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7) ABSTRACT

A system and method for generating ultrasound images of a
subject without physically contacting the subject is pro-
vided. A photoacoustic excitation source may be employed
that directed into a scanning mirror to transmit acoustic
disturbances into a patient to induce propagating photoa-
coustic waves. The acoustic disturbances are translated
along the patient in a defined direction to cause coherent
summation of the propagating photoacoustic waves and,
thereby, a resultant acoustic and/or elastic wave to probe
structures within the patient. Vibrations created by the
backscatter of the resultant wave are detected at the surface
of the patient and ultrasound images of the structures within
the patient are generated. Detection of the vibrations may be
performed using a laser vibrometer. The excitation and
detection systems may be used separately or in combination.
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1
SYSTEMS AND METHODS FOR
GENERATING NON-CONTACT
ULTRASOUND IMAGES USING
PHOTOACOUSTIC ENERGY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on, claims priority to, and
incorporates herein by reference in its entirety U.S. Provi-
sional Application Ser. No. 61/907.843, filed Nov. 22, 2013,
and entitled, “SYSTEM AND METHOD FOR NON-CON-
TACT ULTRASOUND.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
FA8721-05-C-0002 awarded by the Air Force Life Cycle
Management Center. The government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

The present invention relates to systems and methods for
generating ultrasound images, and more particularly to sys-
tems and methods for generating ultrasound images without
system contact to the patient, which may be achieved, for
example, using photoacoustic energy and/or laser vibrom-
etry.

Ultrasonic imaging techniques of body tissue and bone
are well established in medical practices and aid physicians
diagnosing diseases and injuries. Current systems rely on
mechanical transducers and receivers in contact with the
skin where coupling gels act as an interface to reduce the
impedance between the device and skin. Conventional ultra-
sound images are obtained in a contact manner by using an
ultrasonic transducer placed directly on the area of interest
to send and receive the acoustic signals. In general, an
acoustic pulse is emitted into to the body. Echoes from
structures inside the body are reflected back to the trans-
ducer with the time of arrival providing information about
the range to the structure. The acoustic source is omnidi-
rectional, thus only range information is obtained, and a
two-dimensional (2D) image is formed by using a line of
transducers that yield information in the cross range direc-
tion.

However, considerable work is currently ongoing to form
three-dimensional images via the scanning of the transducer
line array. However, this presents registration error chal-
lenges as the individual 2D images must be aligned properly.
Investigations are also ongoing to combine the individual
source elements of 2D arrays of transducers in such a way
that the transmitted energy has a directionality to obtain
better quality spatial information. However, practical imple-
mentation of 2D arrays suffer from challenges in making a
sufficiently large array that is conformal and uniformly
coupled to the surface of interest (e.g. the human body).

Additionally, in certain circumstances, a noncontact
operation for obtaining ultrasound images may be desirable.
For example, in surgical situations where sterility is an issue,
situations where direct contact is unpleasant or painful (e.g.,
imaging the eye), or emergency situations where the patient
is in transit and/or being stabilized and may not be easily
imaged via a contact system. Additional applications
include, for example, real-time surgical feedback imaging,
traumatic brain injury (TBI) detection, and bone health
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2

monitoring. Real-time surgical guidance and feedback could
be improved from an imaging technique that can directly
access exposed skin or traumatized tissue without contact,
especially in very delicate procedures such as spinal and
neck surgery.

One example approach includes photoacoustic tomogra-
phy (PAT) which is an emerging optical technique. PAT is
often used to image near surface shallow capillaries in
animal tissue, for example, with typical penetration depths
less than 1 mm. The PAT technique employs an optical
source to cause the photoacoustic effect and contact trans-
ducers to record the response. Recent studies are exploring
the laser Doppler vibrometer as a sensing device, thus
making the system optical. In these studies, measureable
signals are observed to depths of less than 1 cm in biological
phantoms or natural tissue. However, for optical measure-
ment systems to compete with practiced medical ultrasound,
penetration depths of at least several inches are needed to
probe structures of interest and, the light must be eye and
skin safe.

Thus, there is a need for systems and methods capable of
providing an eflicient means for coupling acoustic energy
into media in a noncontact manner to generate ultrasound
images and, thereby, treatment of injuries such as TBI and
bone fractures.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing a non-contact ultrasonic imaging
device. The present invention may use a laser imaging
system that provides an acoustic amplitude that is signifi-
cantly larger than that induced via standard photoacoustic
means. Coherent summation of the propagating acoustic
and/or elastic waves is achieved by scanning the laser source
along the surface of the body at the speed of sound. The
present invention may also use an array of vibrometer
detectors to determine the mechanical modulus of the sur-
face of a patient’s skin.

The present invention provides a method for generating
ultrasound images of a patient. The steps of the method
include directing a photoacoustic excitation source into a
scanning mirror to transmit acoustic disturbances into the
patient to induce propagating photoacoustic waves. The
plurality of acoustic and/or elastic disturbances are trans-
lated along the patient in a defined direction to cause a
coherent summation of the propagating photoacoustic
waves. The coherent summation generates a resultant wave
that propagates along the defined direction to probe struc-
tures within the patient. Vibrations are detected at a surface
of the patient created by backscatter of the resultant wave
from the structures within the patient. Ultrasound images of
the structures within the patient are then generated using the
vibrations previously detected at the surface of the patient.

The present invention also provides a system for gener-
ating ultrasound images of a patient. The system includes a
photoacoustic excitation source directed into a scanning
mirror to transmit acoustic disturbances into the patient to
induce propagating photoacoustic waves. The system also
includes a sensor configured to detect vibrations at a surface
of the patient created by backscatter of a resultant wave. A
data acquisition system is configured to receive the resultant
wave. The system also includes a processor that has access
to the data acquisition system to translate the acoustic
disturbances along the patient in a defined direction to cause
a coherent summation of the propagating photoacoustic
waves. The coherent summation results in the resultant wave
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that propagates along the defined direction to probe struc-
tures within the patient. The processor then measures the
vibrations at the surface of the patient created by backscatter
of the resultant wave from the structures within the patient.
The processor then generates ultrasound images of the
structures within the patient using the vibrations detected at
the surface of the patient.

The present invention also provides a method for gener-
ating ultrasound images of a patient. The steps of the method
include directing a laser source configured to produce a laser
beam toward the patient to induce propagating photoacous-
tic waves. The laser beam is then translated along the patient
in a defined direction to cause a coherent summation of the
propagating photoacoustic waves and, thereby, a resultant
wave that propagates along the defined direction to probe
structures within the patient. Vibrations are detected, using
a laser vibrometer sensing array, at a surface of the patient
created by backscatter of the resultant wave from the struc-
tures within the patient. Ultrasound images of the structures
within the patient are then generated using the vibrations
detected at the surface of the patient.

The present invention also provides a system for gener-
ating ultrasound images of a patient. The system includes a
laser source configured to produce a laser beam directed
towards the patient to induce propagating photoacoustic
waves. The system also includes a laser vibrometer sensing
array configured to detect vibrations at a surface of the
patient created by backscatter of a resultant wave. A data
acquisition system configured to receive the resultant wave.
The system also includes a processor that has access to the
data acquisition system to translating the laser beam along
the patient in a defined direction to cause a coherent sum-
mation of the propagating photoacoustic waves and, thereby,
the resultant wave that propagates along the defined direc-
tion to probe structures within the patient. The processor
may also be configured to measure the vibrations, using the
laser vibrometer sensing array, at the surface of the patient
created by backscatter of the resultant wave from the struc-
tures within the patient. The processor may then generate
ultrasound images of the structures within the patient using
the vibrations detected at the surface of the patient.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings which form a part hereof, and in which there is shown
by way of illustration a preferred embodiment of the inven-
tion. Such embodiment does not necessarily represent the
full scope of the invention, however, and reference is made
therefore to the claims and herein for interpreting the scope
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an schematic diagram showing a system con-
figured to implement the present invention for generating
ultrasound images.

FIG. 2 is an image showing an excitation source and
sensing array configured to be implemented into the system
of FIG. 1.

FIG. 3A is a diagram showing an excitation source to be
implemented into the system of FIG. 1.

FIG. 3B is a diagram showing another excitation source
to be implemented into the system of FIG. 1.

FIG. 4 is a diagram showing a laser Doppler vibrometer
system configured to be implemented into the system of
FIG. 1.
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FIG. 5 is a graph showing particle velocity over time of
a photoacoustically induced elastic wave through a tissue
sample utilizing a conventional laser vibrometer.

FIG. 6 is a graph showing particle velocity over time of
a photoacoustically induced elastic wave through a tissue
sample utilizing the system of FIG. 1.

FIG. 7 is a series of graphs comparing elastic wave
transmission through a tissue sample utilizing various exci-
tation and sensor sources.

FIG. 8 is a table showing signal-to-noise-ratio (SNR)
comparisons for contact and optical ultrasonic measurement
systems.

FIG. 9 is a graph showing particle velocity over time of
reflected elastic wave transmission through a tissue sample
for a total optical arrangement.

FIG. 10 is a pair of graphs showing reflected elastic wave
transmission through a tissue sample utilizing a LDV mea-
surement.

FIG. 11 is a diagram showing an example laser diode
apparatus for transmitting single frequency acoustic tones
utilizing an optical modulation onto a continuous wave
optical carrier.

FIG. 12 is a diagram showing another example laser diode
apparatus configured to transmit optically modulated carri-
ers at continuous wave frequencies.

FIG. 13 is a time series graph showing a 50 kHz acoustic
tone generated optically by modulating an optical carrier at
a pulse repetition frequency of 50 kHz.

FIG. 14 a spectrum graph showing a 50 kHz acoustic tone
generated optically by modulating an optical carrier at a
pulse repetition frequency of 50 kHz.

FIG. 15 is graph showing modeled acoustic beam radia-
tion patterns.

FIG. 16 is a graph showing measured beam radiation
patterns corresponding to the modeled acoustic beam radia-
tion patterns of FIG. 15.

FIG. 17 is a flow chart setting forth the steps of processes
for generating ultrasound images in accordance with the
present invention.

FIG. 18 is a diagram showing coherent addition of pho-
toacoustic waves resulting in directional acoustic waves
with a relatively strong signal amplitude.

FIG. 19 is a graph showing a continuous wave laser swept
at various beam speeds at a right side of a sample.

FIG. 20 is a graph showing a continuous wave laser swept
at various beam speeds at a left side of a sample.

FIG. 21 is a graph showing photoacoustic signals maxi-
mized at a predetermined beam sweep speed across the skin
surface sample.

FIG. 22 is a graph showing photoacoustic signals gener-
ated at a predetermined beam sweep speeds through a bone
sample.

DETAILED DESCRIPTION OF THE
INVENTION

As will be described, the present invention includes a
variety of systems and methods that may be used alone or in
combination. For example, one component described here-
after includes a system for using photoacoustic excitation
phenomena to generate propagating elastic waves into the
body that can then reflect, refract, scatter, and absorb off
interior structures. In this regard, a non-contact photoacous-
tic excitation source is provided that can steer the ultrasonic
elastic wave beam as desired into the body. These elastic
waves then propagate back to the skin surface, where they
are measured and used to facilitate analysis of the body.
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Another component described hereafter includes a non-
contact laser vibrometer or a non-contact digital focal plane
array (DFPA), which can be used to provide a flood illumi-
nation of the skin surface. In this regard, the vibrometer or
DFPA system can be used to measure the above-referenced
elastic waves or can be used separately for other purposes.
In the case of measuring returns of the above-described
elastic wave, the returns can be processed and constructed to
form a reflection image of the body interior based on elastic
wave impedance contrast. The vibrometry and/or DFPA
sensing devices can provide motion compensation capabili-
ties for a static or moving detector platform or a static or
moving subject that enables a resolved image. Without these
capabilities, the return signal is not resolvable for moving
systems.

The photoacoustic effect may be used as a means to
couple acoustic energy into a human subject. The photoa-
coustic effect is a well-known process by which optical
energy, typically from a laser, is absorbed by a medium. This
transfer of energy results in a thermal expansion of the
medium, which will result in a propagating acoustic and/or
elastic wave. Many of the properties of the resulting acoustic
and/or elastic wave can be controlled by the source laser
within the material limitations of the source medium. Using
a laser system eliminates coupling gels that are convention-
ally used in ultrasound imaging and applied to the patient’s
skin that can contaminate open body tissues. In addition, a
laser system can provide fine spatial and temporal resolution
to yield higher quality images while reducing distortion
observed with contact sensing deformation. Biomedical
photoacoustic systems can use laser wavelengths in the
visible to near infrared (i.e., 400-1100 nm), which have
absorption depths of approximately 0.1-10 cm. However, the
actual penetration depth is usually less than the absorption
depth due to significant optical scattering. In addition,
existing photoacoustic systems utilize a single source of
optical illumination with a fairly weak resultant acoustic
response, making it difficult to probe structures within the
patient.

Referring now to FIGS. 1 and 2, a system 10 is shown that
provides a means to propagate acoustic energy in a single
direction so that the acoustic amplitude can be larger than
that induced via standard photoacoustic means. The system
10 may include a photoacoustic excitation source 12 con-
figured to transmit acoustic disturbances into a patient 14 to
induce propagating photoacoustic waves. The photoacoustic
excitation source 12 may be, for example, a directed source
of radio frequency energy or microwave energy. Alterna-
tively, the photoacoustic source 12 may be a handheld
device, such as a laser source configured to produce a
modulating frequency between about 0 Hz to 10 MHz.
Likewise, the photoacoustic source 12 may be a continuous
wave (CW) laser. The photoacoustic source 12 may be
arranged remotely from the patient 14 and produce a laser
beam 16 directed at a scanning mirror 18 to transmit the
acoustic disturbances into the patient 14. A sensor 20, for
example, a laser vibrometer sensing array or an ultrasonic
transducer receiver, may be positioned remotely from the
patient 14 to detect vibrations created by backscatter of a
resultant wave 22, as shown in FIG. 1. The resultant wave
22 may be generated by a coherent summation of the
propagating photoacoustic waves. A data acquisition system
24, as shown in FIG. 1, may be coupled to the sensor 20 to
receive the resultant wave 22 and a processor 26 may be
coupled to the data acquisition system 24.

As shown in FIG. 1, the processor 26 may be configured
to translate the acoustic disturbances along the patient 14 in
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a defined direction 28, as indicated by the arrow in FIG. 1,
by rotating either the scanning mirror 18 or translating the
photoacoustic excitation source 12 such that the laser spot
incident upon the patient moves at the speed of sound, for
example. This translation results in the coherent summation
of the propagating photoacoustic waves to produce the
resultant wave 22. The beam 16 is moved along the defined
direction 28. For example, the mirror 18 may be moved to
thereby move the beam 16 along the defined direction 28.
Also, though more cumbersome, the source 12 can be
moved. The processor 26 may also be configured to measure
the vibrations at a surface 32 of the patient 14. The vibra-
tions are created by the backscatter of the resultant wave 22
from probing the structures within the patient 14. The
processor 26 may then generate ultrasound images of the
structures within the patient using the vibrations detected by
the sensor 20.

Referring now to FIG. 3A, the photoacoustic excitation
source 12 is shown as a handheld laser source. The handheld
laser source may be used to generate elastic wave propaga-
tion into the body. The non-contact laser excitation source
generates acoustic/ultrasonic waves that travel into the
patient 14 and return back to the skin surface 32. The laser
source may be timed/phased to transmit the laser beam 16
that propagates in the defined direction 28 in order to scan
the structures of the patient 14 at locations deeper than the
optical penetration depth. The laser source may be, for
example, a low-powered laser system that can generate
acoustic/ultrasonic bandwidths and power levels that propa-
gate into the patient 14, return to the skin surface 32, and that
can be readily used to form ultrasound images. Thus, the
laser source provides a controlled directional source of
acoustic energy to probe and image specific structures of the
patient 14. Advantageously, the acoustic and/or elastic
waves have a directionality that eases the ability to generate
three-dimensional ultrasound images.

Alternatively, as shown in FIG. 3B the photoacoustic
excitation source 12 may be translated along the patient 14,
for example, at the speed of sound, in a defined direction to
cause a coherent summation of the propagating photoacous-
tic waves. The coherent summation of the propagating
photoacoustic waves results in generation of a directional
resultant wave. Coherent summation of the propagating
photoacoustic waves has the advantage that the wave ampli-
tudes, rather than intensities, add, leading to a stronger
overall resultant wave. The resultant wave may propagate
along the defined direction to probe structures of the
patient’s 14 body.

Referring back to FIGS. 1 and 2, once the photoacoustic
excitation source 12 is used to induce the propagating
photoacoustic waves into the patient 14, the waves scatter,
reflect, and refract in relation to the tissue mechanical
property contrasts. As the propagating photoacoustic waves
are backscattered towards the surface 32, vibrations are
induced at the surface 32. The vibrations may be detected
and measured remotely without contacting the patient 14
using the sensor 20 (i.e., the laser vibrometer sensing
arrays). The sensor 20 operates as interferometer, for
example, that emits a beam of light configured to be safely
delivered to an eye or skin of the patient 14. The sensor 20
may be for example, a Coherent Multipixel Imaging system
or a Digital Focal Plane Array (DFPA). The sensor 20
receives the spatially distributed acoustic/ultrasonic return
from the body interior. These signals are then processed by
the processor 26, as shown in FIG. 1, to form structural 2D
and 3D ultrasound images of the interior structures of the
patient 14.
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The sensor 20 can measure vibrations over a frequency
band from 1 Hz ranging to 40 MHz, for example. The sensor
20 may include firmware, for example, that utilizes Doppler
tracking to compensate for movement of the patient 14.
Further, the sensor 20 may provide motion-compensation
capabilities that enable measurement of transmitted elastic
waves in the body from a moving reference such as the
handheld laser source 12, as shown in FIG. 3A. Thus, elastic
wave excitation and measurement can be performed from as
little as a few inches away from the patient 14 to as much as
30 meters, for example, from the patient 14.

In one non-limiting example, the photoacoustic excitation
source 12 may be an optical source configured to generate
acoustic and elastic waves in the body of the patient 14 from
a standoff—noncontact position. More specifically, the opti-
cal source may generate a short optical frequency pulse to
initiate and generate ultrasonic waves into tissue of the
patient 14, which are driven by the primary mechanism of
photoacoustic phenomena. Photoacoustic phenomena first
develop from the photons that impinge on a target surface
emitted from an optical source and the conversion of the
photons into heat by the absorbing material, such as a fluid
or biological tissue complex. This process may be a non-
linear thermal shock loading that enables low Q tissue to
deform rapidly and thus, generates ultrasonic acoustic and
elastic waves.

In a first stage of the photoacoustic process, photons are
absorbed by particles comprising a tissue volume, where the
absorption coeflicient i, is described below by equation (1):

M

Hq = po, where, 04 = —4$nazlm{ ”1 "'_;’EO}
where p and o, are the particle density and cross-sectional
area, respectively, and a is the particle radius, where a<<the
optical wavelength, and n, and n,, are the refraction indicies,
respectively, of the absorbing material and an infinite homo-
geneous non-absorbing medium.
For an optical pulse incident on tissue particles, the total

absorbed energy, E, may be described according to equation
(2) below:

E e mland (56 5)dQ=11, U (10) @

Where I is the specific intensity absorbed by the tissue
particles at a position r from light incident in a direction §.
U™ may be the average incident intensity with units of
J/em?. The average incident intensity may be of particular
concern when developing an optical laser ultrasound where
the intensity is within eye and skin safe limits for the
duration of optical radiation. In one example, 1-20 mJ/cm®
is likely to meet safety requirements in the operational
system 10.

The governing relationship establishing tissue deforma-
tion and thus, acoustic or elastic wave generation evolves
from the tissue temperature increase caused by the absorbed
energy as shown in equation (3) below:

aT(r, 1)
at

PnC —kV2T(r,0) = E,(r, D)

Where p,,. C, x, T are the tissue mass density, specific
heat, thermal conductivity, and temperature, respectively.
The first term shown in equation (3) describes the tempera-
ture increase due to optical absorption and diffusion. The

20

25

30

35

40

45

60

65

8

optical diffusion may be several orders of magnitude larger
than that of the thermal diffusion, thus, the second term
shown in equation (3) may be negligible and the temperature
increase due to the optical pulse radiation can be described
by equation (4) below:

aT(r, 1 1 e
T pm—cﬂa (r.n

In addition, equation (4) may imply that thermal diffusion
can be neglected since the optical pulse duration is consid-
erably smaller than the time scale of thermal diffusion.

The effect of optical propagation into a scattering media,
such as complex biological tissues, may be another compo-
nent to understanding the process of photoacoustic phenom-
enology. Typically, the materials comprising tissue mass are
considerably heterogeneous, where blood hemoglobin, for
example, is highly absorptive to light while other tissue cells
are simultaneously, highly reflective. Light and optical fre-
quency waves may propagate in tissue and can be described
by a diffusion approximation as shown in equation (5)
below. The diffusion of the optical average intensity, U due
to an incident energy density, S, is as follows:

R 1aU(r, 0
DV2U(r, 1) - =
c dr

—E U 1) = =S(r, 1)

In equation (5) above, D may be the optical diffusion
coeflicient and ¢ may be the average speed of light in the
tissue. The average intensity experienced in a homogeneous
scattering tissue column can then be related to the average
incident energy as a function of frequency according to
equation (6) below:

(©)

- - inc 1 - inc
Orow) = 0" (e )4 — f 0" 1y, ¥ ) X (ol — 1D
v

Az

In equation (6) above, g may be a 3D Green’s function,
for example, and y, may be the frequency-dependent wave
number for the optical diffuse photon density wave. The
average incident energy can be derived showing the rela-
tionship between the incident energy density in the time
domain according to equation (7) below:

lrs =l

Uinc N=
e 1) = D 0| e

- ey =1

The acoustic or elastic wave that can be measured by the
sensor 20, such as an optical receiver including a laser
Doppler vibrometer or conventional contact transducer, is
another component to describing photoacoustic conversion
of light to pressure and resultant acoustic wave propagation.
For simplicity, an inviscid fluid may be used to demonstrate
the generation and propagation of the longitudinal or com-
pressional wave from incident light, as shown in the linear
force equation (8) below:

u(r, 1) _ ®)

Er- =Vp(r, 1)

Pm
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where u may be the acoustic displacement and p may be
the acoustic pressure. The tissue media may then deform
from expansion according to equation (9) below:

plr, 1) @

PmV?

Vou(r,f)=— +pT(r, 1)

where f is the volume expansion coefficient and v, is the
acoustic speed in the tissue.

FT(r, 1) (10)

o

1132p(r 3}
2 Y
v P("af)—g 52 = Pm

Combing equations (9) and (10) above, the relationship
between the heat source and the resultant pressure is shown
below in equation (11) in terms of the optical average
intensity and optical absorption coeflicient:

& plr. (11)
20 _ By sy

au(r, 1
0t

V2 p(r. 1) -

1
2
VS

The pressure distribution along the tissue column resolves
to equation (12):

B dr L _|aum, )
P 0= polr 0+ | e bt () X | ——
xC

|r—r| ar
v

e
Vs
Where

" dar
polr, t) = Pa

AU, 1)
4nC Jy lr—r'|

ar

=t vy

In equation (12) above, py(r, t) may be the incident
pressure at the onset of the tissue column.

Once the photoacoustic excitation source 12 described
above transmits acoustic disturbances into the patient 14, the
sensor 20, such as a noncontact laser vibrometer sensing
array, may measure the ultrasonic returns. The ultrasonic
returns may be stimulated by the optical excitation sources
that arrive from internal boundaries composing structures
and material property distributions inside the patient 14, for
example. In one non-limiting example, the sensor 20 is an
optical heterodyne ladar design utilized for the vibrometer
sensing system.

In conventional heterodyne detection, a signal of interest
at a known frequency is non-linearly mixed with a reference
“local oscillator” (LO) that is set at a close-by frequency.
The desired outcome may be the difference frequency, which
carries the signal information (i.e., amplitude, phase, and
frequency modulation) of the original higher frequency
signal, but is oscillating at a lower more easily processed
carrier frequency. Electrical field oscillations in the optical
frequency range cannot be directly measured since the
relatively high optical frequencies have faster oscillating
fields than electronics can respond. Instead, optical photons
are detected by energy or equivalently by photon counting,
which are proportional to the square of the electric field and
thereby form a non-linear event. Thus, when the LO and the
signal beams impinge together on a target surface, such as
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the surface 32 of the patient 14, the LO and signal beams
“mix” and produce heterodyne beat frequencies.

The performance of a laser vibrometer, for example, and
the process of ultrasonic wave measurement may be deter-
mined by the noise floor of the laser vibrometer. The noise
floor may include, but is not limited to, 1) shot noise that
dominates the noise floor at ultrasonic frequencies, 2)
speckle noise that contributes noise in the audible acoustic
band, and 3) platform and subject target vibration caused by
motion by a variety of potential sources other than the
intended system optical excitation source.

Shot noise may arise from statistical fluctuations in mea-
surements. The detected electrical current for a heterodyne
ladar may be described according to equation (13) below:

(0= 1 o (D+2YN,J oL F)cos[0+6(7)] (13)

where 1;, and i(t) are the currents from the local oscil-
lator and signal, ), is the heterodyne mixing efficiency (0 to
1), w;1s the intermediate frequency (carrier signal is mixed
with the local oscillator to produce a difference or beat
frequency to improve signal gain), and 6(t) is the phase shift.
o 1s equal to the acousto-optic modulator frequency offset
plus the Doppler offset due to platform motion. Thus, the
phase shift may be described according to equation (14)
below:

47x() (14)

0(1) = 2kx(0) + 05(1) = +65(0)

where x(t) is the line-of-sight distance between the het-
erodyne ladar and tissue surface 32, 0_(t) is the random
phase of the speckle lobe, and A is the optical wavelength of
the laser vibrometer. x(t) may change due to body vibrations
and movement, laser platform vibration, and pointing jitter,
for example.

The laser vibrometer sensing arrays 20 may be charac-
terized by the carrier-to-noise ratio (CNR). More specifi-
cally, the received number of photoelectrons per second, ¢,
(i.e., optical return from the vibrating tissue surface) over the
vibrometer demodulated bandwidth may determine the
received signal quality. The greater the number of photo-
electrons received by the laser sensing system, for example,
the lower the shot noise is, thus, resulting in a more sensitive
laser vibrometer 20. In some embodiments, the CNR may be
increased by increasing the power of the laser vibrometer 20
and by decreasing the laser beam 16 diameter that impinges
upon the tissue surface 32.

The shot noise spectrum of the surface particle velocity,
A, as a function of frequency, £, may be proportional to the
received returning photoelectrons as described by equation
(15) below:

_ I

15
Avsn(f) = NS

As previously described, another source of noise may be
from speckle, for example. Speckle is the noise that occurs
due to the distribution of optical scatters on the tissue surface
32 encountered by the laser beam 16. For a diffuse surface,
for example, there may be many scatterers (based on surface
roughness) that reflect light back to the receiver. The speckle
noise contribution to the laser vibrometer 20 can be reduced
by signal time integration with respect to the same realiza-
tion of scatterers. Increasing the integration time may reduce
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speckle noise and thus improve the sensitivity of the system
10. However, if during the allotted integration summing
time, the laser beam 16 changes position on the target
surface 32 due to platform motion, beam jitter, or target
movement, for example, the speckle realization may change
thereby creating translation or dynamic speckle and increase
in the noise floor. Faster laser beam 16 translation speeds
across the surface 32 of the patient 14 may also increase the
speckle noise floor contribution. The speckle noise ampli-
tude may be described according to equation (16) below:

(16)

nf2, 2o
P D=N T ey
where a=2nf, _and f, =v/d (i.e., laser beam translation

velocity on target over the laser beam diameter) is the
exchange rate of the speckle pattern.

Performance of the laser vibrometer, such as the laser
Doppler vibrometer 20 shown in FIG. 4, for ultrasonic
measurements may be characterized by the shot noise con-
tribution (e.g., at 1 MHz), for example, that is anticipated to
dominate the noise floor sensitivity. However, when intro-
ducing system motion, speckle noise may become a signifi-
cant factor. Even subtle motion with a small laser beam 16
diameter (on the order of millimeters) can produce signifi-
cant fluctuations in the speckle realization and resultant
noise floor.

In order to measure ultrasonic signals generated from the
optical photoacoustic excitation source 12 utilizing the laser
vibrometer 20, the system 10 may undergo a series of tests.
The end result measurements from the series of tests may, in
some embodiments, be conducted without coupling gels or
reflexite beads for laser return enhancement or other means.
The signal quality generated using the present laser vibro-
meter 20 may be compared to a commercial laser vibrome-
ter, such as the laser vibrometer manufactured by Polytec,
Inc., and contact ultrasonic transducers manufactured by
Olympus, for example.

In a first set of transmission measurements, the direct
acoustic/elastic wave transmission for through tissue
samples may be measured with the laser Doppler vibrometer
20 or conventional contact ultrasonic receiving transducers.
The optical source utilized may be a Continuum Q-switched
15 pulse/sec laser, for example, operating at about a 355 nm
with pulse energies at the sample surface of 1-4 mJ and a
spot size of 0.05 cm? yielding fluencies per pulse of 20-80
ml/cm®. The laser vibrometer beam (sensing receiver) may
be aimed on an opposing side of the tissue sample, but
co-located with the excitation laser beam 16. The tissue
sample may be about one inch thick. Received signals
measured using the laser vibrometer 20 may be recorded
using the data acquisition system 24 of FIG. 1, for example.
The data acquisition system 24 may include, as one
example, an Agilent Technologies .4534A 20 M sample/sec
digitizer. The contact transducer received signal and com-
mercial laser vibrometer (i.e., Polytec, Inc. laser vibrometer)
measurements may be recorded on a Tektronix TDS 2024B
digital oscilloscope, for example.

In the present example, the laser Doppler vibrometer
(LDV) 20 may be positioned about five feet from the tissue
sample. The laser source 12, such as a Q-switched laser, is
placed about one foot from the tissue sample, to initiate
ultrasonic waves into the tissue sample via photoacoustic
mechanisms. This configuration allows for a direct elastic
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wave transmission through the tissue sample. Referring to
FIG. 5, the LDV measurement of direct elastic wave trans-
mission through the tissue sample is shown using the LDV
sensor. A first curve 40 shows the LDV measured response
of the photoacoustically induced elastic wave when the
Q-switched laser pulse is blocked with a metal plate between
the excitation source and the tissue sample. A second curve
42 shows the response due to elastic wave transmission
when the source beam is unimpeded. Thus, reflexite glass
beads (~1 pm diameter) were necessary to achieve a rea-
sonable SNR to detect the return signal from the surface of
the tissue sample. Without the reflexite glass beads, the
signal was unobservable.

However, using the present laser vibrometer 20, measure-
ment of the direct transmission is achievable without reflex-
ite dust. The laser vibrometer 20 achieved a better SNR due
to a higher optical power of about 45 mW with a 1550 nm
wavelength compared to the commercially available Polytec
vibrometer power of 2 mW and 633 nm wavelength. With
reference to equation (15) above, the laser vibrometer 20
may achieve a shot noise floor reduction by a factor of two
better than the Polytec laser vibrometer for equal spot sizes
primarily due to higher power (AApower). In addition,
signal processing gains in the laser vibrometer 20 may
display improved performance over the Polytec vibrometer.

Turning now to FIG. 6, the signal return measurement
using the laser vibrometer 20 without sample surface treat-
ment is shown. More specifically, a first curve 44 shows the
response from the LDV sensor measurement of direct elastic
wave transmission through the tissue sample generated by
optical frequency short pulse using Q-switched laser. In this
measurement example, there are no reflexite beads or any
substances used to treat the sample surface to reduce the
LDV noise floor response. The direct wave transmission
may be observed at about 30 microseconds, and the first
reflection from the back of the tissue sample may be
observed at about 50 microseconds.

In one non-limiting example, the signal-to-noise-ratio
(SNR) for combinations of contact transducers and optical
devices for the direct transmission measurement configura-
tion may be compared. As shown in FIG. 7, comparison of
contact piezoelectric transducer and optical ultrasonic mea-
surements are shown. The transmit pulse may be initiated at
t=0. A first graph 46 shows the transducer transmit and
receive system having direct elastic wave transmission
through a one inch tissue sample in contact with and
measured by a 1 MHz longitudinal transducer, for example.
The contact ultrasonic source may be a 1 MHz longitudinal
transducer. A second graph 48 shows the transducer transmit
and LDV receive system having direct elastic wave trans-
mission through a one inch tissue sample measured by the
LDV beam pointed at the tissue sample. The ultrasonic
source may be a 1 MHz longitudinal contact transducer.
Lastly, a third graph 50 shows the optical transmit and LDV
receive system utilizing total noncontact standoff optical
ultrasound. Direct elastic wave transmission, as shown in the
third graph 50 may be generated by a 355 nm Q-switched
laser pulse and measured by the LDV beam pointed at an
opposite side of the tissue sample, for example.

The SNR may be computed for each configuration as
shown in the table of FIG. 8. The SNR may defined by
equation (17) below:

Pst = Mn? an
Vr

SNR = IOIOgIO(
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where Ps is the peak signal amplitude, Mn is the mean
noise, and Vn is the variance of the noise. With continued
reference to FIG. 8, SNR comparisons for contact and
optical ultrasonic measurement approaches indicate that the
contact transducer system provides a SNR and signal quality
that are better than those of optical devices without any
sample treatment. The SNR is comparable for the total
contact transducer arrangement compared to total optical
arrangement using the Polytec with reflexite bead sample
treatment (to reduce its noise floor).

However, the use of gel and axial force to hold the
transducers enables coupling and has may affect the SNR. In
addition, holding contact transducers in place deforms the
tissue sample, such that the mechanical and transmission
properties of the tissue sample are modified compared to the
natural state. The observed transmission velocity, as shown
in FIG. 7, is 1645 m/s and may be over estimated compared
to muscle longitudinal velocities reported in the literature of
1580 m/s. The total optical measurement velocity estimate is
about 1585 m/s for the optical transmit and LDV receive
system, shown in FIG. 7. Thus, in the case of the total optical
measurement using the laser vibrometer 20 without surface
treatment to reduce the vibrometer noise floor, the SNR is
the lowest, as shown in FIG. 8, and may be influenced by the
reduced confining pressure on the tissue sample.

In another non-limiting example, a second series of mea-
surements may be acquired by the optical excitation source
12 and laser vibrometer sensors 20. The total optical mea-
surement configuration may be examined to analyze the
reflection signal quality and probing depth of ultrasonic
wave propagation. In these tests, the optical transmitter and
optical sensing vibrometer may be located on the same side
of the tissue sample, for example, which may be more
common for use in ultrasonic imaging and probing. In one
embodiment, the direct transmission configuration may be
used for tomographic ultrasound imaging applications.
Turning to FIG. 9, the LDV measurement of reflected elastic
wave transmission through the tissue sample for the total
optical arrangement where the transmitter and receiver are
on the same side of the tissue sample is shown.

With continued reference to FIG. 9, the LDV and
Q-switched laser are on the same side of the tissue sample.
The excitation source and sensor beam spots may be
approximately 0.5 inch apart on the tissue sample, and the
elastic wave may be measured using the LDV sensor. The
first reflected arrival from the back of the sample (i.e.,
tissue/air interface) shows the largest amplitude signal in
FIG. 9. Subsequent multiple reflections may be observed
with increasing time. The third multiple still shows a sig-
nificant SNR which has experienced a travel path of four
inches back and forth in the tissue sample.

Referring now to FIG. 10, the contrast in reflection signal
structure and quality for a one inch thick tissue sample is
shown. In this arrangement, the Q-switched laser and LDV
measure the signal from the same side of the tissue sample.
The measured reflected elastic wave signal off a metal plate
backing the tissue sample is shown in the top graph of FIG.
10. The metal plate is coupled to the tissue sample using a
thin layer of Dow vacuum grease, for example. The signal
for a tissue sample without metal backing is shown for
comparison in the bottom graph of FIG. 10. The reflected
signal may be attributed to the large impedance between the
tissue and open air on the sample back. In both graphs of
FIG. 10, the reflected signal character are noticeably differ-
ent indicating that a finite plate backing the tissue sample
may be imaged and mapped for different optical transmitter
and sensing positions on the tissue sample face.

10

20

25

40

45

60

65

14

Referring now to FIG. 11, in another non-limiting
example, a laser diode 54 may be used to stimulate acoustic
and elastic waves in biological tissue 56 in place of the
previously described Q-switched laser. The laser diodes 54
for photoacoustic excitation may include, for example, an
opto-acoustic excitation source for a single channel and a
line array 58. The excitation system shown in FIG. 11 may
be capable of transmitting single frequency acoustic tones
by employing a optical modulation onto a continuous wave
optical carrier. A pulse compression technique may then be
used to synthesize the acoustic-elastic wave short pulse from
the received tones at the observation sensing position. A
forcing function may be calculated at the source location
using super position of each frequency tone over a 35
frequency chirp from about 222 kHz to about 909 kHz. Each
acoustic—elastic wave tone may be measured on the oppo-
site side of the tissue 56. Next, the measured tones may be
processed using a narrow band filter, for example. Addition-
ally or alternatively, each tone may then be summed in time
to construct the short pulse.

Additionally, or alternatively, as shown in FIG. 12, two
laser diode 54 elements may be used to transmit optically
modulated carriers at continuous wave frequencies. The
optical carrier 58, such as a piezotronics contact ultrasonic
transducer, may generate the photo-acoustic response and
elastic wave propagation into the biological tissue 56. The
two laser diodes 54 may cause an interference pattern that
can produce a steerable elastic wave, as shown in FIGS. 13
and 14. For example, as shown in FIGS. 13 and 14, a 50 kHz
elastic wave frequency may be generated at the tissue
sample surface due to absorption of an optical pulse at a
pulse repetition frequency of about 50 kHz. As a result, the
beam radiation power is generated, as shown in FIGS. 15
and 16, in response to excitation of two adjacent laser diodes
54. More specifically, FIG. 15 shows the modeled/predicted
beam pattern, while FIG. 16 shows the measured pattern
using a Piezotronics contact ultrasonic transducer, for
example.

Referring now to FIG. 17, a flow chart setting forth
exemplary steps 100 for generating ultrasound images of
structures within the patient is provided. To start the process,
a photoacoustic excitation source, such as the laser source 12
shown in FIG. 3A or 3B, is directed into a scanning mirror
at process block 102. The source of acoustic energy (i.e., the
photoacoustic excitation source) may be, in contrast to the
omni-directional acoustic energy used in conventional ultra-
sound imagers, a source that provides additional positional
information not available via conventional ultrasound tech-
niques. Specifically, the photoacoustic excitation source
may determine not only the range to the scattering object but
also its direction. It also offers the advantage over current
photoacoustic techniques of a greatly enhanced signal
strength.

As the laser source, for example the CW laser source, is
directed into the scanning mirror, the beam is directed
towards the patient, thereby transmitting acoustic distur-
bances into the patient at process block 104. The acoustic
disturbances result in propagating photoacoustic waves
across the patient at process block 106. At process block
108, output generated by the photoacoustic excitation source
is translated along the patient, for example, at the speed of
sound, in a defined direction to cause a coherent summation
of the propagating photoacoustic waves at process block
110. The coherent summation of the propagating photoa-
coustic waves at process block 110 results in generation of
a directional resultant wave at process block 112.
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As one example, as shown in FIG. 18, coherent summa-
tion of the propagating photoacoustic waves 180 has the
advantage that the wave amplitudes, rather than intensities,
add, leading to a stronger overall resultant wave 182. In
addition, the scattered acoustic energy may yield informa-
tion about subsurface structures. As shown in the graphs of
FIGS. 19 and 20, for example, the CW laser swept at various
speeds from the left side of the sample to the right side of the
sample successfully induces acoustic signals. As shown in
FIG. 21, the photoacoustic signal is maximized at a beam
sweep speed of about 237 meters/second for a skin sample.
Similarly, as shown in FIG. 22, the CW laser swept at
various speeds across bone, for example, also successfully
induces acoustic signals. The photoacoustic signal in this
example, is maximized at about 770 meters/second in the
longitudinal direction, and about 872 meters per second in
the transverse direction.

Returning to FIG. 17, the resultant wave may propagate
along the defined direction to probe structures of the
patient’s body at process block 114. At process block 116,
vibrations may be detected at a surface of the patient that are
created by the backscatter of the resultant wave as a result
of probing structures within the patient at process block 114.
The vibrations may be detected using a laser vibrometer
sensing array, for example, provided at block 118. The
resultant wave generated at process block 112 may then be
processed at process block 120. Ultrasound images of struc-
tures within the patient may then be generated at process
block 122 using the vibrations detected at the surface of the
patient at process block 116.

The above-described method may be used, for example,
in real-time surgical imaging guidance, detection of trau-
matic brain injury, internal bleeding detection and imaging,
bone health monitoring, organ and tissue imaging, dynamic
vital sign monitoring such as breathing rates and pulse rates
from standoff. Additionally, the above-described method
may be used in diagnosing vascular issues (e.g., pre-varicose
veins), dermal anomalies, dehydration, BMI, or hidden
sub-dermal implants.

The optical image acquisition approach described herein
may have a number of advantages over contact transducer
measurements. First, spatial sampling can approach sub-
millimeter resolution using coherent multipixel arrays. In
addition, measurements can access injured body regions,
surfaces, skin conditions, open wounds or regions during
surgery, difficult and awkward to reach regions, while no
physical pressure of the device is applied to the skin or body.
Injury to operators may be reduced due to device pressure
applications to patients, and there is no need or contamina-
tion from coupling gels (as in the case of contact ultrasound
devices). Lastly, the optical image acquisition approach
exhibits limited SNR variability due to applied hand pres-
sure as in the case of contact transducers.

The present invention has been described in terms of one
or more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifi-
cations, aside from those expressly stated, are possible and
within the scope of the invention.

The invention claimed is:

1. A method for generating ultrasound images of a patient,
the method comprising the steps of:

a) directing a photoacoustic excitation source into a
scanning mirror that is configured to transmit acoustic
energy into the patient, and translate the acoustic
energy in a defined direction at a speed of sound,
wherein the acoustic energy induces propagating pho-
toacoustic waves in the patient;
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b) translating the acoustic energy along the patient at the
speed of sound using the scanning mirror to cause a
coherent summation of the propagating photoacoustic
waves and, thereby, at least one resultant wave that
propagates along the defined direction to probe struc-
tures within the patient;

¢) detecting vibrations at a surface of the patient created
by a backscatter of the least one resultant wave from the
structures within the patient; and

d) generating ultrasound images of the structures within
the patient using the vibrations detected at the surface
of the patient in step c).

2. The method as recited in claim 1, wherein the photoa-

coustic excitation source includes a laser.

3. The method as recited in claim 2, wherein the laser has
one of a continuous wave output and an outpu