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DYNAMIC OPTOACOUSTIC ANGIOGRAPHY
OF PERIPHERAL VASCULATURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This non-provisional application claims benefit of
priority under 35 U.S.C. §119(e) of provisional application
U.S. Ser. No. 61/632,389, filed Jan. 23, 2012, now aban-
doned, the entirety of which is hereby incorporated by refer-
ence.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention generally relates to the relates
to the field of biomedical imaging and discloses the designs
and methods used in tomography system that can provide
medically relevant information about disease of peripheral
microvasculature.

[0004] 2. Description of the Related Art

[0005] Peripheral circulation, the distal functional unit of
the cardiovascular system, provides exchange sites for gases,
nutrients, metabolic wastes, and thermal energy between the
blood and the tissues. Pathologic peripheral circulation
reflects the breakdown of homeostasis in organisms, which
ultimately leads to tissue inevitability (1). In vivo vascular
imaging and characterization is of significant physiological,
pathophysiological, and clinical importance. The visualiza-
tion of peripheral vasculature can be useful in diagnostics and
monitoring of various medical conditions, like vascular dis-
orders, anatomical abnormalities, and obstructed blood flow
(2-4). The examples include stenosis, thrombosis, embolism,
frostbite, traumas, peripheral artery occlusive disease, Rey-
naud’s syndrome, etc. The imaging of microcirculation and
capillary networks is useful for the diagnosis of ischemia (5).
[0006] Another application of the vascular imaging could
be related to the physiological stress tests, used to study local
vasomotor response. The stress tests involve changing envi-
ronmental conditions (local occlusion, change of tempera-
ture, etc.) in order to bring certain physiological parameters,
in this case the peripheral blood flow, close to extreme. Then,
the environmental conditions are restored to normal, and the
recovery of the individual’s peripheral blood flow is moni-
tored (6) Alternatively, the environmental conditions are kept
under the stress for a prolonged time, while monitoring the
adaptation of the local blood circulation. The patho- and
physiologic effects of hypothermal stress are manifested in
decreased blood flow caused by vasoconstriction, and
reduced tissue metabolism, oxygen utilization, inflammation,
and muscle spasm. For every one degree Celsius drop in body
temperature, cellular metabolism slows by 5-7%. The patho-
and physiologic effects of hyperthermal stress are manifested
in increased blood flow caused by vasodilation, activation of
tissue metabolism, oxygen utilization, inflammation, and
muscle spasm (7).

[0007] There are many clinically applicable techniques for
localized or systemic heating. Some of the most common
involve the use of infrared lasers, focused ultrasound, micro-
wave heating, induction heating, magnetic hyperthermia,
infusion of warmed liquids, infrared sauna or direct applica-
tion of heat such as through sitting in a hot room or wrapping
a patient in hot blankets. Acquiring images of tissue through-
out stages of response to physiologic stress can allow many
conclusions to be made about local and systemic function.
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However, to ensure that these interpretations have both sta-
tistical significance and clinical value, an understanding of
how normal physiology would behave within the imaging
environment, under the stresses employed during a proce-
dure, must be sought.

[0008] Optoacoustic (OA) imaging system is a modality
well suitable for visualization of vasculature in live organisms
(6-11). It is based on the acoustic signals generated by a short
laser pulse absorbed within biological tissues (12). The OA
imaging of blood vessels using near infrared (NIR) lasers can
be effectively performed at depths up to several centimeters
(13). At those laser wavelengths (700-800 nm) blood is 50 to
100 times more absorbing than the surrounding tissues (14),
which eliminates the need for use of external optical contrast
agents. Currently, microangiography is performed by either
MRI or CT (2,4) While these methods have been extensively
explored, they have several drawbacks. CT angiography
requires contrast agents to distinguish the vasculature. MRI
scans are costly, and time required for MRI image acquisition
is not optimal for dynamic monitoring of blood flow on short
time scales. For comparison, Wang et. al. (3) reports a 3 min
30 s acquisition time.

[0009] Thus, there is a need for improved methods for
imaging of the peripheral vasculature. Specifically, the prior
art is deficient in a system and method for dynamic optoa-
coustic imaging of peripheral vasculature. The present inven-
tion fulfills this longstanding need and desire in the art.

SUMMARY OF THE INVENTION

[0010] The present invention is directed to an optoacoustic
imaging system for dynamic angiography. The system com-
prises means for delivering optical energy to a volume of
interest on a subject, means for imaging the volume of interest
over a range of temperatures tolerable by the subject and
means for producing two- or three-dimensional angiographic
images of the volume of interest. The present invention is
directed to a related optoacoustic imaging system that further
comprises means for ultrasound imaging of the area.

[0011] The present invention also is directed to a dynamic
optoacoustic angiographic imaging system. The imaging sys-
tem comprises a short pulse laser operable at one or more
wavelengths within a visible and near-infrared spectral range
and a fiberoptic laser light delivery system comprising
bundles of randomized fibers operatively linked to the laser.
The imaging system comprises an imaging module opera-
tively linked to the fiber optic laser light delivery system. The
imaging module comprises a vessel having means for sup-
porting an appendage therein, an optoacoustic coupling
medium contained within the vessel and covering the append-
age, means for precision controlled cooling or heating of the
coupling medium, and an array of ultrasonic transducers con-
figured to detect ultrasonic waves generated within the
appendage upon delivery of the laser light thereto. The imag-
ing system comprises a rotational and/or translational scan-
ning system operatively linked to the imaging module con-
figured for scanning the ultrasonic transducer array over the
appendage. The imaging system comprises an electronics
system comprising components for amplification, digitiza-
tion and processing of the optoacoustic signals acquired from
the ultrasonic transducer array and a computer that has a
memory, a processor and a display and is in electronic com-
munication with the electronic components and is configured
for system control and three-dimensional and two-dimen-
sional optoacoustic image visualization. The present inven-
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tion also is directed to a related dynamic optoacoustic angio-
graphic imaging system further comprising a system for
ultrasound imaging of the appendage.

[0012] Thepresent invention is directed further to a method
for optoacoustic imaging of an appendage of a subject. The
method comprises heating the optoacoustic coupling medium
contained within the imaging module comprising the
dynamic optoacoustic angiographic imaging system
described herein to a normal physiological temperature for
the subject and positioning the appendage into the imaging
module. An optoacoustic imaging scan of the appendage is
performed at the maximum temperature. The temperature of
the optoacoustic coupling medium is changed in steps from
the normal to a maximum or minimum safe temperature
safely tolerable by the subject and an optoacoustic imaging
scan is performed at the maximum or minimum safely toler-
able temperature. The optoacoustic signals acquired at both
the normal and the maximum or minimum safely tolerable
temperatures are analyzed and processed and reconstructing
two- or three-dimensional optoacoustic images are recon-
structed from the analyzed signals.

[0013] Thepresent invention is directed to a related method
further comprising displaying differential anatomical images
of petipheral vasculature in the appendage and functional
diagnostic parameters as a function of time and temperature
determined from the dynamic optoacoustic angiographic
scan of the appendage and diagnosing a medical condition of
the appendage or the peripheral vascular system of the subject
based on the displayed functional images and diagnostic
parameters. The present invention is directed to another
related method further comprising performing ultrasonic
imaging of the appendage.

[0014] Other and further aspects, features, and advantages
of the present invention will be apparent from the following
description of the presently preferred embodiments of the
invention given for the purpose of disclosure.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0015] So that the matter in which the above-recited fea-
tures, advantages and objects of the invention, as well as
others that will become clear, are attained and can be under-
stood in detail, more particular descriptions of the invention
briefly summarized above may be had by reference to certain
embodiments thereof that are illustrated in the appended
drawings. These drawings form a part of the specification. It
is to be noted, however, that the appended drawings illustrate
preferred embodiments of the invention and therefore are not
to be considered limiting in their scope.

[0016] FIGS. 1A-1B are a schematic of the three-dimen-
sional dynamic optoacoustic microangiography system
(LOIS-DMA) in a side cross-sectional view (FIG. 1A)and a
bottom view (FIG. 1B).

[0017] FIGS. 2A-2C are three-dimensional optoacoustic
images of a human finger following the hypothermia stress
test at 1 minute (FIG. 2A), 3 minutes (FIG. 2B), 7 minutes
(FIG. 2C). The colorbar shows the dynamic range of the
implemented linear grayscale palette.

[0018] FIGS. 3A-3B depict the radialis indicis (FIG. 3A)
and the venal network (FIG. 3B) of the human finger.

[0019] FIGS. 4A-4B are three-dimensional optoacoustic
frontal images of a live mouse before and during the hypoth-
ermal stress test under normal conditions prior to hypother-
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mia showing kidneys, colon, and vascular network in the
lower body (FIG. 4A) and after 20 minutes of hypothermia
(FI1G. 4B).

[0020] FIGS. 5A-5B are three-dimensional optoacoustic
frontal images of a live mouse before and during the hyper-
thermal stress test under normal conditions prior to hypoth-
ermia showing the vascular network in the lower body (FIG.
5A) and after 15 minutes of hyperthermia (FIG. 5B).

DETAILED DESCRIPTION OF THE INVENTION

[0021] As used herein in the specification, “a” or “an’” may
mean one or more. As used herein in the claim(s ), when used
in conjunction with the word “comprising”, the words “a” or
“an” may mean one or more than one.

[0022] As used herein “another” or “other” may mean at
least a second or more of the same or different claim element
or components thereof. Similarly, the word “or” is intended to
include “and” unless the context clearly indicates otherwise.
“Comprise” means “include.”

[0023] As used herein, the term “about” refers to a numeric
value, including, for example, whole numbers, fractions, and
percentages, whether or not explicitly indicated. The term
“about” generally refers to a range of numerical values (e.g.,
+/-5-10% of the recited value) that one of ordinary skill inthe
art would consider equivalent to the recited value (e.g., having
the same function or result). In some instances, the term
“about” may include numerical values that are rounded to the
nearest significant figure.

[0024] As used herein, the term “optoacoustic imaging”
refers to imaging based on optically induced acoustic signals
and also is referred to as photoacoustic imaging or thermoa-
coustic imaging.

[0025] As used herein, the term “computer” or “computer
system” refers to any networkable tabletop or handheld elec-
tronic device comprising a memory, a processor, a display and
at least one wired or wireless network connection. As is
known in the art, the processor is configured to execute
instructions comprising any software programs or applica-
tions or processes tangibly stored in computer memory or
tangibly stored in any known computer-readable medium.
[0026] As used herein, the term “subject” refers to a human
or other mammal or animal or to any portion or body part
thereof on which imaging, for example, any optoacoustic
imaging, as described herein, may be performed.

[0027] Inoneembodiment of the present invention there is
provided a optoacoustic imaging system for dynamic angiog-
raphy comprising means for delivering optical energy to a
volume of interest on a subject; means for imaging the vol-
ume of interest over a range of temperatures tolerable by the
subject; and means for producing two- or three-dimensional
angiographic images of the volume of interest. In a further
embodiment the optoacoustic imaging system for dynamic
angiography comprises means for ultrasound imaging of the
volume. In this further embodiment the ultrasound may be
electrically generated or may be laser generated. In all
embodiments the volume of interest in the subject may be an
appendage.

[0028] Inboth embodiments the means for delivering opti-
cal energy may comprise a short pulse laser operable at one or
more wavelengths and a fiberoptic delivery system optically
connected to the laser. Particularly the one or more wave-
lengths may comprise the visible and near-infrared spectrum
where spectral bands are deliverable in a sequence or toggled.



US 2013/0190596 A1

[0029] Also in both embodiments the means for imaging
the extremity over a range of temperatures may comprise an
imaging module having a vessel shaped to receive the volume
of interest, an optoacoustic coupling medium contained in the
vessel, means for temperature regulation of the coupling
medium, and one or more ultrasonic transducers configured
to detect ultrasonic waves generated within the volume of
interest upon delivery of the optical energy therein and a
scanner operatively connected with the imaging module to
scan the one or more ultrasonic transducers over the area of
interest. Particularly, the scanner may operate in rotational
mode or translational mode or a combination thereof and the
one or more ultrasonic transducers may comprise a trans-
ducer array.

[0030] Inaddition in both embodiments the means for pro-
ducing two- or three-dimensional angiographic images may
comprise electronic components operatively linked to the one
or more ultrasonic transducers configured for acquisition of
optoacoustic signals, signal and/or image processing and data
transmission to a computer and a computer, havinga memory,
a processor and a display, that is in electronic communication
with the electronic components and configured for system
control and three-dimensional and two-dimensional optoa-
coustic image visualization. Particularly, the signal or image
processing by electronic components comprises one or more
processes that are signal amplification, digitization, filtering,
convolution or deconvolution, backprojection, reconstruc-
tion, summation, inversion, transformation, or iteration.
[0031] In another embodiment of the present invention
there is provided a dynamic optoacoustic angiographic imag-
ing system, comprising a) a short pulse laser operable at one
or more wavelengths within a visible and near-infrared spec-
tral range; b) a fiberoptic laser light delivery system compris-
ing bundles of randomized fibers operatively linked to the
laser; ¢) an imaging module operatively linked to the fiber
optic laser light delivery system, where the imaging module
comprises a vessel having means for supporting an append-
age therein; an optoacoustic coupling medium contained
within the vessel and covering the appendage, means for
precision controlled cooling or heating of the coupling
medium; and an array of ultrasonic transducers configured to
detect ultrasonic waves generated within the appendage upon
delivery of the laser light thereto; d) a rotational and/or trans-
lational scanning system operatively linked to the imaging
module configured for scanning the ultrasonic transducer
array over the appendage; e) an electronics system compris-
ing components for amplification, digitization and processing
of the optoacoustic signals acquired from the ultrasonic trans-
ducer array; and f) a computer, having a memory, a processor
and a display, in electronic communication with the elec-
tronic components and configured for system control and
three-dimensional and two-dimensional optoacoustic image
visualization.

[0032] In a further embodiment the dynamic optoacoustic
angiographic imaging system comprises a system for ultra-
sound imaging of the appendage. In this ultrasound imaging
system the ultrasound may be electrically generated or may
be laser generated. In both embodiments the means for sup-
porting the appendage may comprise a bracket.

[0033] In yet another embodiment of the present invention
there is provided a method for optoacoustic imaging of an
appendage of a subject, comprising the steps of a) heating the
optoacoustic coupling medium contained within the imaging
module comprising the dynamic optoacoustic angiographic
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imaging system of claim 13 to a normal physiological tem-
perature for the subject; b) positioning the appendage into the
imaging module; ¢) performing an optoacoustic imaging scan
of the appendage at the normal temperature; d) changing the
temperature of the optoacoustic coupling medium in steps
from the normal to a maximum or minimum safe temperature
safely tolerable by the subject; e) performing an optoacoustic
imaging scan at the maximum or minimum safely tolerable
temperature; f) analyzing and processing optoacoustic sig-
nals acquired at both the normal and the maximum or mini-
mum safely tolerable temperatures; and g) reconstructing
two- or three-dimensional optoacoustic images from the ana-
lyzed signals.

[0034] Further to this embodiment the method comprises h)
displaying differential anatomical images of peripheral vas-
culature in the appendage and functional diagnostic param-
eters as a function of time and temperature determined from
the dynamic optoacoustic angiographic scan of the append-
age; and 1) diagnosing a medical condition of the appendage
or the peripheral vascular system of the subject based on the
displayed functional images and diagnostic parameters. In
this further embodiment anatomical and functional details of
the peripheral vasculature may characterize thermoregula-
tory response and other mechanisms responsible for vasomo-
tor activity. In another further embodiment the method com-
prises performing ultrasonic imaging of the appendage. In all
these embodiments the appendage is an arm, a hand, fingers,
aleg, a foot, or toes.

[0035] Provided herein is a novel laser optoacoustic imag-
ing system (LOIS-DMA) and method for dynamic micro-
angiography intended for in vivo vascular imaging of human
(animal in general) extremities. The system employs an
optoacoustic detector (preferred detector is an array of ultra-
wide-band ultrasonic transducers) that collects optoacoustic
signals around the said extremity (e.g. finger, toe, etc.) pro-
viding optoacoustic data necessary for tomographic recon-
struction of the three-dimensional images. A near-infrared
Q-switched laser is used to generate optoacoustic signals with
increased contrast for blood vessels. The laser is coupled
through randomized fiberoptic bundles (preferred orientation
of illumination is in orthogonal relative to the detector.

[0036] This optoacoustic imaging system can be used for
diagnostics of various medical conditions that are manifested
in change of the peripheral microvasculature in blood flow
through extremities. Examples of the medical conditions that
could be diagnosed and staged using the LOIS-DMA include
the peripheral arterial disease (PAD), diabetic angiopathy,
thrombosis, frostbite, and traumas.

[0037] Optoacoustic technology has several unique quali-
ties that make it an ideal candidate for integrating physiologic
assessment of the circulation with medical imaging. The use
of pulsed, near infrared light at powers intended for imaging
delivers enough energy to produce an optoacoustic response
from light absorption at the molecular level but does not
trigger any sensory or systemic responses in the testing sub-
ject. In addition, the conditions under which optoacoustic
imaging may be performed are very flexible; a testing subject
may be imaged in a ventilated room, submerged in water,
coated with gels, all at varying temperatures and pressure
without inhibiting the imaging mechanics or basic function.
The multiplicity of conditions that may be freely employed in
optoacoustic imaging can yield great freedom for determin-
ing the viability and status of functional tissue.
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[0038] Itisimportant to observe that changes in peripheral
blood perfusion have two primary components: variable arte-
riole diameter and arteriovenous anastomotic flow. Arteriole
diameter is heavily influenced by cardiovascular function and
under direct control by the sympathetic nervous system, sen-
sory pathway, and endocrine system. Many variables such as
temperature, blood volume, chemical concentrations, and
pressure can affect the mechanisms of vasomotor control to
promote adaptive vascular changes. The resulting effect
either constricts or dilates the arterioles, resulting in both
systemic and local changes in the perfusion of tissue. Arte-
riovenous anastomoses are present throughout the body and
have great significance in regards to perfusion during periods
of stress, compromised function, or heightened activity.
[0039] One type of anastomosis of particular importance is
the capillary networks that branch from arterioles in the
periphery and viscera. These microscopic networks are the
primary sites of nutrient and water exchange between plasma
and intracellular fluid, but also have major roles in mediating
the effects of vasomotor control. It is important to observe
that all capillary arteriovenous anastomoses do not have
blood flowing through them at all times. Changes in the many
variables affecting vasomotor controls alter the perfusion of
these networks. Taken together, arteriovenous anastomoses
and arterioles present a very intimate link to the overall
homeostasis of an individual.

[0040] Using wavelengths of light between 700 nm and 850
nm the optoacoustic imaging is optimized for visualization of
the peripheral vasculature. The resulting images produce
strong definitions of individual blood vessels, providing the
information on varying diameter, branching, and tissue den-
sity. The amount of optoacoustic signal generated in tissue
depends primarily on the concentration of absorbing species
per voxel, here blood, and the amount of light delivered.
Assuming a constantamount of light is available, any changes
in the magnitude of optoacoustic response from tissue may be
attributed to an increase in the concentration blood in tissue,
or increased perfusion. The following embodiment of assess-
ing physiology through imaging will outline one of the func-
tions of vasomotor control, biphasic vasodilation in response
to hyperthermia.

Vasomotor Control Assessment: Hyperthermia-induced
Activation of Biphasic Vasodilation

[0041] A sustained, local hyperthermic stimulus produces a
biphasic thermoregulatory response. The biphasic response is
composed of fast and delayed mechanisms. The fast response
1s mediated by the release of CGRP, substance P, and neuro-
kinin from stimulated C-fiber afferent nerves to produce the
perception of heat and vasodilation. The fast response ini-
tiates a rise in superficial blood flow for approximately 3-5
minutes following sustained heat stimulation. The receptors
involved are sensitive to temperatures of 39° C. or greater, but
heat perception and the active vasodilation mechanism may
have sensitivities down to 29° C., although at the lower end of
this range, vasodilation may compete with vasoconstriction
tone and be indistinguishable.

[0042] The delayed response is mediated by nitric oxide
vasodilation. Persistent stimulation beyond the 5 minutes will
activate the nitric oxide vasodilatory pathway in order to
produce a steady-state exchange of heat across the heated
region of skin. Maximal vasodilatory responses occur around
42° C. and require 25-30 minutes to reach steady-state in
healthy individuals. Following the fast mechanism, a decline
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in vasodilation will occur before the delayed response
assumes control and climbs to steady-state.

[0043] The assessment of vasomotor control should con-
sider the implications of involving the sympathetic nervous
system, the sensory pathway, endocrine system, and cardio-
vascular function. It is also important to observe that the
mechanisms of sudomotor control, vasoconstriction, and
vasodilation are intimately associated and may produce com-
bined effects following thermo-stimulation. The specific
mode of observing vasodilation should produce a specific,
localized response to prevent combined thermoregulatory
activity. For this assessment, the index finger will be sub-
jected to superficial heat stress while imaged with optoacous-
tic methods to observe vasodilation. The finger is an ideal
candidate as it contains both glabrous and non-glabrous skin
on its palmar and dorsal aspects, respectively.

[0044] Glabrous skin is known to distinctly lack active
vasodilation and may produce vasodilation only via the
reduction of sympathetic tone, which produces vasoconstric-
tion, or the release of nitric oxide. Nonglabrous skin does
contain active vasodilation and should show the fast mecha-
nism associated with active vasodilation. The following pro-
cedure for assessment of hyperthermia-induced activation of
biphasic vasodilation is intended to be performed on the index
finger within an optoacoustic imaging environment.

[0045] Particularly the instant invention demonstrates or
provides the following:

Assessment of Hyperthermia-induced Activation of Biphasic
Vasodilation

[0046] 1. Submerge the region of interest into an imaging
environment heated to approximately 25° C. to ensure vaso-
constriction is active but without heavy tone. Ensure a com-
fortable temperature and proper seating for the patient during
the scan to prevent activation of extraneous thermoregulatory
mechanisms or uncontrolled deviations in sympathetic tone.
2. Image the entire region of interest, taking care to constrain
the finger location within the imaging module.

3. Quickly (in 1 minute or less) heat the imaging environment
to 40° C. Sustain this temperature until otherwise directed.
4. Once the imaging environment reaches 40° C., immedi-
ately begin a second scan to image the entire region of inter-
est. This marks the time of 0, where hyperthermic stimulation
begins.

5. Continuously image the entire region of interest for 10
minutes.

6. Wait 5 minutes. At fifteen minutes, image the entire region
of interest again.

7. Wait 10 minutes. At 25 minutes, image the entire region of
interest again.

8. Finish the hyperthermic stimulation. Quickly reduce the
temperature of the imaging environment to 25° C. (in 1
minute or less).

9. Once the imaging environment reaches 25° C., image the
entire region of interest again.

Systemic Sclerosis and Raynaud’s Syndrome

[0047] Systemic sclerosis, or scleroderma, is a disease
resulting from autoimmune destruction of healthy connective
tissue throughout the body, including blood vessels and skin.
Microangiopathy, affecting the capillary arteriovenous net-
works, is a primary feature and can be detected early in the
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course of disease. It is important whether observed symptoms
are indeed indicative of systemic sclerosis or due to another
disease process.

[0048] Raynaud’s phenomenon, for example, is a disorder
of vasoconstriction frequently involved with systemic sclero-
sis. Raynaud’s can manifest as either a primary condition or
secondary to disease such as systemic sclerosis. Distinguish-
ing between the two forms can be difficult as the presentations
are similar. In primary Raynaud’s, resting hand perfusion is
generally very low compared with the early stages of sclero-
derma, but the distinguishing factor between the two is the
response to thermal stress. Specifically, applying hypother-
mic conditions to a primary Raynaud’s subject will result in a
rapid loss of perfusion with sustained losses long after restor-
ing temperature to comfortable levels. In systemic sclerosis,
the apparent Raynaud’s will not have such a profound loss of
perfusion and will recover much more quickly after removal
of the hypothermic stress.

[0049] Considering the protocol for assessment of hyper-
thermia-induced activation of biphasic vasodilation, it is con-
templated that methods may be designed that implement
hypothermia to activate vasoconstriction. Arteriole constric-
tion, in contrast to dilation, is constantly active and holds a
baseline tone which affects both perfusion of distal branches
and blood pressure. Hypothermia generates a heightened
level of vasoconstriction to prevent excessive loss of core
heat. In primary Raynaud’s, the sympathetic tone which
defines the level of vasoconstriction is pathologically
increased. Systemic sclerosis differs in that the observed loss
of perfusion is primarily due to vascular damage.

Vasomotor Control Assessment:
Activation of Vasoconstriction

[0050] Other possible thermal stress tests to assess complex
aspects of vasomotor control of local temperature include
cooling the subject and then heating the subject.

Hypothermia-induced

Image Reconstruction

[0051] Continuous 3D imaging with multiple full 360-de-
gree rotations allows implementation of the continuous time-
averaged image reconstruction procedure. The procedure
involves tomographic reconstruction of the full 360-degree
scans sequentially shifted by a single or multiple steps of the
rotational motor. The reconstructed 3D images or individual
sections of 3D images then form a sequence of frames for the
optoacoustic 3D or 2D movie showing the dynamic optoa-
coustic angiography.

Dynamic Visualization of Peripheral Vasculature

[0052] The present invention demonstrates that it is crucial
that the frame rate of the created 3D or 2D optoacoustic movie
is standardized by a specific compression ratio with respect to
the real frame rate achieved at the moment of angiography
procedure. That condition is essential so that all the created
optoacoustic movies will be perceived by the doctors in the
same manner and could be compared visually across different
patients/procedures.

Spatial Separation of the Microvasculature

[0053] The present invention demonstrates a method of
spatial separation of the microvasculature and larger periph-
eral blood vessels for an enhanced diagnostic evaluation.
Microvascular networks have different thermal regulation
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than larger blood vessels. Therefore, they if possible should
be separated in optoacoustic images/movies from their larger
counterparts. The method of separation may include using
optoacoustic transducers with different impulse responses to
measure signals from microvasculature and larger vessels. Tt
also may include application of an analog or digital filter to
the data already measured by the array of optoacoustic trans-
ducers. Lastly, the optoacoustic images/movies can be recon-
structed/created and then spatially filtered to get separate
information on temporal and spatial behavior of microvascu-
lature and larger vessels during the stress test. The general
approach includes retaining lower frequency components for
larger blood vessels and higher frequency components for
microvasculature.

Functional Diagnostic Parameters of a Dynamic OA
Angiography

[0054] Functional diagnostic parameters of dynamic OA
angiography are defined separately for microvasculature and
larger blood vessels. Visualized extremity/organ is also
divided into subsections/compartments, i.e., finger, for
example, can be divided into three subsections corresponding
to the phalanxes. Then the functional diagnostic parameters
are: (a) For each subsection cumulative OA intensity is nor-
malized to its own maximum and is plotted as a function of
time. This parameter defines how the visualized subsection or
the entire organ is perfused with time. (b) For each subsection
cumulative OA intensity is normalized to the OA intensity of
the entire organ, and is plotted as a function of time. This
parameter tracks spatial distribution of blood as a function of
time.

Applications of LOIS-DMA

[0055] It is demonstrated that pathologies associated with
vasomotor control are numerous and it is plausible that any
pathological state can have some effect. However, the process
of establishing the assessment of physiology in imaging
should begin with defining how its methods may provide
diagnostic or preventative benefit. Building off examples of
pathologies that have a strong component of physiologic
stress or compromise, which can be assessed using the meth-
ods provided here, will both serve to outline the potential of
this technology and focus the “window” utilized for diagno-
sis. Further methods and applications of the optoacoustic

imaging under hypothermal/hyperthermal stress are
described.
[0056] It is demonstrated that the thermoregulatory

response and other physiological effects regulated via vaso-
motor activity could be studied by repetitive three-dimen-
sional optoacoustic imaging following the stress test that
modifies the finger blood flow. Future improvements to the
stabilization of the finger during the scans will provide less
motion artifacts, better resolution and contrast of individual
optoacoustic images, which is essential for quantitative dif-
ferential image analysis and accurate calculation of func-
tional diagnostic parameters. We also plan to increase the
speed of each scan and allow uninterrupted multiple scan-
ning, which will allow studying of the faster processes that
happen as a result of vasomotor activity.

[0057] One skilled in the art of optoacoustic imaging can
recognize that such dynamic optoacoustic angiography can
be performed in real-time with the invented laser optoacous-
tic imaging system (LOIS-DMA). Scanning of the probe
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allows one to locate and track arteries and veins of a human
forearm in real-time. This system can be modified to provide
fast preoperative mapping of forearm vessels necessary for
establishment of hemodialysis. Also, the frame-by-frame
analysis of the recorded LOIS-DMA images in a real time
movie mode can be used to measure dynamic changes of the
cross-section of the arteries. If combined with the Doppler
ultrasound, real-time optoacoustic information on the change
of the blood vessel crossection provided by LOIS-DMA
could be used in estimation of the instantaneous local blood
flow rates. Such a localized high resolution analysis of vas-
cular dynamics is superior to traditionally used plethysmog-
raphy, which provides blood flow information only within a
thick segment of the extremity without spatial resolution.
Such data would be useful in tests aimed to estimate the
physiological response of the peripheral circulatory system to
different types of stress, like thermoregulatory mechanisms,
vascular effects of the drugs and in diagnosing of local
ischemia.

[0058] The profile of variations in arterial diameter clearly
indicate a cyclical increase and decrease in blood volume that
likely reflects the pulsatile nature ofarterial blood flow during
systole and diastole. This suggests that a real-time optoacous-
tic system can be potentially used, similarly to plethysmog-
raphy, for monitoring arterial blood flow during the cardiac
cycle and for characterizing properties of vascular wall func-
tion, such as elasticity, endothelial function (vascular reactiv-
ity), and augmentation index. Clinical conditions that would
benefit from such analysis include atherosclerotic peripheral
arterial disease, veno-occlusive disease, and venous valvular
insufficiency.

[0059] As described below, the invention provides a num-
ber of advantages and uses, however such advantages and
uses are not limited by such description. Embodiments of the
present invention are better illustrated with reference to the
Figure(s), however, such reference is not meant to limit the
present invention in any fashion. The embodiments and varia-
tions described in detail herein are to be interpreted by the
appended claims and equivalents thereof.

[0060] FIG. 1A are an illustration of the three-dimensional
optoacoustic microangiography system (LOIS-MA). The
LOIS-MA imaging system comprises an acoustic array probe
1, laser fiber bundles 24, b; a scanning chamber or bowl 3, and
a hand bracket 4. A hand 5 of a human subject is positioned
within the scanning chamber and held in place by the bracket.
[0061] The three-dimensional optoacoustic microangiog-
raphy system is configured to acquire signals in orthogonal
and backward modes of optical illumination. The LOIS-MA
system utilizes an array of ultrawide-band ultrasonic trans-
ducers which are rotated and/or translated about the object of
interest, such as human appendage or extremity. An acousti-
cally dampening chamber containing optoacoustic coupling
medium (imaging module) had a volume inside that can be
imaged and reconstructed in spherical or cylindrical coordi-
nates. The transducer array and optical fiber bundles were
fixed within the imaging module.

[0062] Acoustic signals were detected by an arc array of
128 piezo-composite elements having a frequency bandwidth
with maximum frequency corresponding to desirable resolu-
tion and minimum detectable frequency corresponding to the
largest image feature (tissue structure) to be visualized (as an
example, an array with bandwidth of 0.1 MHz to 10 MHz can
permit accurate quantitative visualization of tissue structures
as large as 10 mm with resolution of about 100 micron. The
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array aperture was spanning an optimal angular aperture of
about 150 deg with a radius sufficient to enclose the object of
interest. [llumination was set to be in orthogonal optoacoustic
mode coming from a bifurcated, randomized fiber bundle
with a rectangular output profile. The imaging module was
mounted and centered on the rotational stage operated by a
computer controlled motor which would rotate around the
object under examination (see FIGS. 2A-2C, 4A-4B and
5A-5B for images of a human finger and a live mouse) for
multiple complete 360° scans. The remaining components
like the digital acquisition hardware, time gain control, and
laser were similar to those of the previously described
3D-OAT mouse imaging system that utilized a water tank as
an experimental chamber (6, 13).

[0063] FIGS. 2A-2C illustrates dynamic microangiogra-
phy of a human finger that was performed using the LOIS-
MA system with a rotating imaging module. The hypother-
mia stress test of ahuman finger included placing the targeted
index finger in the ice-cold water for five minutes. Immedi-
ately afterwards, the finger was positioned inside the bowl of
LOIS-MA and a series of optoacoustic scans were performed
approximately 1,3, 5, and 7 min after the end of the hypoth-
ermia stress test. During the last scan, the volunteer reported
return of the normal sensory feelings in the finger under study.
Each optoacoustic scan continued for about 30 seconds, pro-
viding information about thermoregulatory recovery of the
peripheral blood flow averaged over that time frame.

[0064] Imaging was performed in vegetable oil, which pro-
vided acoustic coupling and also reduced the noise picked up
by piezoelements of the acoustic array. Temperature of the
coupling oil was recorded before and after the imaging pro-
cedure and was all the time between 26° C. and 27° C. A full
scan consisted of 150 acquisitions with 2.4° steps made with-
out averaging on every other laser pulse. The total scan time
was less than 30 seconds. 1536 samples were recorded per
acquisition with a sampling frequency of 20 MHz. The ampli-
fier gain was set to 60 dB. During a scan, the index finger of
a volunteer was positioned co-linear and in the proximity to
the axis of rotation of the bowl. The motion of the finger was
restricted at the most proximal, i.e., metacarpophalangeal,
joint using a custom-made hand bracket.

[0065] Signal conditioning, image processing, and visual-
ization parameters were frozen with respect to the initial scan
in order to observe temporal changes. Signal conditioning
involved application of a high-pass filter based on a one-
scaled wavelet (17) designed to highlight fine optoacoustic
features, like small blood vessels and capillaries. Unfortu-
nately, this type of processing also produced speckled imag-
ing noise commonly found in high frequency reconstructions.
It was alleviated using a three dimensional Gaussian filter
with a standard deviation of 1.5 voxels. 3D optoacoustic
images were reconstructed using filtered radial backprojec-
tion (6) and visualized using VolView 2.0 (Kitware, Clifton
Park, N.Y.). Using the image intensity histogram, all the
values of less than pre-defined threshold were made transpar-
ent to get rid of the noise. A linear opacity ramp terminating
at the opacity level of 0.05 was followed by a stepwise
increase in opacity to the level of 0.3 for the remaining data.
Color palette was set to a linear 12-bit grayscale. Gradient
opacity mapping was handled by the heuristics of the Strong
Edge Detection of VolView with the exception of the zero-
opacity point, which was set to the mode of the gradient
histogram.
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[0066] FIGS. 3A-3B depict the vascular anatomy of the
human figure. FIG. 3A illustrates the radialis indicis which
forms several anastomoses with the proper digital artery. The
communicating branches distribute around the joints, supply-
ing structures involved in articulation. The terminal anasto-
mosis found in the nail bed is an important site for regulation
of sensory input and thermoregulatory mechanisms. FIG. 3B
illustrates the venal network which arises from several anas-
tomoses and converge into proper digital veins that drain via
the cephalic vein. Capillary networks, such as the one present
in the nail bed are involved in thermoregulation. Vasomotor
controls will constrict or increase blood flow through these
networks in response to thermal stimuli. The dynamic
changes of the local blood flow are dependent on pathological
condition of the vasculature.

[0067] FIGS. 4A-4B and 5A-5B are images Illustrate the
results of thermal (hypothermia/hyperthermia) stress tests
performed on two mice. Generally, imaging of a mouse was
performed in a 7-gallon tank filled with distilled water. Two
male Athymic Nude-Foxnl™ mice (Harlan, Indianapolis
Ind.) that were 6 to 7 weeks old at the time of the scans were
used. They ranged in body mass from 22t0 26 g. Temperature
of the water in the tank was continuously monitored with a
precision of +0.1° C. A full scan consisted of ten 360° rota-
tions with 150 acquisitions each, providing a total of 1500
datasets. No averaging was performed during a scan. 1536
samples were recorded per acquisition with a sampling fre-
quency of 20 MHz. The amplifier gain was set to 60 dB.
In-vivo mice imaging was done with the use of a mixture of
isoflurane and room air that put the mice to sleep and acted as
an analgesic. A custom made mouse holder used in our prior
studies was used to provide ample imaging area of the body
while creating a diving bell for required breathing (20).
[0068] In FIGS. 4A-4B the first mouse was subject to a
hypothermia stress test. After an initial OA scanning at nor-
mal water temperature of 36° C., the temperature control of a
tank was turned off and three out of seven gallons of water in
the tank were substituted with distilled water at 4° C. After 60
s of manual stirring, the water in the tank was brought to a
steady state room temperature of 25° C. The mouse then was
scanned continuously for 7 minutes. After 20 minutes of
hypothermia, the image shows significant vasoconstriction
with reduced optoacoustic intensity and now clearly identi-
fied colon.

[0069] InFIGS.5A-5B the second mouse was subject to a
hyperthermia stress test. In that after an initial OA scanning at
normal water temperature of 36° C., the temperature control
of atank was turned to a maximum level of 45° C. and two out
of seven gallons of water in the tank were substituted with
boiling water. After 60 s of manual stirring, the water in the
tank was brought to a quasi steady state at 45° C. The mouse
then was scanned continuously for 7 minutes. Dynamic
optoacoustic angiography of a mouse under those thermal
stress tests provided information about systemic thermoregu-
latory response to a moderate short-term hypo- and hyper-
thermia. After 15 minutes of hyperthermia, the image shows
significant vasodilation with increased optoacoustic intensity
and now clearly identified portion of the liver.
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What is claimed is:

1. An optoacoustic imaging system for dynamic angiogra-
phy comprising:

means for delivering optical energy to a volume of interest

on a subject;

means for imaging the volume of interest over a range of

temperatures tolerable by the subject; and

means for producing two- or three-dimensional angio-

graphic images of the volume of interest.

2. The optoacoustic imaging system of claim 1, further
comprising means for ultrasound imaging of the volume.

3. The optoacoustic imaging system of claim 2, wherein the
ultrasound is electrically generated or laser generated.

4. The optoacoustic imaging system of claim 1, wherein the
means for delivering optical energy comprises:

a short pulse laser operable at one or more wavelengths;

and

a fiberoptic delivery system optically connected to the

laser.

5. The optoacoustic imaging system of claim 4, wherein the
one or more wavelengths comprise the visible and near-infra-
red spectrum, and wherein spectral bands are deliverable in a
sequence or toggled.

6. The optoacoustic imaging system of claim 4, wherein the
means for imaging the extremity over a range of temperatures
comprises:

an imaging module having:

a vessel shaped to receive the volume of interest;

an optoacoustic coupling medium contained in the ves-
sel;

means for temperature regulation of the coupling
medium; and
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one or more ultrasonic transducers configured to detect
ultrasonic waves generated within the volume of
interest upon delivery of the optical energy therein;
and

a scanner operatively connected with the imaging module
to scan the one or more ultrasonic transducers over the
area of interest.

7. The optoacoustic imaging system of claim 6, wherein the
scanner operates in rotational mode or translational mode or
a combination thereof.

8. The optoacoustic imaging system of claim 6, wherein the
one or more ultrasonic transducers comprise a transducer
array.

9. The optoacoustic imaging system of claim 6, wherein the
means for producing two- or three-dimensional angiographic
images comprises:

electronic components operatively linked to the one or
more ultrasonic transducers configured for acquisition
of optoacoustic signals, signal and/or image processing
and data transmission to a computer; and

acomputer, having a memory, a processor and a display, in
electronic communication with the electronic compo-
nents and configured for system control and three-di-
mensional and two-dimensional optoacoustic image
visualization.

10. The optoacoustic imaging system of claim 9, wherein
said signal or image processing by electronic components
comprises one or more processes that are signal amplifica-
tion, digitization, filtering, convolution or deconvolution,
backprojection, reconstruction, summation, inversion, trans-
formation, or iteration.

11. The optoacoustic imaging system of claim 1, wherein
the volume of interest is an appendage of the subject.

12. The optoacoustic imaging system of claim 1, said sys-
tem configured to evaluate blood flow, ischemia or to assist in
administration of hemodialysis.

13. A dynamic optoacoustic angiographic imaging system,
comprising:

a) a short pulse laser operable at one or more wavelengths

within a visible and near-infrared spectral range;

b) a fiberoptic laser light delivery system comprising
bundles of randomized fibers operatively linked to the
laser;

¢) an imaging module operatively linked to the fiber optic
laser light delivery system, said imaging module com-
prising:

a vessel having means for supporting an appendage
therein;

an optoacoustic coupling medium contained within the
vessel and covering the appendage,

means for precision controlled cooling or heating of the
coupling medium; and

an array of ultrasonic transducers configured to detect
ultrasonic waves generated within the appendage
upon delivery of the laser light thereto;
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d) a rotational and/or translational scanning system opera-
tively linked to the imaging module configured for scan-
ning the ultrasonic transducer array over the appendage;

e) an electronics system comprising components for ampli-
fication, digitization and processing of the optoacoustic
signals acquired from the ultrasonic transducer array;
and

) a computer, having a memory, a processor and a display,
in electronic communication with the electronic compo-
nents and configured for system control and three-di-
mensional and two-dimensional optoacoustic image
visualization.

14. The optoacoustic imaging system of claim 13, further
comprising a system for ultrasound imaging of the append-
age.

15. The optoacoustic imaging system of claim 14, wherein
the ultrasound is electrically generated or laser generated.

16. The optoacoustic imaging system of claim 13, wherein
the means for supporting the appendage comprises a bracket.

17. A method for optoacoustic imaging of an appendage of
a subject, comprising the steps of:

a) heating the optoacoustic coupling medium contained
within the imaging module comprising the dynamic
optoacoustic angiographic imaging system of claim 13
to a normal physiological temperature for the subject;

b) positioning the appendage into the imaging module;

¢) performing an optoacoustic imaging scan of the append-
age at the normal temperature;

d) changing the temperature of the optoacoustic coupling
medium in steps from the normal to a maximum or
minimum safe temperature safely tolerable by the sub-
ject;

e) performing an optoacoustic imaging scan at the maxi-
mum or minimum safely tolerable temperature;

f) analyzing and processing optoacoustic signals acquired
at both the normal and the maximum or minimum safely
tolerable temperatures; and

2) reconstructing two- or three-dimensional optoacoustic
images from the analyzed signals.

18. The method of claim 17, further comprising:

h) displaying differential anatomical images of peripheral
vasculature in the appendage and functional diagnostic
parameters as a function of time and temperature deter-
mined from the dynamic optoacoustic angiographic
scan of the appendage; and

1) diagnosing a medical condition of the appendage or the
peripheral vascular system of the subject based on the
displayed functional images and diagnostic parameters.

19. The method of claim 18, wherein anatomical and func-
tional details of the peripheral vasculature characterize ther-
moregulatory response and other mechanisms responsible for
vasomotor activity.

20. The method of claim 17, further comprising perform-
ing ultrasonic imaging of the appendage.

21. The method of claim 17, wherein the appendage is an
arm, a hand, fingers, a leg, a foot, or toes.
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