a computer for analysis. An image
of the object is then formed from the digitized acoustic waves.
[0121] FIG. 13 is a flowchart 1300 illustrating an exem-
plary method for determining an oxygen metabolic rate
(MRQ,) within a biological tissue using a handheld device. A
plurality of multi-wavelength light pulses are focused 1302
on a region of interest in the tissue and illuminating the region
of interest. More specifically, the laser pulses are emitted
from collimating optics mounted on a cantilever beam that is
flexibly mounted within a handheld device. In one embodi-
ment, the cantilever beam is a semi-rigid cantilever beam
supported by a flexure bearing. In another embodiment, the
cantilever beam is a fixed-end flexible cantilever beam. In
another embodiment, the cantilever beam is mounted with
two degrees of freedom and is supported by perpendicular
flexure bearings. In yet another embodiment, the cantilever
beam is supported by a flexure bearing that is coupled to a
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linear scanning cage. Acoustic waves induced in the object by
optical absorption are received 1304 using one or more ultra-
sonic transducers that are focused on the same region of
interest. The signal is then used to detect 1306 an area of an
incoming vessel within the predetermined area, a mean flow
velocity of blood in the incoming vessel, and a total concen-
tration of hemoglobin. The area of the incoming vessel and
the mean flow velocity are based on measurements obtained
by ultrasound imaging, and the total concentration of hemo-
globin is based on measurements obtained by the plurality of
multi-wavelength light pulses. The MRO, is determined 1308
based on the area of the incoming vessel, the mean flow
velocity of blood in the incoming vessel, and the total con-
centration of hemoglobin using Equation (1) as explained
above. The MRO, is the amount of oxygen consumed in a
given tissue region per unit time per 100 g of tissue or of the
organ of interest. In typical physiological conditions, since
hemoglobin is the dominant carrier of oxygen, the key mea-
sure of blood oxygenation is the oxygen saturation of hemo-
globin (3O,). The one or more laser pulses are focused by an
optical assembly, which typically includes lenses, prisms,
and/or mirrors. The optical assembly converges the laser light
towards the focal point of the ultrasonic transducer. The
focused laser light selectively heats the region of interest,
causing the object to expand and produce a pressure wave
having a temporal profile that reflects the optical absorption
and thermo-mechanical properties of the object. Inaddition to
a single-element, focused ultrasonic transducer, an annular
array of ultrasonic transducers may be used to enhance the
depth of field of the imaging system by using synthetic apet-
ture image reconstruction. The assembly of the ultrasonic
transducer and laser pulse focusing optics are positioned on a
cantilever beam and scanned together, performing fast one-
directional or two-directional sector scanning of the object.
The cantilever beam is suspended inside a closed, liquid-
filled container, which has an acoustically and optically trans-
parent window on a side of the transducer-light delivery
optics assembly. The window is positioned on an object sut-
face and acoustic coupling gel is applied. The received acous-
tic waves are digitized and the digitized acoustic waves are
transmitted to a computer for analysis. An image of the object
is then formed from the digitized acoustic waves.

[0122] By implementing photoacoustic imaging capabili-
ties on a commercial ultrasound system, ultrasound and pho-
toacoustic pulse sequences may be interleaved to obtain (1)
structural images from ultrasound B-mode scans, (2) func-
tional images of total hemoglobin concentration from pho-
toacoustic scans, (3) functional images of hemoglobin oxy-
gen saturation (sO,) from photoacoustic scans, and (4)
images of melanin concentration from photoacoustic scans as
well. Therefore, photoacoustic imaging will significantly
enrich the contrast of ultrasound imaging and provide a
wealth of functional information.

[0123] A single-RBC photoacoustic flowoxigraphy (FOG)
device is provided in another aspect. In this aspect, the device
delivers laser pulses of two different wavelengths separated
by a pulse separation period of about 20 ps. This separation
period is sufficiently brief to enable pulses of two different
wavelengths to illuminate the same single moving RBC. The
acoustic signals elicited by the single RBC in response to the
laser pulses of two different wavelengths may be analyzed
using pulse oximetry methods similar to those described
herein below to simultaneously determine a variety of func-
tional parameters including, but not limited to: total hemo-
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globin concentration (C,,), oxygen saturation (sO,), gradi-
ent of oxygen saturation (VsO,), flow speed (Vp,,), and
metabolic rate of oxygen (MRQO,), and any combination
thereof.

[0124] Single-RBC FOG may be an effective tool for in
vivo imaging of the oxygen exchange between single RBCs
and their local environments. The optical diffraction-limited
lateral spatial resolution and the >100-Hz two-dimensional
imaging rate enable resolution of single flowing RBCs in real
time. The short, 20 ps, dual wavelength switching time,
enables the detection of oxygenation in flowing RBCs. Other
time intervals may be used. During fast scanning, this imag-
ing modality maintains the confocal alignment between the
optical and acoustic foci. This provides superior SNR com-
pared with pure optical scanning, and may be of great impor-
tance for sensitive functional imaging. The single-RBC FOG
also has the advantage of label-free imaging, relying on
intrinsic optical absorption contrast from HbO, and Hb. This
feature avoids the use of contrast agents that might be chemi-
cally toxic, phototoxic, radioactive, or disruptive to the imag-
ing targets. Taking full advantage of the single-RBC FOG, the
dynamic processes of single RBCs delivering oxygen to local
cells and tissues in vivo at multiple anatomical sites, includ-
ing the brain, may be directly imaged.

[0125] The single-RBC FOG is able to simultaneously
measure multiple functional parameters, which include Cy,,
$0,, V50,, V4., and MRO,. Such a capability can uncover
the relationships between these tightly related parameters,
and provide a comprehensive view of cell and tissue oxygen-
ation with high spatiotemporal resolution. Dynamics of
single-RBC oxygen release may be imaged under normoxia
and during a transition from hypoxia to hyperoxia. Experi-
mental results show that the RBC oxygen delivery may be
regulated by V,,, and sO,.

[0126] Single RBCs, as basic oxygen carriers, play a key
role in oxygenating most cells and tissues. To date, the lack of
technologies available for direct functional imaging of single
RBCs in vivo has been a major limiting factor in studies of
oxygen metabolism at high temporal and spatial resolution.
The single-RBC FOG demonstrated here has broken through
this limitation by directly imaging the oxygen release pro-
cesses from single RBCs, as well as allowing for simulta-
neous measurement of C,,,, sO,, VsO,, V. = and MRO,.
This advance in single-RBC FOG may open new avenues for
studying fundamental principles in oxygen metabolism and
related diseases. This device may be used in clinical or pre-
clinical applications, to diagnose or study some microvascu-
lar diseases, such as septic shock, sickle cell anemia, and
circulating tumor cells; or some metabolic diseases such as
diabetes and cancer.

[0127] FIG. 19 is a schematic illustration showing the
arrangement of the components and devices of the single-
RBC photoacoustic flowoxigraphy (FOG) device 1900 in one
aspect. The device 1900 may include a dual wavelength light
source module to produce a series of isosbestic laser pulses at
an isosbestic wavelength, an isosbestic pulse width of less
than about 10 ns and an isosbestic pulse repetition rate of at
least 2 kHz and a series of non-isosbestic laser pulses at a
non-isosbestic wavelength, a non-isosbestic pulse width of
less than about 10 ns and anon-isosbestic pulse repetition rate
of at least 2 kHz. In an aspect, the isosbestic wavelength may
be any wavelength with a hemoglobin absorbance that is
essentially equal to an oxyhemoglobin absorbance. Non-lim-
iting examples of suitable isosbestic wavelengths include:
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532 nm, 548 nm, 568 nm, 587 nm, and 805 nm. In this same
aspect, the non-isosbestic wavelength may be any wavelength
with a hemoglobin absorbance that is not equal to the oxyhe-
moglobin absorbance. In another aspect, the isosbestic wave-
length is about 532 nm and the non-isosbestic wavelength is
about 560 nm.

[0128] In another aspect, the dual wavelength light source
module 1902 may include an isosbestic laser (not shown) to
produce the series of isosbestic laser pulses and a non-isos-
bestic laser (not shown) to produce the series of non-isos-
bestic laser pulses. Any known laser device with the capable
of producing laser pulses at the wavelengths, pulse widths,
and pulse repetition rates as described herein above may be
used. Various suitable laser devices are described herein pre-
viously.

[0129] Referring again to FIG. 19, the device 1900 may
further include a laser control module 1904 to trigger the
delivery of eachisosbestic laser pulse and each non-isosbestic
laser pulse, wherein each isosbestic laser pulse is delivered at
a pulse separation period of about 20 us before or after each
adjacent non-isosbestic laser pulse. The 20 ps pulse separa-
tion period is sufficiently brief so that both an isosbestic laser
pulse and a non-isosbestic laser pulse may illuminate each
individual RBC as it moves through a vessel in the subject
1906. In addition, the 20 ps pulse separation period provides
sufficient time for each acoustic signal corresponding to each
pulse to be emitted and detected without interfering with
previous or subsequent acoustic signals induced by previous
or subsequent laser pulses. Methods of controlling and timing
the operation of the lasers is provided previously herein.
[0130] Referring again to FIG. 19, the device 1900 may
further include an optical module 1908 to direct the series of
1sosbestic laser pulses and the series of non-isosbestic laser
pulses through an optical focus region 1910 in a cylindrical
beam with a beam cross-sectional diameter of less than about
10 um. The optical focus region, as described previously
herein, may typically include a capillary or other vessel or
tissue of interest within the subject 1906. In one aspect, the
optical module 1908 may include an optical fiber (not shown)
connected to the isosbestic laser and the non-isosbestic laser
atafirstend. The optical fiber may receive both isosbestic and
non-isosbestic laser pulses in a combined stream and direct
the combined pulse streams to the optical focus region 1910.
Any known optical fiber may be included in the optical mod-
ule 1908 including, but not limited to a single-mode fiber. The
optical fiber may further include optical couplers to direct the
output of the lasers into the optical fiber.

[0131] In another aspect, the optical module 1908 may
further include additional optical components (not shown) to
focus the laser pulses delivered by the optical fiber into a
beam with a beam diameter of less than about 10 um through
the optical focus region 1910. Any known optical components
described previously herein may be incorporated into the
optical module 1908 including, but not limited to lenses,
mirrors, prisms, condensers, and any other suitable known
optical component. In one aspect, the optical module 1908
may further include a pair of optical lenses including, but not
limited to a pair of achromatic doublets with a numerical
aperture in water of about 0.1. In this aspect, the additional
optical components maybe operatively attached to the optical
fiber at a second end of the optical fiber opposite to the first
end of the optical fiber.

[0132] Referring again to FIG. 19, the device 1900 may
further include an ultrasound detection module 1912 to detect
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acoustic signals generated within the optical focus region
1910 in response to the series of isosbestic and non-isosbestic
laser pulses. The ultrasound detection module may include
any ultrasound detector (not shown) capable of detecting an
acoustic signal within an acoustic focus region 1910 that is
aligned with the optical focus region 1910. Any suitable
known ultrasound transducer may be incorporated into the
ultrasound detection module including any of the ultrasound
transducers described herein previously. In one aspect, the
ultrasound detection module 1910 may include a focused
ultrasound transducer with a central frequency of about 50
MHz. In this aspect, this focused ultrasound transducer may
result in an axial spatial resolution of about 15 pm.

[0133] In order to maintain the acoustic and optical focus
regions 1910 in an aligned orientation, the optical module
1908 may further include an additional element to reflect the
focused laser pulses in a direction that is essentially aligned
with the detection axis of the focused ultrasound transducer.
In one aspect, the optical module 1908 may further include an
acoustically transparent optical reflector to transmit acoustic
signals from the acoustic focus region 1910 to the focused
ultrasound transducer and to reflect the series of isosbestic
and non-isosbestic laser pulses from the optical assembly to
the optical focus region 1910.

[0134] FIG. 20 is a schematic diagram of an acoustically
transparent optical reflector focusing assembly 2000 in one
aspect. The assembly 2000 may include a first right-angle
prism 2002 and a second first right-angle prism 2004 with a
sub-micron reflective aluminum coating layer 2006 sand-
wiched between the two prisms 2002/2004, forming a reflec-
tive plane. The aluminum layer 2006 reflects incoming laser
pulses 2008 in a downward direction, but also transmits
acoustic signals 2010 propagating upward from the optical/
acoustic focus region. As a result, the directions of the incom-
ing laser pulses 2008 and the outgoing acoustic signals 2010
are aligned, resulting in a reduced signal-to-noise ratio
(SNR).

[0135] Referring again to FIG. 19, the device 1900 may
further include a scanning module 1914 to move the optical
module 1908 and the ultrasound detection module 1912 ina
linear scanning pattern. In this arrangement, the device 1900
may obtain imaging data over a linear transect that may be
used to obtain a two-dimensional plane image corresponding
to a vertical slice extending the length of the linear scan and
the depth corresponding to the focus range of the ultrasound
transducer of the ultrasound detection module 1912. Because
both the optical module 1908 and the ultrasound detection
module 1912 are translated together in a synchronized man-
ner, the alignment of the laser pulses and the acoustic signals
is maintained, resulting in higher quality imaging data as
discussed herein previously. In order to obtain images in real
time, the scanning module may have a scanning rate of at least
100 linear scans per second. In one aspect, the scanning
module 1912 may include any linear scanner described herein
previously capable of rapid scanning. In another aspect, the
scanning module 1912 may include a voice-coil scanner with
a scanning rate of at least 100 linear scans per second.
[0136] FIG. 14 is a schematic diagram illustrating the
arrangement of elements and components of a single-RBC
photoacoustic flowoxigraphy (FOG) device in one aspect. In
this aspect, two lasers L1 and L2 are employed to periodically
generate two 20-us-apart laser pulses at 560 nm (non-isos-
bestic wavelength) and 532 nm (isosbestic wavelength),
respectively with pulse widths of less than 10 ns. Both lasers
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L1 and L2 operate at a 2-kHz pulse repetition rate. Other
wavelengths may also be used as long as the deoxy-hemoglo-
bin and oxy-hemoglobin have different absorption coeffi-
cients.

[0137] The two laser beams are merged into a single-mode
optical fiber SF by way of a fiber coupler FC and then deliv-
ered to a PA probe. The energy of each laser pulse is detected
by a biased photodiode PD for pulse-to-pulse calibration. The
laser beam from the fiber SF is focused onto targets through a
pair of optical lenses (numerical aperture in water: 0.1), an
acoustic-optical beam combiner BC, and an ultrasound lens
UL. The optical lenses can be adjusted to accurately align the
acoustic and optical foci. The acoustic-optical beam com-
biner BC, which is composed of two prisms and a coated
aluminum layer in the middle, reflects light, but transmits
sound. The tight optical focus provides a 3.4-um lateral spa-
tial resolution. Laser-excited PA signals are collected by the
ultrasound lens UL, transmitted through the acoustic-optical
beam combiner BC, and detected by a high-frequency ultra-
sound transducer UT.

[0138] By way of non-limiting example, the ultrasound
transducer may be a model V214 Olympus NDT, 50 MHz
central frequency transducer which provides an axial spatial
resolution of 15 pm. The PA signals are amplified by an
amplifier AMP, filtered and digitized at 500 MHz by a digi-
tizer DAQ.

[0139] Referring again to FIG. 14, the PA probe is mounted
onto a fast voice-coil linear scanner VC to enable acquisitions
of at least 100 cross-sectional (B-scan) images per second.
Mechanically scanning the entire PA probe maintains the
acoustic-optical confocal alignment, and therefore achieves
higher signal-to-noise ratio (SNR) than pure optical scanning
in a fixed acoustic focus. A field-programmable gate array
card (PCI-7830R, National Instrument, not shown) may be
programmed to synchronize the trigger signals and motion
control commands in an aspect. By fast scanning the PA probe
along a segment of a capillary, single RBCs flowing through
the field of view may be imaged, and the amount of oxygen
bound to each RBC may be directly measured.

[0140] At each position, the two laser pulses sequentially
excite nearly the same region of the target to acquire two
depth-resolved PA signals (A-lines). Taking 10-mm-s~' flow
speed as an example, the target may move 0.2 um during the
wavelength switching, which is a small distance relative to
the spatial resolution of the device. As a result, image artifacts
due to movement of the individual RBCs during wavelength
switching are minimal. Because HbO, and Hb have molar
extinction coefficients of different spectral characteristics,
and because PA signals are linearly related with the concen-
trations of HbO, and Hb at low excitation laser energy (<100
nJ perpulse), the relative concentrations of HbO, and Hb may
be computed from the PA signals of the same RBC excited at
532nm and 560 nm pulses. The relative C,, and sO, of single
RBCs may readily be calculated from the HbO, and Hb con-
centrations using methods similar to those described herein
previously. To quantify the local oxygen delivery, the average
hemoglobin concentration <C,;,> may be computed by aver-
aging C,,, over the imaged segment of a capillary of the
subject.

[0141] In an aspect, when sO, reaches a dynamic equilib-
rium, the amount of oxygen delivered by RBCs may be
assumed to be equal to the oxygen consumed by the perfused
tissues; hence, the MRO, can be determined from Eqn. (2):

MRO,=k-{Cy ) V5O, Vi, Eqn. (2)
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where k is a constant coefficient related to the hemoglobin
oxygen binding capacity and the weight of the local tissue
surrounding a unit length of the capillary. Note that, the VsO,,
V gows a0d MRO, represent the averages of the capillary seg-
ment within the field of view.

[0142] The embodiments described herein relate to nonin-
vasively imaging capillaries. Some ofthe embodiments relate
to microscopic photoacoustic imaging using focused optical
illumination and focused ultrasonic detection. For example,
an embodiment performs optical-resolution photoacoustic
microscopy (OR-PAM), which facilitates providing a lateral
resolution of 5 micrometers (um) and a maximum imaging
depth of greater than 0.7 millimeters (mm) based on endog-
enous optical absorption contrast. In vivo images of healthy
capillary networks and laser coagulated microvessels in
mouse ears, for example, are demonstrated as examples of
applications of OR-PAM in biomedical research.

[0143] In an embodiment, the lateral resolution is domi-
nantly determined by the optical focus. A tightly focused
optical illumination produces a local temperature rise due to
light absorption. The temperature rise leads to thermal expan-
sion, which results in photoacoustic emission. The photoa-
coustic emission may be detected by a high-frequency large
numerical-aperture spherically focused ultrasonic transducer
that is coaxial and confocal with the light focusing system.
The photoacoustic emission may also be measured by an
ultrasonic transducer array, a phase sensitive optical coher-
ence tomography apparatus, a laser optical interferometer,
and/or a capacitive surface displacement sensor. By focusing
light to a focal spot of several micrometers in diameter,
embodiments of the invention significantly improve the
image resolution of photoacoustic microscopy of biological
tissue or other optically scattering media. It combines the
high spatial resolution of optical confocal microscopy and the
high optical absorption contrast of photoacoustic tomogra-
phy.

[0144] The embodiments described herein provide for
reflection-mode microscopic photoacoustic imaging using
focused optical illumination. Embodiments of the invention
use a nearly diffraction-limited focused optical illumination
to achieve high spatial resolution. Embodiments of the inven-
tion use a confocal arrangement between the optical focus
and the ultrasonic focus of a high-frequency large numerical-
aperture (NA) spherically focused ultrasonic transducer to
achieve high sensitivity. The ultrasonic transducer may be
replaced with another detector capable of measuring local
thermal expansion. By tightly focusing light, the lateral reso-
lution limitations of existing photoacoustic microscopy based
on the resolution of the ultrasonic focusing system may be
overcome. In addition, because a photoacoustic signal is pro-
portional to the optical fluence at the target, the currently
described embodiments require only a low laser pulse energy
and, hence, may be made relatively compact, fast, and inex-
pensive. In the exemplary embodiment, a laser pulse energy
of approximately 100 nanojoules (nJ) may be used.

[0145] Moreover, exemplary embodiments utilize optical
focusing and time-resolved detection of laser-induced pres-
sure waves to obtain three-dimensional images of the distri-
bution of optical-absorption contrast within a sampling vol-
ume. The exemplary embodiments provide non-invasive
imaging of scattering media, such as, but not limited to,
biological tissue in vivo. The exemplary embodiments pro-
vide non-invasive imaging up to approximately one optical
transport mean free path deep. For most biological tissue, an
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optical transport mean free path is approximately 1.0 milli-
meter (mm). In the exemplary embodiment, resolution on the
order of 1.0 micrometer (um) is attainable. Further, the exem-
plary embodiment images optical-absorption contrast in bio-
logical tissue up to approximately 0.7 mm deep with a lateral
resolution of approximately 5.0 pm. In embodiments of the
invention, a large numerical-aperture (NA) spherically
focused ultrasonic transducer is used in a confocal coaxial
arrangement with the light focusing optics to facilitate pro-
viding high axial resolution of between 10.0 and 15.0 um.

[0146] An imaging procedure, which uses a confocal pho-
toacoustic imaging system, is one of the possible embodi-
ments and is aimed at medical and biological applications.
The presently described embodiments are complementary to
the structural information that may be obtained from pure
optical and ultrasonic imaging technologies and may be used
for diagnostic, monitoring or research purposes. Applications
of the technology include, but are not limited to, the imaging
of arteries. veins, capillaries (the smallest blood vessels),
pigmented tumors such as melanomas, and sebaceous glands
in vivo in humans or animals. The presently described
embodiments may use the spectral properties of intrinsic
optical contrast to monitor blood oxygenation (oxygen satu-
ration of hemoglobin), blood volume (total hemoglobin con-
centration), and even the metabolic rate of oxygen consump-
tion; it may also use the spectral properties ofa variety of dyes
or other contrast agents to obtain additional functional or
molecular-specific information. In other words, the presently
described embodiments are capable of functional and
molecular imaging. Further, the presently described embodi-
ments may be used to monitor possible tissue changes during
x-ray radiation therapy, chemotherapy, or other treatment. In
addition, presently described embodiments may also be used
to monitor topical application of cosmetics, skin creams,
sun-blocks or other skin treatment products. The presently
described embodiments, when miniaturized, may also be
used endoscopically, e.g., for the imaging of atherosclerotic
lesions in blood vessels.

[0147] Further, the presently described embodiments pro-
vide a method of characterizing a target within a tissue by
focusing one or more laser pulses on the region of interest in
the tissue so as to penetrate the tissue and illuminate the
region of interest, receiving the pressure waves induced in the
object by optical absorption using one or more ultrasonic
transducers that are focused on the same region of interest,
and recording the received acoustic waves so that the struc-
ture or composition of the object may be imaged. The one or
more laser pulses are focused by a microscope objective lens
or a similar tightly focusing optical system, which typically
includes an optical assembly of lenses and/or mirrors, which
converges the one or more laser pulses towards the focal point
of the ultrasonic transducer. The focusing device may also use
one or more optical spatial filters, which may be a diaphragm
or a single-mode fiber, to reduce the focal spot of the optical
system to the smallest possible size so that the highest pos-
sible spatial resolution may be achieved. The focused one or
more laser pulses selectively heat the region of interest, caus-
ing the object to expand and produce a pressure wave whose
temporal profile reflects the optical absorption and thermo-
mechanical properties of the target. Alternatively, an annular
array of ultrasonic transducers may beused along the tissue to
enhance a depth of field of an imaging system by using
synthetic aperture image reconstruction. The signal recording
includes digitizing the received acoustic waves and transfer-
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ring the digitized acoustic waves to a computer for analysis.
The image of the object is formed from the recorded acoustic
waves.

[0148] In addition, the presently described embodiments
may also include an electronic system in communication with
the focusing device, the one or more ultrasonic transducers, or
a combination thereof. In one embodiment, the electronic
system includes an XYZ or circular scanner or scanners, an
amplifier, a digitizer, a laser wavelength tuning electronics, a
computer, a processor, a display, a storage device, or combi-
nation thereof. One or more component of the electronic
system may be in communication remotely with the other
components of the electronic system, the apparatus, or both.

[0149] FIG. 21 shows a schematic of an exemplary focus-
ing assembly 2100 which uses the confocal photoacoustic
microscopy method. The light out of the dye laser is focused
by a condenser lens 2101 on a diaphragm (pinhole) 2102 for
spatial filtering. Sampling beam splitter 2110 is used to moni-
tor the laser output power through photo-detector 2111 and to
optically image the object surface through eyepiece or align-
ing optics 2112 for alignment. The light coming out of the
spatial filter is focused by microscope objective lens 2103
onto object 2113 through beam separating element 2106,
2107, 2109, and acoustic lens 2108. Correction lens 2105
placed on top of the beam separation element compensates
for the aberrations introduced by the prisms and the acoustic
lens. The distance between the pinhole and the objective lens
is approximately 400 millimeters (mm), which gives an opti-
cal focusing spot size of approximately 3.7 micrometers (um)
in diameter and a focal zone of approximately 200 um in
water. The laser pulse energy measured after the objective
lens is approximately 100 nanojoules (nJ). The beam separa-
tion element consists of an isosceles triangular prism 2106
with an apex angle of approximately 52.5° and a rhomboidal
52.5° prism 2107. Prisms 2106 and 2107 are adjoined along
the diagonal surfaces with a gap of approximately 0.1 mm in
between. Gap 2109 is filled with an optical refractive-index-
matching, low-acoustic-impedance, nonvolatile liquid such
as 1000 ¢St silicone oil, commercially available from Clearco
Products. The silicone oil and the glass have a good optical
refractive index match (glass: 1.5; silicone oil: 1.4) but a large
acoustic impedance mismatch (glass: 12.1x10% N-s/m?; sili-
cone oil: 0.95x10° N-s/m*). As a result, the silicone oil layer
is optically transparent but acted as an acoustic reflector. The
photoacoustic signal emitted by the target is transformed by
the acoustic lens 2108, having a radius of curvature of
approximately 5.2 mm, a diameter of approximately 6.35
mm, a NA of approximately 0.46 in water, and an ultrasonic
focal spot size of approximately 27 um, into a plane elastic
wave in rhomboidal prism 2107 and is then detected by the
high-frequency direct-contact ultrasonic transducer 2104
such as a model V2012-BC transducer, commercially avail-
able from Panametrics-NDT with a center frequency of
approximately 75 MHz, a bandwidth of approximately 80%,
and an active element diameter of approximately 6.35 mm.
Within the bandwidth of the ultrasonic transducer 2104, ultra-
sonic absorption in silicone oil is high enough to dampen
ultrasonic reverberations in the matching layer and thus mini-
mize interferences to the image.

[0150] FIG. 22 is a block diagram of a system 2200 based
on confocal photoacoustic microscopy, which is capable of
contour scanning and quantitative spectroscopic measure-
ment. The system includes a pulsed tunable laser 2201 includ-
ing a tunable laser pumped by a Q-switched laser, a focusing
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assembly 2202, one or more ultrasonic transducers 2204, and
an electronic system (not illustrated). The electronic system
includes data acquisition personal computer (PC) 2203,
motion controller 2209, first and second scanners 2207 and
2208, amplifier 2205, and data acquisition subsystem (DAQ)
2206, which includes a signal conditioner and a digitizer.
Focusing assembly 2202 receives one or more laser pulses
and focuses the one or more laser pulses into an area inside the
sample object 2210 so as to penetrate the tissue and illuminate
the region of interest. The one or more ultrasonic transducers
2204 are focused on the same the region of interest and
receive the acoustic or pressure waves induced in the region of
interest by the one or more laser pulses. The electronic system
records and processes the received acoustic or pressure
waves. The laser pulse generation, data acquisition, and
object scanning are synchronized with the pulses produced by
the motor controller at programmed locations of the laser
focus with respect to object 2210. As described above, the
focusing assembly 2202 includes an optical assembly of
lenses and/or mirrors that focuses one or more laser beams on
the object 2210 in such a way that the focal point of the optical
focusing device coincides with that of the one or more ultra-
sonic transducers 2204.

[0151] The focusing assembly 2202 is placed on an XYZ
translation stage to perform raster scanning along the object
surface with simultaneous adjustment of the sensor’s axial
position to compensate for the curvature of the object surface.
Other embodiments may use different ways of image forma-
tion, which include, but are not limited to, circular scanning,
sector scanning, optical scanning, electronic focusing using a
transducer array, and array-based image reconstruction. The
recorded pressure-wave time histories are displayed by the
computer 2203 versus the focusing assembly position to con-
struct a three dimensional image of the distribution of the
optical contrast within the tissue, i.e., a three dimensional
tomographic image of the object 2210.

[0152] System 2200 employs atunable dye laser 2201, such
as a model CBR-D laser, commercially available from Sirah,
pumped by a neodymium-doped yttrium lithium fluoride
(Nd:YLF) laser, such as the INNOSLARB laser, commercially
available from Edgewave, as the irradiation source. The laser
pulse duration is approximately 7 nanoseconds (ns) and the
pulse repetition rate, which is controlled by the external trig-
gering signal, is as high as approximately 2 kilohertz (kHz).
Inalternative embodiments, a plurality of sources of penetrat-
ing radiation, which may be confined to or concentrated in a
small volume within the object 2210, may be used. Such
sources include, but are not limited to, pulsed lasers, flash
lamps, other pulsed electromagnetic sources, particle beams,
or their intensity-modulated continuous-wave counterparts.
[0153] Theoneor more focused short laser pulses are deliv-
ered to an object 2210 (e.g., human or animal body, tissue or
organ) under investigation, where a small area of the object
2210 inside the focal area of the ultrasonic transducer 2204 is
illuminated. The laser wavelength is selected as a compro-
mise between the desired light penetration depth and the
contrast between the structures of interest and the surround-
ing medium. Light absorption by the internal structures
causes a transient temperature rise which, due to thermoelas-
tic expansion of the medium, produces elastic waves that may
travel through the medium.

[0154] High-frequency ultrasonic waves generated in tis-
sue by the laser pulse are recorded and analyzed by a PC 2203
to form a three-dimensional image. The shape and dimen-
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sions of the optical-contrast structures are generally deter-
mined from the temporal profile of the laser-induced ultra-
sonic waves and the position of the focusing assembly 2202.
Ordinarily, a raster scan by the focusing assembly 2202 is
used to form a three-dimensional image. However, a trans-
ducer array may be used to reduce the time of scanning and
the total light exposure. When the tissue under investigation is
an internal organ, the optical fiber and ultrasonic transducer
2204 may be incorporated in an endoscope and positioned
inside the body. The following examples will be provided for
the purpose of illustrating various embodiments of the inven-
tion and are not meant to limit the present invention in any
fashion.

[0155] As illustrated in FIGS. 23, 24, 25, and 26, the pres-
ently described embodiments provide an optical resolution
confocal microscopic photoacoustic imaging technology to
image biological tissues in vivo. The exemplary embodiment
has a lateral resolution as high as approximately 5 um and a
maximum imaging depth of approximately 0.7 mm. In alter-
native embodiments, the image resolution may be further
improved by increasing the frequency of the ultrasonic trans-
ducer and the numerical aperture of the optical objective lens
perhaps at the cost of imaging depth. The photoacoustic
images shown in FIGS. 32,33, 34, 35, and 36 were obtained
with minimal signal averaging and, therefore, could be fur-
ther improved by averaging, at the expense of data acquisition
time, in another embodiment of the invention. The current
imaging speed is limited by the pulse repetition rate of the
laser. Because lasers with pulse repetition rates of up to 100
KHz are now available, other embodiments involve faster
photoacoustic imaging, which can reduce motion artifacts,
and extensive signal averaging.

[0156] The presently described embodiments include any
realization of light focusing using any kind of mirrors, lenses,
fibers, and diaphragms that may produce well focused (pref-
erably diffraction-limited) illumination confined to the focal
area of the focused ultrasonic transducer. The presently
described embodiments also cover any confocal photoacous-
tic techniques with any light delivery and detection arrange-
ments in which the lateral resolution is defined by the focus-
ing of the incident radiation rather than the acoustic detection
unit.

[0157] One or more of the following embodiments may be
used to implement laser focusing for the purpose described
herein: (1) an optical microscope objective lens that focuses a
well-collimated single-mode laser beam into a nearly diffrac-
tion-limited point, (2) an objective lens that forms an image of
asmall pinhole on the region of interest, (3) a focusing system
in which a single-mode optical fiber is used instead of pin-
hole, (4) a focusing system in which an oscillating mirror
scans the optical focus rapidly within the larger focal area of
the ultrasonic transducer. The following embodiments, and
further alternative embodiments, may also be used to imple-
ment laser focusing for further, undescribed purposes. Vari-
ous examples of the focusing assembly will now be described
in reference to FIGS. 23, 24, 25, 26, 27, 28, 29, and 30,
wherein the focusing assembly includes, for example, an
optical focusing device, and one or more ultrasonic transduc-
ers in the piezoelectric, optical, or another form.

[0158] FIG. 23 is a diagram of a focusing assembly 2300 of
imaging system 2200 (shown in FIG. 22). A custom-made
cubic beam splitter or right-angle prism 2304 with a sub-
micron reflective aluminum coating layer 2306 sandwiched
between the two prisms is used to couple the optical and
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ultrasonic radiations. A pair of optical objective lenses 2301
focuses the laser light from the single-mode optical fiber 2307
onto the region of interest inside the object 2311, where metal
coating 2306 is used to reflect the optical beam. A sampling
beam splitter 2308 is placed between the objective lenses
2301 to monitor the laser output power with a photo-detector
2309 and to view the object surface for alignment with an
eyepiece or aligning optics 2310. Ultrasonic radiation emitted
by the object 2311 passes through an acoustic lens 2305, the
aluminum optical reflector 2306, and reaches an ultrasonic
transducer 2302.

[0159] FIG. 24 is adiagram of a focusing assembly 2400 of
imaging system 2200 (shown in FIG. 22). A laser pulse from
a pulse laser is focused by a condenser lens 2401 on a dia-
phragm 2402 for spatial filtering. The light coming out of the
spatial filter 2402 is reflected by an oscillating mirror 2410,
which performs fast optical scanning within the wider focal
area of an ultrasonic transducer 2404. The laser beam is
focused into an object by a microscope objective lens 2403
through a beam splitting element 2406, 2407, 2409 and an
acoustic lens 2408. A thin plano-convex optical lens 2405 is
placed on top of the beam splitting element 2406, 2407, 2409
to compensate for the aberrations introduced by the prisms
2406 and 2407 and the acoustic lens 2408. The beam splitting
element 2406, 2407, and 2409 consists of an isosceles trian-
gular prism 2406 with an apex angle of 52.5° and a rhomboi-
dal 52.5° prism 2407. Prisms 2406 and 2407 are adjoined
along the diagonal surfaces but are separated by a thin layer of
refractive-index-matching, low-acoustic-impedance, and
nonvolatile liquid, such as a low-molecular-weight silicone
oil 2409. The photoacoustic signal emitted by the object is
transformed by the acoustic lens 2408 into a plane elastic
wave in rhomboidal prism 2407. Ultrasonic reflection from
the boundary of silicone oil 2409 converts at least 98% of the
energy of the incident longitudinal wave into that of a shear
wave, which is transformed back into a longitudinal wave on
the free surface of rhomboidal prism 2407 and then detected
by high-frequency direct-contact ultrasonic transducer 2404.
Because the acoustic focus is generally several times wider
than the optical focus, taking advantage of fast optical scan-
ning in this embodiment may significantly decrease the image
acquisition time.

[0160] FIG. 25 is adiagram of a focusing assembly 2500 of
imaging system 2200 (shown in FIG. 22). An optical objec-
tive lens 2502 focuses the output aperture of a single-mode
optical fiber 2501 into the object through the optically clear
slit window in a one-dimensional ultrasonic array transducer
2504 placed on an optically transparent substrate 2505. Sub-
strate 2505 serves as a wave-guide for acoustic waves and
may have a cylindrical focus acoustic lens on its outer surface.
The light coming out of the spatial filter is reflected by an
oscillating mirror 2503, which performs fast optical scan-
ning. Ultrasonic radiation emitted by the object is collected
by ultrasonic transducer array 4. A multiple-element piezo-
electric transducer array 2504 may accelerate the image
acquisition time in one dimension owing to the electronic
focusing of the transducer array 2504. The acoustic focus
provided by assembly 2500 follows the focal position of the
laser beam without mechanically scanning the ultrasonic
transducer 2504 over the object. Three-dimensional images
may be acquired by mechanically translating the focusing
assembly perpendicularly to the slit.

[0161] FIG. 26 is adiagram of a focusing assembly 2600 of
imaging system 2200 (shown in FIG. 22). The light output
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from a single-mode optical fiber 2601 is reflected by a mirror
scanner 2602, collimated by an optical objective or excitation
lens 2603, passed through a dichroic mirror 2604, and then
focused by another objective lens 2605 on a region of interest
through a Fabry-Perot etalon 2606, which is acoustically
coupled to the object. Mirror scanner 2602 performs rapid 2D
raster scanning of the object by sweeping the excitation laser
beam. The photoacoustic wave from the object causes a tran-
sient strain distribution in Fabry-Perot etalon 2606, which
shifts its resonance wavelengths. Another laser (probing
laser) 2609 working at a different optical wavelength scans
over Fabry-Perot etalon 2606 through a second mirror scan-
ner 2608, a second objective lens 2607, and dichroic mirror
2604 to read the strain distribution in Fabry-Perot etalon
2606. The strain is then converted into the photoacoustic
pressure distribution. In the exemplary embodiment, no
mechanical scanning is necessary to form a 3D image of the
object.

[0162] FIG. 27 is a diagram of a focusing assembly 2700 of
imaging system 2200 (shown in FIG. 22). An optical objec-
tive lens 2704 focuses the output aperture of a single-mode
optical fiber 2701 into aregion of interest inan object to excite
photoacoustic waves. A 2D mirror scanner 2703 is introduced
in the optical path to perform 2D scanning of the object. A
phase-sensitive optical coherence tomography (OCT) system
2705 working at a different optical wavelength is focused on
the same region of interest by the optical objective lens 2704
and 2D mirror scanner 2703. The two light beams of different
wavelengths are coupled by a dichroic mirror 2702. The
phase-sensitive OCT system measures, within the optical
focal spot inside the object, the photothermal effect due to
absorption of the laser pulse. The photothermal effect in the
object is measured before pressure waves propagate to the
surface of the object. In the exemplary embodiment, focusing
assembly 2700 forms a 3D image without translating the
objective lens 2704 and does not require direct contact with
the object. Correspondingly, it may be potentially very fast
and may be used where non-contact imaging is preferred.

[0163] FIG. 28 is a diagram of an alternative embodiment
of the focusing assembly 2800 suitable for hand-held opera-
tion. An optical objective lens 2804 images the aperture of a
single-mode optical fiber 2801 onto the region of interest in
the object through an optically clear window 2811 in a spheri-
cally focused ultrasonic transducer 2805. A sampling beam
splitter 2802 reflects a small portion of the incident light to
monitor the laser output power with a photo-detector 2803.
The ultrasonic radiation emitted by the object is received by
the ultrasonic transducer 2805. The photoacoustic assembly
is mounted on a pendulum 2806, which is attached to a frame
2808 through a flexible mount, such as a flat spring 2807. The
frame 2808 is water-tight and contains optically transparent
acoustic coupling fluid, such as water, for light delivery and
acoustic coupling. Moved by an actuator 2809, pendulum
2806 may perform sector scanning of the object rapidly. A
position sensor 2810 monitors the position of the optical
focus and is used to synchronize the pulse laser so that image
distortion due to varying scanning velocity is minimized.

[0164] FIG. 29 is a diagram of another alternative embodi-
ment of a focusing assembly 2900 suitable for applications
inside body cavities such as inter-vascular imaging. A laser
pulse delivered by a single-mode fiber 2901 is focused on the
region of interest in the object by an optical lens assembly
2904 through an optically clear window 2907 in a spherically
focused ultrasonic transducer 2906. Ultrasonic transducer
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2906 together with a right-angled prism 2905 is connected to
a flexible shaft 2902 located inside a catheter 2903. Optically
and acoustically transparent circular window 2907 allows the
optical beam and ultrasonic radiation to pass freely to and
from the object. Photoacoustic images are formed by rotating
the shaft 2902 with respect to the axis of the catheter 2903 and
axially translating the catheter 2903.

[0165] FIG. 30 is a block diagram of another alternative
embodiment of a focusing assembly 3000 which uses the
confocal photoacoustic microscopy method simultaneously
with optical confocal microscopy. The light coming out of the
pulsed laser is focused by a condenser lens 3001 on a dia-
phragm (pinhole) 3002 for spatial filtering. A dichroic beam
splitter or mirror 3010 is used to monitor the laser output
power with a photo-detector 3011 and to form an optical
fluorescence confocal image of the object 3016. The optical
fluorescence confocal imaging portion consists of a pinhole,
or diaphragm, 3012, a focusing system or lens 3013, a low
pass optical filter 3015, and a photo-detector (such as a pho-
tomultiplier) 3014. The light coming out of the spatial filter
3002 1s focused by a microscope objective lens 3003 on the
object 3016 through a beam splitting element. The beam
splitting element consists of an isosceles triangular prism
3006 with an apex angle of 52.5° and a rhomboidal 52.5°
prism 3007. Prisms 3006 and 3007 are adjoined along the
diagonal surfaces with a gap in between 3009. Gap 3009 is
filled with refractive-index-matching, low-acoustic-imped-
ance, nonvolatile liquid. A correction lens 3005 is placed on
top of the beam splitting element to compensate for aberra-
tions introduced by the prisms 3006 and 3007, and the acous-
tic lens 3008. The photoacoustic signal emitted by the object
3016 is transformed by an acoustic lens 3008 into a plane
elastic wave in thomboidal prism 3007. Ultrasonic reflection
from the boundary of the prism 3007 converts the incident
longitudinal elastic wave into a shear wave. The shear wave
propagates toward the free surface of the rhomboidal prism
3007, where it is transformed back into a longitudinal wave
and detected by a high-frequency direct-contact ultrasonic
transducer 3004 for image formation and spectral measure-
ments of the target 3016.

[0166] The fusion of the optical confocal microscopy and
photoacoustic microscopy provides complementary informa-
tion about the object. One feature is the quantitative measure-
ment of the optical absorption spectrum of the object by
simultaneously using the fluorescence signal from the optical
confocal microscope and the photoacoustic signal from the
photoacoustic microscope. The quantitative measurement of
the optical absorption spectrum of the object requires knowl-
edge of the spectral variation of the excitation optical fluence
at the focus, which may be measured using the fluorescent
signals as illustrated below.

[0167] In the exemplary embodiment, two excitation opti-
cal wavelengths are used. If a fluorescence dye is present, the
detected fluorescence signal V(A.A,) at the i excitation
wavelength A, and the emission wavelength A, is a product of
the unknown local excitation optical fluence F(A.,), the con-
centration of dye C, the known molar optical absorption coef-
ficient of the dye € (A.,), the quantum yield of the dye Q, and
the fluorescence detection sensitivity S{A,,,). For i=1 and 2,
the following ratio in Eqn. (3) is present:
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Egn. (3)

[0168] Therefore, the local excitation optical fluence ratio
may be recovered as in Eqn. (4):

Fa) Vil dw) [ er(dn)
Fa) ~ Vi, Ay [ x)

Eqn. 4)

[0169] Similarly, the detected photoacoustic signal V,,
(M) 1s aproduct of the local excitation optical fluence F(%. ),
the optical absorption coefficient of dominantly absorbing
hemoglobin p,,(A,,), and the acoustic detection sensitivity
Sa. Assuming that the hemoglobin absorbs much more than
the fluorescent dye, the following ratio in Eqn. (5) is devel-
oped:

Voalhet, Am) — pran (e JF(Ap) Eqn. (5)

Va2, An) — pan(Xi)F(A0)”

[0170] From theabove two equations, the ratio of the hemo-
globin absorption coefficient may be recovered as in Eqn. (6):
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Eqn. (6)

[0171] This ratio may be used to quantify the oxygen satu-
ration of hemoglobin and the relative total concentration of
hemoglobin. Of course, this example merely illustrates the
principle, which may be extended to the measurement of
other optical absorbers using two or more excitation optical
wavelengths.

[0172] The presently described embodiments may be used
to estimate oxygen metabolism in tissues and organs, by
combining measurements of blood flow and oxygenation into
and out of regions of interest. Oxygen metabolic rate (MRO,)
is the amount of oxygen consumed in a given tissue region per
unit time per 100 grams (g) of tissue or of the organ of interest.
Since in typical physiological conditions, hemoglobin is the
dominant carrier of oxygen, the key measure of blood oxy-
genation is oxygen saturation of hemoglobin (sO,), as
expressed in Eqn. (1) from above.

[0173] Exemplary advantages of photoacoustic micros-
copy over traditional optical and ultrasonic imaging include
the detection of endogenous optical absorption contrast at
ultrasonic resolution. In photoacoustic microscopy, a pulsed
laser beam is focused into the biological tissue to produce
emission of ultrasonic waves due to the photoacoustic effect.
The short-wavelength pulsed ultrasonic waves are then
detected with a focused ultrasonic transducer to form high-
resolution tomographic images. Among the existing photoa-
coustic imaging technologies, the spatial resolutions depend
almost solely on the ultrasonic parameters including the cen-
ter frequency, bandwidth, and numerical aperture (NA). For
example, using dark-field confocal PAM, a lateral resolution
of approximately 50 um has been achieved with a center
frequency of approximately 50 megahertz (MHz) and an NA
of approximately 0.44. This resolution from prior systems is
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inadequate to resolve smaller structures such as capillaries
between approximately 3 um and approximately 7 um in
diameter with endogenous optical absorption contrast.
Aspects of the invention provide improved spatial resolution.

[0174] If such an improvement is achieved by increasing
the ultrasonic focusing capability, an approximately 5-pum
lateral resolution requires an ultrasonic center frequency
greater than 300 MHz. At such a high frequency, unfortu-
nately, the ultrasonic attenuation, which is approximately 400
um™ in water and 100 um™" in tissue, limits the penetration
depth to approximately 100 um. An alternative is to use fine
optical focusing to provide the lateral resolution while ultra-
sonic temporal detection provides axial resolution. Such an
alternative, called OR-PAM, is primarily sensitive to optical
absorption contrast, whereas conventional reflection-mode
optical confocal microscopy is dominantly sensitive to scat-
tering or fluorescence.

[0175] FIG. 31 is a schematic of another exemplary
embodiment 3100 of the OR-PAM imaging system. In this
embodiment, the system employs nearly diffraction limited
optical focusing with bright field optical illumination to
achieve pm-level lateral resolution. A dye laser 3101, such as
a CBR-D laser commercially available from Sirah, pumped
by an Nd:YLF pump laser 3102 is used as the irradiation
source. The laser pulse duration is approximately 5 ns and the
pulse repetition rate, controlled by an external trigger 3103, is
as high as 2 kHz. The light from the dye laser 3101 is attenu-
ated by one thousand times, passed through a spatial filter
3104, such as a 25 um pinhole, commercially available as
P250S from Thorlabs, and then focused by a microscope
objective lens 3105, such as a RMS4x lens available from
Thorlabs and including a NA of approximately 0.1, a focal
length of approximately 45 mm, and a working distance of
approximately 22 mm. The distance between the pinhole
3104 and the objective lens 3105 is approximately 400 mm.
The input aperture of the microscope objective 3105 is
approximately 0.8 times the diameter of the Airy disk of the
spatial filter 3104. As a result, the diffraction-limited focus of
the objective 3105 in water is approximately 3.7 pm in diam-
eter and approximately 200 um in focal zone. The laser pulse
energy after the objective lens 3105 measures approximately
100 n]. Anoptional beam splitter 3106 is located between the
pinhole 3104 and the objective lens 3105 to facilitate focus
adjustment and system alignment. Two right-angled prisms
3107 and 3108, the NT32-545 prism available from Edmund
Optics, for example, form a cube with a gap 3109 of approxi-
mately 0.1 mm between the hypotenuses. The gap 3109 is
filled with silicone oil. As described above, the silicone oil
and the glass have a good optical refractive index match but a
large acoustic impedance mismatch. As a result, this silicone
oil layer is optically transparent but acoustically reflecting.
An ultrasonic transducer 3110, such as a V2012-BC trans-
ducer available from Panametrics-NDT, with a center fre-
quency of 75 MHz, a bandwidth of 80%, and an active-
element diameter of 6.35 mm, is attached to a cathetus of the
bottom prism 3108 as shownin F1G. 31. A plano-concave lens
3112 with an approximately 5.2 mm radius of curvature and
an approximately 6.35 mm aperture is attached to the bottom
of the cube to function as an acoustic lens, which has an NA
of approximately 0.46 in water and a focal diameter of
approximately 27 pm. Of course, this lens 3112 also functions
as a negative optical lens, which is compensated for by a
correcting positive optical lens 3111 placed on top of the
cube.
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[0176] The photoacoustic signal detected by the ultrasonic
transducer 3110 is amplified by approximately 48 dB using,
for example, two ZFL 500LN amplifiers 3113 commercially
available from Mini-Circuits, then digitized by a 14-bit digi-
tal acquisition board 3114 using, for example, a CompuScope
12400 from Gage Applied Sciences. A raster scanning is
controlled by a separate PC 3115, which triggers both the
data-acquisition PC 3114 and the pump laser 3102. The trig-
ger signal 3103 is synchronized with the clock-out signal
3116 from the digital acquisition board 3114.

[0177] Anacoustic lens 3112 is immersed in water inside a
heated container 3117. A window is opened at the bottom of
the container 3117 and sealed with an ultrasonically and
optically transparent 25-um thick polyethylene membrane
3118. The animal 3119 is placed under the water tank with the
region of interest (ROI) exposed below the window 3118.
Ultrasonic gel, such as Clear Image, available from Sono-
Tech, is applied to the ROI for acoustic coupling. For sim-
plicity, the raster scanning is implemented by translating the
water tank 3117 and the animal 3119 together along the
horizontal (x-y) plane. One-dimensional (1D) photoacoustic
signal (A-line) at each horizontal location is recorded for 1 ps
at a sampling rate of 200 MS/s. A volumetric photoacoustic
imageis formed by combining the time-resolved photoacous-
tic signals and may be viewed in direct volumetric rendering,
cross-sectional (B-scan) images, or maximum amplitude pro-
jection (MAP) images.

[0178] FIGS.32A,32B, and 32C are images representing a
lateral resolution measurement by the imaging system. FIG.
32A is a MAP image of an Air Force resolution test target,
FIG. 32B is a magnified image of the region within the dashed
box of FIG. 324, and FIG. 32C is a MAP image of a 6-um-
diameter carbon fiber. The lateral resolution of the OR-PAM
system was experimentally measured by imaging an Air
Force resolution test target immersed in clear liquid. Images
were acquired at the optical wavelength of approximately 590
nm and no signal averaging was performed during data acqui-
sition. In FIGS. 32A and 32B, the highlighted well-resolved
bars, shown as group 6, element 5, have gaps of approxi-
mately 4.9 um, a spatial frequency of approximately 102
mm™, and a modulation transfer function value of 0.65.
Other pairs of spatial frequency and modulation transfer
function values include, for example, a 64 mm™ spatial fre-
quency with a 0.95 modulation transfer function value, and an
80 mm™" spatial frequency with a 0.8 modulation transfer
fanction value. Nonlinearly fitting of the modulation transfer
function yields a lateral resolution of approximately 5 pm,
which is 30% greater than the diffraction limit of 3.7 pm. As
an illustration of the lateral resolution, an MAP image of a
6-um-diameter carbon fiber immersed in water is shown in
FIG. 32C. The mean full-width-at-half-maximum (FWHM)
value of the imaged fiber is approximately 9.8 um, which is
3.8 um wider than the fiber diameter and hence in agreement
with the ~5 pm resolution. The axial resolution was estimated
to be approximately 15 um based on the measured transducer
bandwidth, approximately 100 MHz in receiving-only mode,
and the speed of sound in tissue, approximately 1.5 mm/us. In
tissue, both the lateral and the axial resolutions deteriorate
with imaging depth because of optical scattering and fre-
quency-dependent acoustic attenuation, respectively.

[0179] FIGS.33A and 33B are images representing a mea-
surement of the imaging depth by the imaging system. FIG.
33A is a MAP image of two horse hairs placed above and
below a piece of rat skin acquired with the OR-PAM system.
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FIG. 33B is a B-scan image at the location marked by the
dashed line in FIG. 33A. The imaging depth of this system
was measured by imaging two horse hairs with a diameter of
approximately 200 um placed above and below a piece of
freshly harvested rat scalp. A photoacoustic image was
acquired with 32 times signal averaging at the optical wave-
length of 630 nm. Both hairs are clearly visible, where the
bottom hair shows a weaker photoacoustic signal because of
both optical and acoustic attenuation in the skin. The B-scan
image shows that the bottom hair is 700 um deep in the tissue.
Therefore, the maximum imaging depth is at least 700 um.

[0180] The microvessels in the ear of a nude mouse were
imaged in vivo by this OR-PAM at the optical wavelength of
570 nm. Nude mouse ears having a thickness of approxi-
mately 300 um have well-developed vasculature and have
been widely used to study tumor angiogenesis and other
microvascular diseases. During image acquisition, the animal
was kept motionless using a breathing anesthesia system and
was kept warm using an infrared lamp. Unlike studies pub-
lished elsewhere, no optical clearing agent was applied to the
skin surface. Anarea of 1 mm?® was scanned with a step size of
approximately 1.25 um. For each pixel, 16 (i.c., 4 by 4)
neighboring A-lines were averaged to increase the signal-to-
noise ratio (SNR). The scanning time for a complete volu-
metric dataset was approximately 18 minutes. After data
acquisition, the animal recovered naturally without observ-
able laser damage.

[0181] FIGS. 34A and 34B are photoacoustic images of a
microvasculature by the imaging system. FIG. 34C is a pho-
tograph of the microvasculature of FIGS. 34A and 34B, taken
from a transmission microscope. More specifically, FIG. 34A
is an in vivo photoacoustic image of microvasculature in a
nude mouse ear, FIG. 34B is a 3D visualization of the volu-
metric photoacoustic data with pseudocolor, and F1G. 34C is
a photograph taken with trans-illumination optical micros-
copy. InFIGS. 34A, 34B, and 34C, the area denoted as Cis a
capillary, the area denoted as CB is a capillary bed, and the
area denoted as SG is a sebaceous gland. The photoacoustic
image of the microvasculature (FIGS. 34A and 34B) agrees
with the photograph (FIG. 34C) taken from a transmission
microscope with a 4x magnification. However, capillaries are
imaged by only the OR-PAM system described above. The
mean ratio of the photoacoustic amplitudes between the
blood vessels and the background is 20:1, which demon-
strates a high endogenous optical-absorption-based imaging
contrast. Some vessels, e.g. the vessel labeled with C in FIG.
34A, only occupy a single pixel, which presumably indicates
a capillary with a diameter of approximately 5 um. A volu-
metric rendering of the photoacoustic data (FIG. 34B) shows
the three-dimensional connectivity of the blood vessels. Par-
allel arteriole-venule pairs and their branching are clearly
observed. The diameter and the morphological pattern of the
vessel within the dashed-box in both FIGS. 34A and 34B
suggest that these microvessels belong to a capillary bed.
Therefore, OR-PAM, as described above, is able to image
capillaries in vivo with endogenous optical absorption con-
trast due to hemoglobin. In addition, sebaceous glands may
also be imaged at the same time.

[0182] FIGS. 35A and 35B are MAP images acquired
before and after a high-intensity laser treatment. FIG. 35A is
an in vivo photoacoustic image of laser-induced vessel
destruction in a Swiss Webster mouse ear before a laser treat-
ment. FIG. 35B is an in vivo photoacoustic image after the
laser treatment. In FIGS. 35A and 35B, the area denoted as T
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is the laser treated area, the area denoted as W is widened
blood vessels, and the area denoted as H is a possible hemor-
rhage. To further demonstrate the potential of OR-PAM, the
high-intensity laser destruction of microvessels in the ear of a
Swiss Webster mouse were imaged. This type of destruction
is clinically used to remove port wine stains in humans. FIGS.
35A and 35B show the MAP images acquired before and after
the high-intensity laser treatment. After the healthy vascula-
ture was imaged by the OR-PAM system (shown in FIG.
35A), the center region measuring approximately 0.25x0.25
mm? was treated by high-intensity laser pulses having a peak
optical fluence of approximately 10 J/cm? scanned with the
step size of approximately 1.25 pm. For the high-intensity
illumination, the attenuator and the pin hole were removed
from the light path. A second image (shown in FIG. 35B) was
acquired 15 minutes after the laser treatment. Disruption of
the vessels within the treated region was clearly observed in
the dashed box. Further, the destruction of the blood vessels
dilated several neighboring vessels and produced possibly
hemorrhage.

[0183] FIG. 36A is an in vivo photoacoustic image of a
capillary bed in a mouse ear, captured using the OR-PAM
imaging system with a focusing depth of approximately 50
wm. FIG. 36B is an in vivo photoacoustic image of multiple
levels of blood vessel bifurcations in a mouse ear, captured
using the OR-PAM imaging systems with a focusing depths
of approximately 150 um.

[0184] The embodiments described herein use (1) optical
focusing to achieve high lateral resolution, (2) time-resolved
detection of laser-induced pressure waves to obtain high axial
resolution, and/or (3) confocal arrangement between the opti-
cal excitation and ultrasonic receiving foci to achieve high
sensitivity. In alternative embodiments, the focused ultra-
sonic receiving may be replaced with optical sensing of the
photothermal effect directly inside the object. Three-dimen-
sional images of the distribution of optical contrast within a
sampling volume are acquired.

[0185] In an existing system, an intensity-modulated con-
tinuous-wave beam of radiation is combined with the detec-
tion of the magnitude of the photoacoustic signal. In the
embodiments described herein, short pulsed excitation is
combined with time-resolved detection of the photoacoustic
signal, which has the advantage of time-of-flight based axial
resolution. Therefore, the presently described embodiments
provide, for example, (a) enhanced axial resolution, (b) 3D
imaging of optical contrast from a 2D raster scan, and (c)
minimal image artifacts due to the interference of photoa-
coustic waves from various targets within the light illumina-
tion volume, in contrast to the existing system.

[0186] Another existing system uses focused light to pro-
duce thermal expansion and uses optical detection, based on
the thermal lens effect, or an ultrasonic detector to monitor the
resulting pressure/density transients. Such a system lacks
axial resolution. In addition, the lateral resolution of such a
system is determined by the detector rather than the excitation
optics. Utilization of the thermal lens effect in such a system
requires transmission illumination in an optically clear
medium, which limits the applications of the technology.
Moreover, in using an unfocused ultrasonic transducer and an
unfocused ultrasonic detector, the excitation beam has a large
separation, which affects the detection sensitivity. The fre-
quency mismatch between the central frequency of the pho-
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toacoustic waves (>100 MHz) and the central frequency of
the ultrasonic transducer (<10 MHz) also limits the SNR of
such a system.

[0187] Another existing system uses laser excitation in a
coaxial arrangement with a focused ultrasonic detection.
However, the laser beam used in such a system is not focused.
In fact, the laser beam is divergent because the positive acous-
tic lens functions as a negative optical lens. The negative
optical lens actually broadens the optical beam. More impot-
tantly, such a system neither achieves nor claims optically
defined lateral resolution, which is a key feature in the pres-
ently described embodiments.

[0188] The ability to image microstructures such as the
micro-vascular network in the skin or brain cortex and moni-
tor physiological functions of tissue is invaluable. One of the
promising technologies for accomplishing this objective is
photoacoustic microscopy. Current high-resolution optical
imaging techniques, such as optical coherence tomography,
can image up to approximately one transport mean free path
of between 1 to 2 mm into biological tissues. However, such
techniques are sensitive to the backscattering that is related to
tissue morphology, and are insensitive to the optical absorp-
tion that is related to important biochemical information.
Other known techniques such as confocal microscopy and
multi-photon microscopy have even more restrictive penetra-
tion depth limitation and often involve the introduction of
exogenous dyes, which with a few notable exceptions have
relatively high toxicity. Acoustic microscopic imaging and
spectroscopy systems are sensitive to acoustic impedance
variations, which have little functional information about bio-
logical tissue and have low contrast in soft tissue. Other
imaging techniques such as diffuse optical tomography or
thermal wave microscopy have low depth to resolution ratio.
Photoacoustic imaging as in embodiments of the invention
provides high optical-absorption contrast while maintaining
high penetration depth and high ultrasonic resolution. More-
over, because photoacoustic wave magnitude is, within cer-
tain bounds, linearly proportional to the optical contrast, opti-
cal spectral measurement can be performed to gain
functional, i.e., physiological, information such as the local
blood oxygenation level. However, increasing the resolution
power beyond several tens of micrometers meets serious chal-
lenges. At ultrasonic frequencies required to achieve such
resolution, which is above approximately 100 MHz, ultra-
sonic absorption in tissue gradually becomes proportional to
the square of the ultrasonic frequency. Consequently, a reso-
lution of several micrometers will have penetration depth of a
few tens of micrometers that is much less than the penetration
depth of other optical imaging techniques such as confocal
microscopy. Embodiments of the present invention overcome
the resolution limitation by using optical focusing to achieve
high lateral resolution and ultrasonic detection to achieve
axial resolution.

[0189] Although imaging of photothermal treatment of
microvessels itself is biomedically significant, the capability
of OR-PAM to image physiological and pathological changes
in capillaries has broader applications. Other possible appli-
cations include imaging of vasodilation and vasoconstriction
in stroke models, tumor angiogenesis, and tumor extravasa-
tions. Mouse ears were chosen as the initial organ to test
OR-PAM because transmission optical microscopy could be
used to validate the photoacoustic images. Since OR-PAM
operates in reflection mode, it may be applied to many other
anatomical sites.
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[0190] Several alternative embodiments are possible. First,
photoacoustic images may be acquired by scanning the opti-
cal-acoustic dual foci instead of the sample and the transducer
container. Second, it is possible to scan only the optical focus
within the acoustic focusing area to reduce the image acqui-
sition time significantly. Third, by varying the excitation opti-
cal wavelength, physiological parameters such as hemoglo-
bin oxygen saturation and blood volume may be quantified
for in vivo functional imaging using endogenous contrast.
Similarly, targeted exogenous contrast agents such as
indocyanine green (ICG) and nanoparticles may be quantified
for in vivo molecular imaging. Fourth, the acoustic coupling
cube may be made to transmit photoacoustic waves ten times
more efficiently without transformation from p-waves into
sv-waves so0 that the SNR may be improved. Acoustic antire-
flection coating on the lens should further increase the SNR
by approximately 10 dB.

[0191] When the optical focus is 100 um below the tissue
surface, the surface optical fluence is close to the ANSI safety
limit of 20 mJ/em? in the visible spectral region. Although the
ANSI standards regulate only the surface fluence, the spatial
peak optical fluence is calculated at the focus in water, which
is approximately 500 mJ/cm?. This focal fluence is still less
than the experimentally observed damage threshold in live
tissue. After the aforementioned improvements are imple-
mented, the optical fluence may be reduced without affecting
the SNR.

[0192] It will be understood that particular embodiments
described herein are shown by way of illustration and not as
limitations of the invention. The principal features in embodi-
ments of this invention may be employed in various embodi-
ments without departing from the scope of the invention.
Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, numMerous
equivalents to the procedures described herein. Such equiva-
lents are considered to be within the scope of this invention
and are covered by the claims.

[0193] All of the compositions and/or methods disclosed
and claimed herein may be made and executed without undue
experimentation in light of the present disclosure. While
embodiments of this invention have been described in terms
of preferred embodiments, it will be apparent to those of skill
in the art that variations may be applied to the compositions
and/or methods and in the steps or in the sequence of steps of
the method described herein without departing from the con-
cept, spirit, and scope of the invention. All such similar sub-
stitutes and modifications apparent to those skilled in the art
are deemed to be within the spirit, scope and concept of the
invention as defined by the appended claims.

[0194] It will be understood by those of skill in the art that
information and signals may be represented using any of a
variety of different technologies and techniques (e.g., data,
instructions, commands, information, signals, bits, symbols,
and chips may be represented by voltages, currents, electro-
magnetic waves, magnetic fields or particles, optical fields or
particles, or any combination thereof). Likewise, the various
illustrative logical blocks, modules, circuits, and algorithm
steps described herein may be implemented as electronic
hardware, computer software, or combinations of both,
depending on the application and functionality. Moreover, the
various logical blocks, modules, and circuits described herein
may be implemented or performed with a general purpose
processor (e.g., microprocessor, conventional processor, con-
troller, microcontroller, state machine, and/or combination of
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computing devices), a digital signal processor (“DSP”), an
application specific integrated circuit (“ASIC”), a field pro-
grammable gate array (“FPGA”™), or other programmable
logic device, discrete gate or transistor logic, discrete hard-
ware components, or any combination thereof designed to
perform the functions described herein. Similarly, steps of a
method or process described herein may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known in the art. Although embodiments of the
present invention have been described in detail, it will be
understood by those skilled in the art that various modifica-
tions may be made therein without departing from the spirit
and scope of the invention as set forth in the appended claims.
[0195] This written description uses examples to disclose
the invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not differ from the literal language
of the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of
the claims.

EXAMPLES

[0196] The following examples illustrate various aspects of
the disclosure.

Example 1

Quantitative Measurement of Oxygen Release from
Single Red Blood Cells In Vivo

[0197] To demonstrate the measurement of oxygen release
from individual RBCs in vivo, the following experiment was
conducted. Using a device similar to the single-RBC photoa-
coustic flowoxigraphy (FOG) device described in FIG. 14, a
set of B-scan images were acquired at varied time points,
shown in FIG. 15A were obtained to record real-time oxygen
delivery as single RBCs flowed from the left to the right side
ofthe field of view. The oxygen release from single RBCs was
clearly imaged cell by cell. Taking advantage of the ultra-
short wavelength switching time, fast scanning speed, and
high spatial resolution, Cyy, 8O,, V50,, V4., and MRO, can
simultaneously be quantified from images of single RBCs, as
shown in FIG. 15B. By operating a 532-nm single-wave-
length laser at a 20-kHz pulse repetition rate, three-dimen-
sional imaging of flowing single RBCs with a 20-Hz rate may
be achieved. Other rates may be used.

[0198] The ears of nude mice (Hsd:Athymic Nude-Fox-
INU, Harlan Co., 4-6 weeks old, 20-25 g of weight) and the
brains of white mice (Hsd:ND4 Swiss Webster, Harlan Co.,
four to six weeks old, 20-25 g of weight) were imaged for all
in vivo studies. During imaging, mice were placed on top of
a 37° C. heating pad, secured with a head holder, and anaes-
thetized with isoflurane (Isothesia, Isoflurane USP, Buttler
Animal Health Supply). Ultrasound gel was applied between
the imaging areas and the water tank. After the ear imaging
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experiments, the mice naturally recovered. Brain imaging
experiments were studied through a small craniotomy. After
the brain imaging experiments, the mice were sacrificed via
cervical dislocation under deep anesthesia. The laser pulse
energy used for the brain imaging was 40-50 nJ usually, and
up to 100 nJ when deep RBCs were imaged. To offset skin
attenuation, 80 nJ was used when the mouse ear was imaged.
Note that the current experimental setup can image capillary
segments within a small angle (<10°) from the voice-coil
scanning axis (x-axis). For capillaries outside the angular
range, either the scanner or the animal was rotated to reduce
the angle.

Example 2

Oxygen Delivery Regulated by V ,,, and sO, Under
Normoxia

[0199] Inorder to study the mechanisms that regulate oxy-
gen delivery, single RBCs in mouse brain capillaries were
imaged at a 20-Hz B-scan rate while the mice were breathing
air mixed with isoflurane using a device similar to the device
used in Ex. 1. Even under normoxia, oxygen delivery fluctu-
ates within a range. The imaged capillaries were 60-150 um
deep from the top surface of the brain cortex, and had seg-
ments 0f 30-60 pm in length within the B-scan window. More
than 6000 B-scan images at each wavelength were acquired.
Multiple functional parameters from the single RBC images
were simultaneously calculated and averaged every 20
B-scans.

[0200] FIGS.15C-15E summarize the relationships among
<50,>,Vs0,, Vg, and MRO,. In F1G. 15C, it was observed
that MRO), increases with both VsO, and V,,, as expected
from Eq. (1). While V5O, is related to the amount of oxygen
released by each RBC, V4, determines the rate of RBCs
flowing through the capillary segment. FIG. 15D shows that
increasing MRO), increases Vg, if <sO,> is maintained con-
stant, but decreases <sO,> if Vg, is held constant. From
FIGS. 15C and 15D, it was also observed that, for constant
MRO,, increasing V 4,,,, decreases VsO, and increases <sO,>.
FIG. 15E shows that a decrease of either V4, or <sO,> is
correlated with increasing VsO,.

[0201] From these observations, two mechanisms that
regulate oxygen release from single RBCs to local tissue
under normoxia can be identified. The first one is via sO,
while V,, and Cy;, are held constant. When the local tissue
consumes more oxygen (i.e., increases the MRO,), VsO, in
the capillary increases; consequently, <sO,> decreases. The
other mechanism is via Vj,,, while sO, and Cy; are held
constant. When the tissue demands more oxygen, it is known
that V,,, is actively increased so that more RBCs flow
through the capillary within a given time period. Because
increasing V. shortens the time for oxygen to diffuse from
blood plasma to local tissue, the increasing trend of VsO, due
to the first mechanism is moderated, which allows each RBC
to carry oxygen further downstream along the capillary.

Example 3

Dynamic Imaging of Oxygen Delivery Under a
Transition from Hypoxia to Hyperoxia

[0202] Using the device of Ex. 1, the dynamic oxygen
delivery process in the mouse ear was imaged under a tran-
sition from systemic hypoxia to hyperoxia. Initially, the
mouse was breathing in hypoxic gas (5% O,) for over 10
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minutes. When the animal reached a stable systemic hypoxic
state, the hypoxic gas was altered to pure oxygen, and imme-
diately started at time 0 to acquire B-scan images at 20 Hz
along a segment of a capillary. As shown in FIG. 16A, a
dramatic increase in single RBC sO, was observed within 60
seconds. Single-RBC functional parameters, including
<Cpp>, <80,>, Vs0,, Vg, and MRO,, were plotted in
FIGS. 16B, 16C, 16D, 16E, and 16F. Each parameter was
computed from the images of single RBCs and averaged over
every second. Every 10 data points (10 seconds) were
grouped for comparison. Statistical tests show that <C,,,>,
<s0,>, Vs50,, and MRO, increased by 49%=+3%, 71%=+2%,
96%=x7%, and 270%x22%, respectively, but Vtow did not
change significantly.

[0203] In contrast to the correlation in normoxia, the cor-
relation between the <sO,> and during the transition from
hypoxia to hyperoxia is positive. When the inspired gas was
switched from low to high oxygen concentration, the capil-
lary sO, rapidly increased, and the capillary pO, increased
along with the sO,. However, the pO, in the surrounding
tissue changed more slowly than that in blood. As the
enhanced radial gradient in pQ, increased oxygen diffusion
from capillary blood to tissue, VsO, was steepened.

Example 4

Glucose-Associated Oxygen Metabolism in the
Brain

[0204] The device of Ex. 1 was used to study glucose-
associated oxygen metabolism at high resolution. As shown
in FIG. 17A, sO, was imaged over a large field of view in the
mouse brain to identify a capillary of interest. Insulin (30 UI
per kilogram) was subcutaneously injected into the mouse to
induce a systemic decrease in blood glucose. Immediately
after the injection, single-RBC functional images were
acquired at 100 Hz for over 60 minutes. The blood glucose
concentration was measured with a glucose meter (Freestyle
Lite, Abbott Diabetes Care Inc.) by drawing blood once every
10 minutes from the mouse tail. FIG. 17B shows the decrease
of the blood glucose level with time. FIGS. 17C, 17D, 17E,
17F, and 17G summarize the multiple functional parameters
computed from the single-RBC images and averaged over
every second. It was observed that the blood glucose level
determined the local MRO,. The functional parameters, in
particular MRO, levels, were characterized by striking bipha-
sic responses.

[0205] The MRO, data in FIG. 17C was fitted with a bi-
segmental linear regression model according to Eqn. (7):

if r <1 Eqn. (7)

kit+ ¢,
r= kyt—to)+yy if 151,

wherey,=k, t,+c,, and 1, is the separation time point between
the two linear segments. At the fitted t, equal to 19.6 minutes,
the blood glucose concentration is 58.5 mg/dL, which agrees
well with the dividing point between normoglycemia and
hypoglycemia determined independently. Therefore, the
quantitative measurements of glucose concentration, MRO,,
<Cpyp>, 805>, Vs0,, and V5, were divided into two phases
accordingly as illustrated in FIGS. 178, 17C, 17D, 17E, 17F,
and 17G. The first phase was defined as normoglycemia (glu-
cose concentration=58.5 mg/dlL), and the second phase was
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defined as the hypoglycemia (glucose concentration<58.5
mg/dL). The data of each phase were averaged and fitted to a
linear regression model to compare the means and slopes as
summarized in FIGS. 17H and 171.

[0206] Inthe normoglycemia phase, MRO, decreased with
the decreasing glucose concentration (FIG. 17C). The other
functional parameters including <C,;,>, <sO,>, VsO,, and
V0w decreased as well. Upon transition from normoglycemia
to hypoglycemia, the flow speed was actively increased to
compensate for the extremely low glucose metabolism (FIG.
17G). Consequently, MRO, and the associated functional
parameters started to climb.

Example 5

Imaging of Neuron-Single-RBC Coupling

[0207] Study of neurovascular coupling has gained broad
interest because hemodynamics can be used as an important
surrogate to explore neuroscience and study brain disorders.
However, existing imaging modalities are limited by either
poor spatial resolution or the inability to directly measure
MRO,. Here, the device of Ex. 1 was applied to study cou-
pling between visual neural activity and single RBC func-
tions in the brain.

[0208] As shown in FIG. 18A, optical stimulation from a
bright white LED was applied to the left eye of a white mouse.
Target capillaries were imaged in the right visual cortex
region of the brain through a craniotomy. FIG. 18B are graphs
summarizing transient responses of single RBCs to single
visual stimulations (0.5 second flashing). Fach functional
parameter is first computed from images of single RBCs, and
then averaged over one second for 104 trials. Statistical analy-
ses showed that <sO,>, VsO,, V,4,,,, and MRO, changed
significantly after visual stimulation, but <C,;,> did not show
obvious changes. An increase in flow speed was observed
after stimulation, reaching its peak 4-10 seconds after initial
stimulation. The single-RBC <sO,> exhibited a biphasic
response: it remained unchanged within 3-5 seconds after
stimulation, then proceeded to rise and peaked after 8-10
seconds. The response of VsO, and MRO, also showed simi-
lar behaviors as <sO,>. This result revealed a clear process of
functional hyperemia in the target capillary evoked by visual
stimulation.

[0209] The coupling between neurons and single RBCs
was also imaged under continuous visual stimulation by
flashing the LED light at 1 Hz. Capillary segments in the
visual cortex region were imaged at 20-100 Hz, varied
according to the blood flow speed. FIGS. 18C and 18D show
representative sO, images acquired without and with continu-
ous visual stimulation, respectively. It was found that the
<s0,> decreased after 3 minutes of continuous visual stimu-
lation. The MRO, was also measured while alternating the
continuous visual stimulus on and off. Although the indi-
vidual data points varied considerably, the mean MRO, value
in each on or off period correlated well with the applied
stimulations. All of the single RBC functional parameters,
including <Cp,>, <80,>, V50,, V4. and MRO,, were com-
pared between without and with continuous visual stimula-
tions. Each of the parameters was normalized to its mean
value computed from the control images (without stimula-
tion) and plotted as relative values in FIG. 18E. While the
<C > did not have significant changes, the <sO,> decreased
by 4%=0.8%, and the VsO,, V., and MRO, increased by
53%=x6%, 8%=x1%, and 56%x9%, respectively.
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[0210] With the single-RBC resolution, the probability dis-
tributions of the single-RBC functional parameters were fur-
ther quantified. FIGS. 18F, 18G, 18H, and 181 show the
cumulative distribution functions (CDFs) of the significantly
changed single-RBC functional parameters. With continuous
stimulation, it was observed that the single-RBC functions
exhibited different distributions from those in the control
experiment, ie., lower <s0,>, higher VsO,, Vg, . and
MRO,, which are consistent with the data shown in FIG. 18E.
[0211] It will be understood that the particular embodi-
ments described herein are shown by way of illustration and
not as limitations of the invention. The principal features of
this invention may be employed in various embodiments
without departing from the scope of the invention. Those
skilled in the art will recognize, or be able to ascertain using
no more than routine experimentation, numerous equivalents
to the specific procedures described herein. Such equivalents
are considered to be within the scope of this invention and are
covered by the claims.

[0212] All of the compositions and/or methods disclosed
and claimed herein may be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of embodiments, it will be apparent to
those of skill in the art that variations may be applied to the
compositions and/or methods and in the operations or in the
sequence of operations of the method described herein with-
out departing from the concept, spirit and scope of the inven-
tion. All such similar substitutes and modifications apparent
to those skilled in the art are deemed to be within the spirit,
scopeand concept ofthe invention as defined by the appended
claims.

[0213] It will be understood by those of skill in the art that
information and signals may be represented using any of a
variety of different technologies and techniques (e.g., data,
instructions, commands. information, signals, bits, symbols,
and chips may be represented by voltages. currents, electro-
magnetic waves, magnetic fields or particles, optical fields or
particles, or any contbination thereof). Likewise, the various
illustrative logical blocks, modules, circuits, and algorithm
operations described herein may be implemented as elec-
tronic hardware, computer software, or combinations of both,
depending on the application and functionality. Moreover, the
various logical blocks, modules, and circuits described herein
may be implemented or performed with a general purpose
processor (e.g., microprocessor, conventional processor, con-
troller, microcontroller, state machine or combination of
computing devices), a digital signal processor (“DSP”), an
application specific integrated circuit (“ASIC”), a field pro-
grammable gate array (“FPGA”) or other programmable
logic device, discrete gate or transistor logic, discrete hard-
ware components, or any combination thereof designed to
perform the functions described herein. Similarly, operations
of a method or process described herein may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known in the art. Although embodiments of the
invention have been described in detail, it will he understood
by those skilled in the art that various modifications may be
made therein without departing from the spirit and scope of
the invention as set forth in the appended claims.
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[0214] The following examples are included to demon-
strate preferred embodiments of the invention. It should be
appreciated by those of skill in the art that the techniques
disclosed in the examples that follow represent techniques
discovered by the inventors to function well in the practice of
the invention, and thus can be considered to constitute pre-
ferred modes for its practice. However, those of skill in the art
should, in light of the present disclosure, appreciate that many
changes can be made in the specific embodiments which are
disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention.

What is claimed is:

1. A device for real-time spectral imaging of single moving
red blood cells in a subject in vivo, the device comprising:

an isosbestic laser to deliver a series of isosbestic laser

pulses at an isosbestic wavelength;

a non-isosbestic laser to deliver a series of non-isosbestic

laser pulses at a non-isosbestic wavelength;

an optical fiber to direct the series of isosbestic laser pulses

and the series of non-isosbestic laser pulses to an optical
assembly; and

the optical assembly to focus the series of isosbestic laser

pulses and the series of non-isosbestic laser pulses into a
beam with a beam cross-sectional diameter through an
optical focus region:

wherein each isosbestic laser pulse is delivered at a pulse

separation period of about 20 us before or after each
adjacent non-isosbestic laser pulse.

2. The device of claim 1, wherein: the isosbestic wave-
length is a wavelength with a hemoglobin absorbance that
corresponds to an oxyhemoglobin absorbance; the isosbestic
wavelength is chosen from 532 nm, 548 nm, 568 nm, 587 nm,
and 805 nm; and the non-isosbestic wavelength is any wave-
length with the hemoglobin absorbance that does not corre-
spond to the oxyhemoglobin absorbance.

3. The device of claim 2, wherein the isosbestic wavelength
is about 532 nm and the non-isosbestic wavelength is about
560 nm.

4. The device of claim 1, wherein the optical assembly
comprises a pair of optical lenses comprising two achromatic
doublets with a numerical aperture in water of about 0.1.

5. The device of claim 1, further comprising a focused
ultrasound transducer with an acoustic focus region that is
aligned with the optical focus region and a central frequency
of at least 10 MHz.

6. The device of claim 5, wherein the central frequency is
about 50 MHz and the focused ultrasound transducer further
comprises an axial spatial resolution of about 15 pm.

7. The device of claim 5, further comprising a linear scan-
ner to move the optical assembly and the focused ultrasound
transducer in a linear scanning pattern.

8. The device of claim 7, wherein the linear scanner is a
voice-coil scanner with a scanning rate of at least 100 linear
scans per second.

9. The device of claim 5, further comprising an acoustically
transparent optical reflector to transmit acoustic signals from
the acoustic focus region to the focused ultrasound transducer
and to reflect the series of isosbestic and non-isosbestic laser
pulses from the optical assembly to the optical focus region.

10. The device of claim 9, wherein the acoustically trans-
parent optical reflector comprises a first prism and a second
prism, wherein a first face of the first prism and a second face
of the second prism are arranged on opposite sides of an
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aluminum layer forming a planar optical reflector aligned at
an angle of 45° relative to an axis of the optical assembly.

11. A system for real-time spectral imaging of single mov-
ing red blood cells ina subject in vivo, the system comprising:

a dual wavelength light source module to produce a series

of isosbestic laser pulses and a series of non-isosbestic
laser pulses at a non-isosbestic wavelength; and

an optical module to direct the series of isosbestic laser

pulses and the series of non-isosbestic laser pulses
through an optical focus region in a cylindrical beam
with a beam cross-sectional diameter;

wherein each isosbestic laser pulse is delivered at a pulse

separation period of about 20 ps before or after each
adjacent non-isosbestic laser pulse.

12. The system of claim 11, wherein the dual wavelength
light source module comprises an isosbestic laser to produce
the series of isosbestic laser pulses and a non-isosbestic laser
to produce the series of non-isosbestic laser pulses.

13. The system of claim 11, wherein: the isosbestic wave-
length is a wavelength with a hemoglobin absorbance that
corresponds to an oxyhemoglobin absorbance; the isosbestic
wavelength is chosen from 532 nm, 548 nm, 568 nm, 587 nm,
and 805 nm; and the non-isosbestic wavelength is any wave-
length with the hemoglobin absorbance that does not corre-
spond to the oxyhemoglobin absorbance.

14. The system of claim 13, wherein the isosbestic wave-
length is about 532 nm and the non-isosbestic wavelength is
about 560 nm.

15. The system of claim 11, wherein the optical module
comprises an optical fiber operatively connected to the isos-
bestic laser and the non-isosbestic laser at a first end and
operatively connected to a pair of optical lenses comprising
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two achromatic doublets with a numerical aperture in water of
about 0.1 atasecond end opposite to the first end of the optical
fiber.

16. The system of claim 15, further comprising an ultra-
sound detection module to detect acoustic signals generated
within the optical focus region in response to the series of
isosbestic and non-isosbestic laser pulses, wherein the ultra-
sound detection module comprises a focused ultrasound
transducer with a central frequency of about 50 MHz and an
ultrasound focus region that is aligned with the optical focus
region.

17. The system of claim 16, wherein the optical module
further comprises an acoustically transparent optical reflector
to transmit acoustic signals from the acoustic focus region to
the focused ultrasound transducer and to reflect the series of
isosbestic and non-isosbestic laser pulses from the optical
assembly to the optical focus region.

18. The system of claim 17, further comprising a scanning
module to move the optical module and the ultrasound detec-
tion module in a linear scanning pattern, wherein the scanning
module comprises a voice-coil scanner with a scanning rate of
at least 100 linear scans per second.

19. The system of claim 17, wherein the system obtains
images of the single moving red blood cells at an axial spatial
resolution of about 15 pm and a lateral spatial resolution of
about 3.4 pm.

20. The system of claim 17, wherein the system simulta-
neously obtains one or more functional parameters of the
single moving red blood cells using a pulse oximetry method,
wherein the one or more functional parameters are chosen
from: total hemoglobin concentration, oxygen saturation,
gradient of oxygen saturation, flow speed, metabolic rate of
oxygen, and any combination thereof.
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