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Description
Title of Invention: APPARATUS AND METHOD FOR
COMBINED PHOTOACOUSTIC AND ULTRASOUND

DIAGNOSIS
Technical Field

The present disclosure relates to ultrasound image diagnosis and photoacoustic image
diagnosis, and in particular, to an apparatus and method for combined photoacoustic

and ultrasound diagnosis.

Background Art

Photoacoustic imaging provides strong optical absorption contrast and high ul-
trasound resolution even in deep tissues. The principle of photoacoustic imaging is as
follows: the local heat deposition following short laser irradiation pulses generates
acoustic waves, and then the propagated waves are detected by conventional ul-
trasound (US) imaging scanners.

Photoacoustic imaging has been significantly investigated in cancers, brains, hearts,
and eyes of small animals. Additionally, thanks to the natural fusion of light excitation
and ultrasound detection, photoacoustic imaging system have been easily merged with
existing ultrasound imaging system following minor modifications (for example,
muting of ultrasound transmission and collection of wireless radiofrequency data).
Because the integrated system has shared acoustic detectors, they present the ad-
vantages of conventional ultrasound imaging system, such as portability and real-time
imaging capability.

At the same time, contrast agents for both imaging modalities have been significantly
explored to enhance detection sensitivities and specificities. For example, optically
absorbing organic dyes, plasmonic gold nanostructures, and organic nanoparticles have
been developed for photoacoustic imaging in various biological applications. From a
clinical point of view, biocompatibility (i.e., non-toxicity) and biodegradability of
those nanoparticles for PA imaging have not been meaningfully studied, and thus
safety is an ongoing issue as photoacoustic moves towards clinical application.

So far, clinically approved dyes (i.e., methylene blue and indocyanine green) have
the highest chance to be chosen as clinical photoacoustic contrast agents. Methylene
blue is currently being investigated as a photoacoustic lymph node tracer in breast
cancer.

For ultrasound imaging, microbubbles filled with fluorinated gases are routinely used
in clinical practices to map blood flow in hearts, livers, and kidneys. Preclinically, mi-

crobubbles have been tested for molecular ultrasound imaging, ultrasound-guided drug
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delivery, etc.
Furthermore, dual-functional contrast agents for simultaneous photoacoustic and ul-

trasound imaging have recently been reported. Examples of such dual-functional
contrast agents are ink-encapsulated micro- or nano-bubbles [13]; gold nanorods en-
capsulated-human serum albumin shelled microbubbles [14]; and liquid perfluo-

rocarbon nanodroplets with plasmonic nanoparticles encapsulated therein [15].
Disclosure of Invention

Technical Problem

According to the present disclosure, a microbubble used as a contrast agent for ul-
trasound imaging may burst by means of high voltage ultrasound, and the burst mi-
crobubble may effectively act as a contrast agent for photoacoustic imaging. Based on
this point, the present disclosure provides a new apparatus and method for combined

photoacoustic and ultrasound diagnosis.

Solution to Problem

Additional aspects will be set forth in part in the description which follows and, in
part, will be apparent from the description, or may be learned by practice of the
presented embodiments.

An embodiment of a combined photoacoustic and ultrasound diagnosis method
according to an aspect of the present disclosure includes

transmitting a first ultrasound signal having a low MI to a subject to which a contrast
agent having microbubbles has been administered, detecting an echo signal that is
generated by the reflection of the first ultrasound signal by microbubbles, and
displaying an ultrasound image produced based on the echo signal;

transmitting a second ultrasound signal having a high MI to the subject to burst the
microbubbles to form microbubble flakes; and

irradiating a laser signal to the subject, detecting a photoacoustic signal generated
due to the microbubble flakes stimulated by the laser signal, and then, displaying a
photoacoustic image produced based on the photoacoustic signal.

An embodiment of a combined photoacoustic and ultrasound diagnostic apparatus
according to an aspect of the present disclosure includes

a laser irradiation unit for irradiating a laser signal to a subject;

an ultrasound signal transducer for transmitting a first ultrasound signal having a low
MI to the subject, detecting an echo signal generated due to the first ultrasound signal
reflected by microbubbles in the subject, transmitting a second ultrasound signal
having high MI to the subject to burst the microbubbles to form microbubble flakes,
and detecting a photoacoustic signal generated by the microbubble flakes stimulated by

the laser signal;
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an image processing unit for producing a photoacoustic image based on the pho-
toacoustic signal and an ultrasound image based on the echo signal; and

a display unit for displaying the photoacoustic image and the ultrasound image.
Advantageous Effects of Invention

According to the present disclosure, a microbubble used as a contrast agent for ul-
trasound imaging may burst due to high voltage of ultrasound, and the burst mi-
crobubble may effectively act as a contrast agent for photoacoustic imaging. Based on
this point, the present disclosure discloses a new apparatus and method for combined
photoacoustic and ultrasound diagnosis.

Brief Description of Drawings

These and/or other aspects will become apparent and more readily appreciated from
the following description of the embodiments, taken in conjunction with the ac-
companying drawings in which:

FIGS. 1A-1F illustrates a process of synthesizing methylene blue-colored mi-
crobubbles, and shows physical/optical properties of methylene blue-colored mi-
crobubbles;

FIGS. 2A-2F shows (2A) photoacoustic imaging of methylene blue-colored mi-
crobubble aqueous solutions with various concentrations of microbubbles at a fixed
methylene blue concentration (15 mM), (2B) ultrasound imaging of methylene blue-
colored microbubble aqueous solutions with various concentrations of microbubbles at
a fixed methylene blue concentration (15 mM), (2C) a relationship between quantified
photoacoustic signals and a microbubble concentration, (2D) a relationship between a
quantified ultrasound signal and a microbubble concentration, (2E) photographs of
samples, and (2F) concentrations of microbubbles and methylene blue in 6 samples;

FIGS. 3A-3F shows (3A) photoacoustic imaging of methylene blue-colored mi-
crobubble aqueous solutions with various concentrations of methylene blue at a fixed
microbubble concentration (0.1 mg/ml), (3B) ultrasound imaging of methylene blue-
colored microbubble aqueous solutions with various concentrations of methylene blue
at a fixed microbubble concentration (0.1 mg/ml), (3C) a relationship between
quantified photoacoustic signals and a methylene blue concentration, (3D) a rela-
tionship between quantified ultrasound signals and methylene blue concentration, (3E)
photographs of samples, and (3F) concentrations of microbubbles and methylene blue
in 6 samples;

FIGS. 4A-4D shows (4A) photoacoustic imaging of a methylene blue-colored mi-
crobubble aqueous solution before and after sonication, (4B) an ultrasound imaging of
a methylene blue-colored microbubble aqueous solution before and after sonication,

(4C) photographs of samples, and (4D) quantified photoacoustic and ultrasound signals
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before and after sonication;

FIGS. 5A-5D shows (5A) photoacoustic imaging of a methylene blue-colored mi-
crobubble aqueous solution before the applying of high-voltage ultrasound generated
by a clinical ultrasound array, (5B) a photoacoustic image one minute after the
applying, (5C) a photoacoustic image ten minutes after the applying, and (5D) a rela-
tionship between quantified photoacoustic signals and an ultrasound applying time;

FIG. 6 is a block diagram of an embodiment of a combined photoacoustic and ul-
trasound diagnostic apparatus provided according to an aspect of the present
disclosure;

FIG. 7 is a block diagram of a transducer of the embodiment of a combined pho-
toacoustic and ultrasound diagnostic apparatus of FIG. 6; and

FIG. 8 is a flow chart showing an embodiment of a combined photoacoustic and ul-
trasound diagnostic method provided according to another aspect of the present

disclosure.

Best Mode for Carrying out the Invention

Reference will now be made in detail to embodiments, examples of which are il-
lustrated in the accompanying drawings, wherein like reference numerals refer to like
elements throughout. In this regard, the present embodiments may have different forms
and should not be construed as being limited to the descriptions set forth herein. Ac-
cordingly, the embodiments are merely described below, by referring to the figures, to
explain aspects of the present description. Expressions such as “at least one of,” when
preceding a list of elements, modify the entire list of elements and do not modify the
individual elements of the list.

Hereinafter, referring to FIGS. 6 and 7, a combined photoacoustic and ultrasound di-
agnostic apparatus according to an embodiment of the present disclosure will be
described in detail. FIG. 6 is a block diagram of an example of a combined pho-
toacoustic and ultrasound diagnostic apparatus 10 provided according to another aspect
of the present disclosure. The combined photoacoustic and ultrasound diagnostic
apparatus 10 includes a transducer (also referred to as a probe) 100, a display unit 14,
and an image processor 200. FIG. 7 is a block diagram of the transducer 100 of FIG. 6.

The transducer 100 may include a laser irradiation unit 310, an ultrasound signal
transducer 320, and a signal transmission unit 340.

The ultrasound signal transducer 320 may transmit a first ultrasound signal having a
low mechanical index (MI) to a subject. An echo signal may be generated due to re-
flection of the first ultrasound signal by microbubbles. In some embodiments, the ul-
trasound signal transducer 320 may also transmit a second ultrasound signal having a

high MI to a subject. The second ultrasound signal causes microbubbles in the subject
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to burst. Once microbubbles burst, a filling material (for example, a filling gas or a
drug) inside the microbubbles may be released into the subject, and the burst mi-
crobubbles, that is, microbubble flakes, may be formed.

The first ultrasound signal may have a low MI. MI refers to an ultrasound metric that
is determined by using the peak negative pressure and a center frequency of an ul-
trasound wave. MI also indicates a degree of a bio-effect caused due to ultrasound, and
an ultrasound signal having a higher MI leads to a higher bio-effect. The Food and
Drug Administration (FDA) of the United States of America requires that in ultrasound
diagnosis, an MI value must not exceed 1.9. The first ultrasound signal may have, for
example, a low MI that is equal to or greater than about 0.2 and less than about 0.5.
Within this low MI range, microbubbles used as a contrast agent do not burst. Ac-
cordingly, microbubbles in the subject to which the first ultrasound signal has been
transmitted may effectively reflect the first ultrasound signal, thereby generating an
echo signal.

The second ultrasound signal may have a high MI. The second ultrasound signal may
have, for example, a high MI of about 0.5 to about 1.9. Within this high MI range, mi-
crobubbles used as a contrast agent effectively burst. Accordingly, a filling material
inside of the microbubbles is released as the microbubbles in the subject to which the
second ultrasound signal has been transmitted burst, and microbubble flakes are
formed.

The laser irradiation unit 310 irradiates a subject with a laser signal. The laser signal
transmitted by the laser irradiation unit 310 may be any one of various optical
stimulation signals. The laser irradiation unit 310 may preset the intensity of a laser to
be transmitted. When the laser irradiation unit 310 irradiates a laser having an intensity
that is equal to or higher than a predetermined value to a subject, microbubble flakes in
the subject absorb energy via light from the laser. Once microbubble flakes absorb
energy, the microbubble flakes thermally expand, and due to the thermal expansion, ul-
trasound signals are generated. This is called a photoacoustic effect, and an ultrasound
signal generated due to thermal expansion is referred to as a photoacoustic signal. In
other embodiments, the laser irradiation unit 310 may be physically separate from the
transducer 100 to be disposed outside the transducer 100.

The ultrasound signal transducer 320 detects echo signals that are generated due to
microbubbles inside the subject to which the first ultrasound signal has been
transmitted and photoacoustic signals that are generated due to microbubble flakes
inside the subject to which a laser signal has been irradiated. The signal transmission
unit 340 transmits the echo signals and photoacoustic signals detected by the ul-
trasound signal transducer 320 to the image processor 200.

The image processor 200 receives a scan signal (that is, an echo signal and a pho-
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toacoustic signal) obtained when the transducer 100 scans the subject, and performs
converting the scan signal into an image which can be displayed. The image processor
200 includes a signal receiving unit 210 and an image generator 220. The signal
receiving unit 210 receives an echo signal and a photoacoustic signal transmitted from
the transducer 100. The signal receiving unit 210 transmits the received echo signal
and photoacoustic signal to the image generator 220. The image generator 220
generates images respectively corresponding to each of the echo signal and the pho-
toacoustic signal and then, transmits the images to the display unit 14.

The display unit 14 displays the images transmitted by the image processor 200. The
display unit 14 may include, for example, at least one selected from a liquid crystal
display (LCD), an organic light-emitting diode (OLED), a flexible display, and a
3-dimensional (3D) display. Also, the display unit 14 is not limited thereto, and may be
any one of various devices that display an image of a subject.

Hereinafter, referring to FIG. 8, a combined photoacoustic and ultrasound diagnostic
method according to an embodiment of the present disclosure will be described in
detail. FIG. 8 is a flow chart showing a combined photoacoustic and ultrasound di-
agnostic method provided according to another aspect of the present disclosure. The
flowchart of FIG. 8 illustrates operations that are time-serially performed by the
transducer 100, the image processor 200, and the display unit 14 illustrated in FIG. 6.
Accordingly, even when not described hereinafter, elements described above in
connection with FIG. 6 may be applied to the flowchart of FIG. 8.

In operation 610, a first ultrasound signal having a low M1 is transmitted to a subject
to which a contrast agent having microbubbles has been administered, and a first echo
signal that is generated due to reflection of the first ultrasound signal by microbubbles
is detected, and an ultrasound image produced based on the first echo signal is
displayed. The transmission of the first ultrasound signal and the detection of the first
echo signal may be performed by the ultrasound signal transducer 320. The displaying
of a ultrasound image may be performed by the display unit 14. The first ultrasound
signal may have a low MI of, for example, about 0.2 to about 0.5. For example, by
using the ultrasound image displayed in operation 610, microbubbles containing a drug
that is to be delivered to a particular organ in the subject may be monitored to
determine whether the microbubbles reach the particular organ.

In operation 620, a second ultrasound signal having a high MI is transmitted to the
subject to burst the microbubbles to form microbubble flakes. The transmission of the
second ultrasound signal may be performed by the ultrasound signal transducer 320.
The second ultrasound signal may have, for example, a high MI of about 0.5 to about
1.9. Since the second ultrasound signal having a high intensity is transmitted to the

subject, the ultrasound signal transducer 320 may detect a second echo signal
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generated due to the reflection by a wall of the particular organ. Accordingly, an ul-
trasound image corresponding to the wall of the particular organ may be continuously
displayed by the display unit 14. However, as the transmission of the second ul-
trasound signal continues, microbubbles may continuously burst, and accordingly, the
first echo signal generated due to reflection of the first ultrasound signal by the mi-
crobubbles is gradually attenuated. For example, the operation 620 may begin when
the arriving of microbubbles, which contain a drug that is to be delivered to a particular
organ in the subject, at the particular organ is confirmed via the ultrasound image
displayed in operation 610. By doing so, the drug contained in the microbubbles may
be effectively delivered to the particular organ.

In operation 630, a laser signal is irradiated to the subject, a photoacoustic signal
generated due to thermal expansion of microbubble flakes stimulated by the laser
signal is detected, and then, a photoacoustic image produced based on the pho-
toacoustic signal is displayed. The transmission of the laser signal may be performed
by the laser irradiation unit 310. The detecting of the photoacoustic signal may be
performed by the ultrasound signal transducer 320. The displaying of the photoacoustic
image may be performed by the display unit 14. For example, the operation 630 may
be performed when or after the operation 620 begins. Since in operation 620, mi-
crobubbles burst due to the second ultrasound signal, the first echo signal generated
due to reflection of the first ultrasound signal by microbubbles is attenuated and thus,
the ultrasound imaging may fail to track the behavior of microbubbles. However, in
operation 630, photoacoustic signals generated due to the bursting of the microbubbles,
that is, microbubble flakes, are gradually intensified due to the increase in the number
of microbubble flakes so that the behavior of microbubble flakes becomes trackable by
photoacoustic imaging. Accordingly, the use of microbubbles and the application of
combined ultrasound imaging and photoacoustic imaging enable an embodiment of a
diagnostic method that continuously tracks the behavior of microbubble flakes of mi-
crobubbles that have been burst to deliver a drug. The detection of photoacoustic
signals generated due to microbubble flakes may lead to an immediate indication that a
drug is released from the inside of microbubbles. Additionally, the detection of ph-
toacustic signals may lead to location information as high accurate as when the spatial
resolving power of ultrasound equipments is used, indicating that a drug effectively
permeates into the target organ or tissue.

In an embodiment, a microbubble may be a colored microbubble including a lipid
shell colored with dye; and a filling gas encapsulated by the lipid shell. The colored
microbubble may be effectively used as a double modality contrast agent for ul-
trasound and photoacoustic imaging. According to the present disclosure, the pho-

toacoustic signals were significantly suppressed according to the increase of the
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colored microbubble concentration in a colored microbubble suspension (with fixed
dye concentration). Also, even when the concentration of dye increases (a con-
centration of microbubble is fixed), ultrasound intensity does not change. Also, high
powered ultrasound generated by, for example, a clinical ultrasound imaging scanner
may be used to burst the colored microbubble, and accordingly, dramatically restore
photoacoustic signals (up to about 817 times). This is a truly innovative mechanism to
modulate photoacoustic signal generation. Conventionally, one or more parameters
with respect to the initial photoacoustic amplitude (for example, Grueneisen co-
efficient, heat conversion efficiency, optical absorption coefficient, or optical
induction) within an object are required to be adjusted to control the photoacoustic
signals. However, by using microbubbles having dye-colored lipid shells, these pa-
rameters are not needed for consideration any more. From a clinical point of view, dye,
such as methylene blue, and lipid shell have been widely used in clinical practices. Ac-
cordingly, the colored microbubble has very high stability. Also, even in consideration
of functionality, the colored microbubble has direct translationabilities into a clinical
photoacoustic imaging system. Accordingly, the colored microbubble enables effective
embodiment of the combined photoacoustic and ultrasound imaging system.

The dye absorbs incident light. The dye that has absorbed incident light causes heat
deposit of the dye and the shell. Due to the heat deposit, the dye or the shell generates a
sound wave. The dye may absorb incident light having a wavelength of, for example,
about 500 nm to about 1,300 nm. The sound wave generated from a dye, a dye-colored
shell, or a flake of the dye-colored shell may be in a range of, for example, about 1
MHz to about 50 MHz. The sound wave generated from a dye, a dye-colored shell, or
a flake of the dye-colored shell may be detected by using, for example, an ultrasound
scanner.

The dye may be, for example, azure blue, evans blue, indocyanine green, brilliant
blue, nile blue, methylene blue, or a combination thereof. These dyes may have non-
toxicity and biodegradability.

A degree of coloring a shell may be adjusted by, for example, controlling the con-
centration of dye in a dye solution used to hydrate lipid used to prepare the shell. When
the concentration of dye in a dye solution used to hydrate lipid is too low, the dye-
induced photoacoustic signal may be less produced, and thus, detection thereof may be
difficult. When the concentration of dye in a dye solution used to hydrate lipid is too
high, the concentration exceeds a maximum concentration for which biosafety is
guaranteed and thus, safety-related problems may occur. A concentration of dye in a
dye solution used to hydrate lipid may be in a range of, for example, about 0.5 mM to
about 20 mM. In an embodiment, for example, a concentration of dye in a dye solution

used to hydrate lipid may be about 15 mM. In an embodiment, for example, dye may
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be methylene blue, and a concentration of dye in a dye solution used to hydrate lipid
may be in a range of about 0.5 mM to about 20 mM. In an embodiment, for example,
dye may be methylene blue, and a concentration of dye in a dye solution used to
hydrate lipid may be in a range of may be about 15 mM.

A solvent for the dye solution may be, for example, water, an electrolytic aqueous
solution, or a combination thereof. A specific example of the solvent for the dye
solution may be PBS.

The coloring of lipid may be performed by immersing lipid in a dye solution.

Lipid may be, for example, triglyceride that is a fatty acid ester of glycerol that is an
alcohol, a phosphoglyceride(phospholipid) that is a fatty acid ester of glycerol and a
phosphoric acid, sphingolipid that is a complex lipid induced from an alcohol, such as
sphingosine, steroid, such as cholesterol, carotinoid, prostaglandin, or a mixture
thereof. In an embodiment, lipid may include phospholipid. Phospholipid may spon-
taneously form a single layer having high self-orientation at a gas (air)-water interface,
and accordingly, when in contact with gas bubbles, a water-repellent acyl chains are
oriented toward the inside of bubbles and a hydrophilic head groups are oriented
toward a solution, thereby effectively forming a shell. Detailed examples of phos-
pholipid are, for example, 1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA);
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC);
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC);
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC);
1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC);
1,2-diarachidoyl-sn-glycero-3-phosphatidylcholine (DAPC);
1,2-dilignoceroyl-sn-glycero-3-phosphatidylcholine (DLgPC);
1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-(1-glycerol)] (DPPG); and a mixture
thereof.

The dye-colored lipid shell acts as a container for accommodating a filler therein, for
example, filling gas and/or drug. A microbubble having a shell encapsulating filling
gas may reflect ultrasound. A microbubble having a shell encapsulating a drug therein
may act as a drug carrier.

The shape of the shell is not limited, and for example, the shell may be spherical.
When a particle diameter of the shell is too small, scattering due to ultrasound may be
weak and thus, ultrasound imaging may be difficult. When a particle diameter of the
shell is too great, it is difficult to retain the shape of the shell, and when the shell is
injected in vivo by using, for example, a syringe, the shell may burst. A particle
diameter of the shell may be in a range of, for example, about 0.5 ym to about 10 ym.

A thickness of a wall of the shell may be in a range of, for example, about 1 nm to

about 200 nm. Since a filling gas bubble can hardly retain the physical shape of a mi-
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crobubble, a shell having an appropriate thickness is required. The thickness of the
shell may vary according to a material used to form a shell, such as a surfactant, a
lipid, a protein, a polymer, or a combination thereof.

The shell encapsulates filling gas. The filling gas may prevent the shell from
shriveling. Also, a microbubble having the shell encapsulating filling gas may reflect
ultrasound. The filling gas may be a biologically inactive gas. Specific examples of the
filling gas are perfluorocarbon, sulphur hexafluoride, perfluoromethane, perfluo-
roethane, perfluoropropane, perfluorobutane, perfluoropentane, perfluorohexane, per-
fluoroheptane, perfluorooctane, perfluorononane, perluorodecane, perfuorobenzene,
perfluorotriethylamine, perfluorooctylbromide, and a mixture thereof.

Embodiments of a microbubble including a dye-colored lipid shell; and filling gas
encapsulated by the lipid shell may act as a contrast agent for ultrasound imaging.
Also, embodiments of the microbubble may burst due to high-voltage ultrasound.
When a microbubble according to the present disclosure bursts due to high-voltage ul-
trasound, a filler, such as filling gas and/or a drug, may be released, and also, a flake of
the dye-colored lipid shell may be formed. The flake of the dye-colored lipid shell may
substantially increase photoacoustic efficiency of incident light. For example, the flake
of the dye-colored lipid shell can generate a photoacoustic signal that is about §17
times stronger than the dye-colored lipid shell which exists in the form of a mi-
crobubble. Accordingly, embodiments of the microbubble of the present disclosure,
which accompany the bursting due to high-voltage ultrasound, may be very effectively
used as a contrast agent for combined ultrasound and photoacoustic imaging. Also,
since embodiments of the microbubble of the present disclosure accompany the
bursting due to high-voltage ultrasound, a drug contained in the microbubble may be
released. Accordingly, embodiments of the microbubble of the present disclosure may
act as a drug carrier.

The colored microbubble according to the present disclosure may burst by using ul-
trasound pulses which may be produced by using a commercially available imaging
diagnosis apparatus. In an embodiment, for example, a voltage of about 50 V is applied
to a commercially available ultrasound probe to cause the microbubble to burst. In an
embodiment, for example, the colored microbubble may burst due to ultrasound that
may be produced by applying a voltage pulse of about 50 V (amplitude) or less. In an
embodiment, for example, the colored microbubble may burst due to ultrasound that
may be produced by applying a voltage pulse of about 20 V (amplitude) to about 50 V
(amplitude). In an embodiment, for example, the colored microbubble may burst due to
an ultrasound signal having a high mechanical index (MI) of about 0.5 to about 1.9.

Another embodiment of the colored microbubble may further include a drug located

inside the shell. The drug may be, for example, an anti-cancer agent, or other various
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drugs. In the case that the shell is formed of phospholipid, a water-repellent drug that is
bindable to water-repellent acyl chains may be loaded, and when a drug is included in

a water-repellent other material, the drug may be loaded inside the microbubble.
The colored microbubble may be prepared by using, for example, a method of

preparing a microbubble including stirring a dye-colored lipid containing solution in
the presence of filling gas.

In other embodiments of the method, the dye-colored lipid-containing solution may
further include an emulsifier. The emulsifier may be, for example, N-
(methoxypolyethylene glycol 5000
carbamoyl)-1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine
(MPEGS5000-DPPE),
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000 (DMPE-PEG2000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000 (DSPE-PEG2000), Polyoxyethylene 40
stearate (PEG40S), or a combination thereof.

In other embodiments of the method, the dye-colored lipid may be a lipid which is
colored by using a dye solution including dye and at least one of glycerol, propylene

glycol, phosphate, and sodium chloride.
Mode for the Invention

<Example>

Preparation of microbubble dved with methylene blue

Chemical materials used in this experiment are obtained Sigma Co. unless defined
otherwise. In the present example, a microbubble having a methylene blue-colored
lipid shell encapsulating octafluoropropane gas (manufacturer: Concorde Specialty
Gases Inc., USA) was prepared. The following lipids were obtained from "Avanti
Polar lipids Inc., USA": 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA; Avanti #
830855); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Avanti # 850355); and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-5000] (MPEGS5000; Avanti # 880200). Methylene blue was dissolved in PBS
(pH=7) to prepare a methylene blue-PBS solution (methylene blue concentration: 20
mM). 1 liter of phosphate-buffered saline (PBS) included 8 g of NaCl, 0.2 g of KClI,
1.44 g of Na2HPO4, 0.24 g of KH2PO4, and the balance of water, and a pH thereof
was adjusted to 7. DPPA was dissolved in chloroform to prepare a DPPA solution
(DPPA concentration: 20 mg/mL), which is then preserved at a temperature of -20°C.
DPPC was dissolved in chloroform to prepare a DPPC solution (DPPC concentration:
20 mg/mL.), which was then preserved at a temperature of -20°C. MPEGS5000 was
dissolved in chloroform to prepare a MPEGS5000 solution (MPEGS000 concentration:
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20 mg/mL), which was then preserved at a temperature of -20°C. Lipid films were
prepared at different total concentrations of the lipids while a molar ratio of
DPPC:DPPA:MPEGS5000 was maintained at 10:1:1.2. Lipid was dissolved in
chloroform, and then, the chloroform was evaporated to prepare a lipid film. Lipid was
used to prepare, unless explained otherwise, 1 mg/mL of a lipid solution. 750 «l of a
methylene blue-PBS solution, 100 « of propylene glycol (Bioshop Canada
#PRO888.1), and 100 ¢l of glycerol (Bioshop Canada # GLY001.1) were mixed to
obtain a dye solution. To hydrate the lipid film with the dye solution, the dye solution
and the lipid suspension were loaded into a vial. Octafluoropropane gas was allowed to
occupy an upper space of the vial. Then, the vial was sealed, and ultrasound was
applied thereto to exchange gas in the solution with octafluoropropane. Then, the upper
space of the vial was filled with octafluoropropane gas. Then, the vial was subjected to
agitation by using a "vialmix activator" manufactured by "Lantheus Medical Imaging"
Co. for 45 seconds, thereby preparing a microbubble having a methylene blue-colored
lipid shell.

Evaluation on physical. optical. and acoustic characteristics of methylene blue-dyed
microbubble

After activation, the vial was left for 15 minutes until its temperature dropped to
room temperature. Microbubbles were gently mixed for 10 seconds, and then decanted
for 2 minutes before extracting a sample from the bottom of the vial. The size dis-
tribution and concentration (number of microbubbles per ml) of microbubbles in each
of a variety of formulations were measured by using "Coulter Counter Multisizer Z3
(Beckman Coulter Inc.)". Varying volumnes 15 ¢ of microbubbles were extracted and
added to 10 mol of "Isoton-II electrolyte solution (Beckman Coulter Inc.)" to obtain a
microbubble count in the range of 100,000 - 300,000. A background count of buffer
was taken prior to measurement and subtracted. Dilution was accounted for in the cal-
culation of the microbubble concentration. The number and size distribution were
measured using a 30 um aperture, and thus, it was confirmed that microbubbles had a
diameter of about 0.76 to about 18 ym. For each microbubble formulation, three
samples were measured and measurement values thereof were averaged. The
frequency-dependent attenuation measurements were performed using a narrowband
pulse-echo method similar to that used by "Goertz et al."[see 17]. One transducer
(model #595396, 5 MHz, 76 mm focus, 12.7 mm diameter; Olympus NDT Canada
Inc., Quebec, Canada) was used to cover a frequency range of about 1.5 to about 12
MHz sampled in 0.5 MHz increments. Each pulse was generated using an arbitrary
waveform generator (Tabor Electronics Ltd., Tel Hanan, Israel) and amplified using a
power amplifier (model A-150; ENI, Rochester, NY, USA). The transducer was
calibrated for each frequency using a 75 wm needle hydrophone (model 1544;
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Precision Acoustics, Dorchester, UK) to deliver a peak negative pressure of 25 kPa at
the geometric foci, where the face of an aluminum rod serving as a near-perfect
reflector was placed. The received echoes were amplified (model AU1579; Miteq,
Hauppauge, NY, USA), filtered, and recorded (400 MHz of sampling frequency;
Agilent Technologies Inc., Palo Alto, CA, USA) for further post-process analysis.
Echoes were recorded prior to and after contrast agent microbubbles were diluted in
the gas-equilibriated saline between the transducer and aluminum reflector. Given the
ratio of echo amplitudes pre- and post-contrast agent addition and the length in which
ultrasound traveled through the bubbly media, the attenuation per unit length could be
calculated at each frequency. Optical absorption spectra of the microbubble contrast
agent were recorded in PBS using the indicated dilution using a spectrophotometer
(Lamdba 20, PerkinElmer).

[65] Photoacoustic and ultrasound imaging using methylene blue-dyed microbubble
[66] Two types of combined photoacoustic and ultrasound imaging system were used.

The first one was operated with a single-element focused transducer with raster
scanning, whereas the other one was modified from a clinical ultrasound array system.
Details of the first system are disclosed in reference document 18. Laser pulsing was
generated from a controllable laser generator (Surelite OPO PLUS; Continuum;
wavelength tuning range: 680 to 1064 nm) pumped by a Q-switched Nd:YAG laser
(SLIII-10; Continuum; 532 nm). The pulse width and repetition rate were 5 ns and 10
Hz, respectively. An optical wavelength of 667 nm was used for photoacoustic
imaging. Light having this optical wavelength was irradiated to samples through a
concave lens, a conical lens, and an optical condenser. A water tray was employed for
acoustic coupling. Induced photoacoustic sound waves were sensed by a single-
element acoustic transducer (V308; Olympus NDT; 5 MHz center frequency). Then,
the photoacoustic signals transferred to a low-noise amplifier (5072PR, Olympus
NDT) were recorded by a data acquisition system. In the ultrasound imaging mode, the
low-noise amplifier was used as both an ultrasound pulse transmitter and receiver, and
the same transducer was used. To form the volumetric data, mechanical raster scanning
was used in two transverse directions along the x-y directions. The sample holder had a
diameter of 4.5 mm and a depth of 3.2 mm, and was filled with aqueous samples. To
investigate the restoration of photoacoustic signals, the photoacoustic and ultrasound
signals of the methylene blue-dyed microbubble solution were compared before and
after the treatment with ultrasound. Further, to confirm this restoration and investigate
the clinical applicability of the mechanism, a clinical photoacoustic imaging scanner
was used. 256 channel simultaneous analog-digital converters (ADC) and external
triggering capabilities enabled real-time photoacoustic/ultrasound imaging. Con-

ventional ultrasound and photoacoustic images were obtained sequentially, and
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displayed in the ultrasound imaging monitor. In this regard, structural ultrasound and
functional photoacoustic (that is, optical absorption characteristics) images were shown
at the same time up to 10 Hz of a PA frame rate. A linear probe with a 7.5MHz center
frequency (Samsung Medison, Seoul, Korea) was used. An OPO laser (Phocus HE,
Opotek, California, USA) was employed to provide laser pulses with an optical
wavelength of 680 nm, a pulse width of 10 ns, and a pulse repetition rate of 10 Hz. A
bifurcated optical fiber bundle was used to deliver light to the sample. For the real-time
image reconstruction, one-way (receiving mode only) conventional delay-sum beam
forming method was employed. One side surface of a rectangular water container was
cut opened, and the opened area was covered by a thin transparent window to prevent
the leakage of aqueous solutions and enhance acoustic coupling. One optically
transparent plastic vial with a diameter of 7 mm was filled with a methylene blue-dyed
microbubble solution (microbubble concentration 0.1 mg/ml; methylene blue con-
centration 15 mM), the other vial was filled with water as a control. Both vials were
vertically positioned inside the container which was filled with water. The pho-
toacoustic/ultrasound probe was horizontally positioned with its surface directing the
center of the vials. Before microbubbles in the solutions were disturbed, the control
photoacoustic image was obtained. Then, the ultrasound transmission voltage
increased to 50 V (the typical voltage is 8 V), was delivered to the vials for 60 seconds,
and the photoacoustic image was again obtained. This process was repeatedly
performed until the methylene blue-dyed microbubble was accumulatively exposed to
the high voltage ultrasound for 10 minutes.

Evaluation Results

As shown in FIG. 1A, synthesis of methylene blue-dyed microbubble was
straightforward and included hydrating a lipid film with a solution of methylene blue,
forming an octafluoropropane layer in the vial, and mechanically agitating the vial to
form microbubbles. Photographs of methylene blue-dyed microbubble and con-
ventional standard microbubble (hydrated without methylene blue) before and after ac-
tivation by mechanical agitation are shown in FIG. 1B. Even when a highly con-
centrated methylene blue solution (15 mM) was used, microbubble formation ef-
ficiency negligibly changed compared to control microbubble, and after activation of a
I mg/mL lipid solution, approximately 4.5 x 10° bubbles were formed (FIG. 1C). The
size of methylene blue-dyed microbubbles was monodispersed with a peak size of just
over 3 m, which was also nearly identical to control microbubbles formed in the
absence of methylene blue (FIG. 1D). Due to the similar size distribution of methylene
blue-dyed microbubbles to commercial microbubbles, the ultrasound attenuation was
dominant at the low frequencies (that is, below 6 MHz), which well matches with

previous attenuation measurements using other lipid-capsulated contrast agent [see 19].
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The near infrared absorption generated by methylene blue-dyed microbubbles was
intense. Even a 1 in 500 dilution of the methylene blue-dyed microbubble solution
yielded absorption greater than 1 with spectral properties characteristics of methylene
blue and thus unaffected by the microbubbles (see FIG. 1F). To investigate the dual
modal imaging capability of methylene blue-dyed microbubbles, photoacoustical and
ultrasonical imaging was performed on aqueous solutions of methylene blue-dyed mi-
crobubbles by varying the concentration of either microbubbles or methylene blue
using a single-element US transducer. As shown in FIG. 2F, the concentration of mi-
crobbubles was varied from O to 0.25 mg/mL by 0.05 mg/mL whereas the con-
centration of methylene blue was fixed at 15 mM. The photograph of the six samples is
shown in FIG. 2E. FIGS. 2A and 2B show the photoacoustic and ultrasound images of
six samples. The quantified photoacoustic and ultrasound signals at various mi-
crobubbles concentrations were plotted in FIGS. 2C and 2D, respectively. Inter-
estingly, the photoacoustic signals were decreased when the microbubbles con-
centration increased. With more than 0.15 mg/mL lipid microbubble concentration,
photoacoustic signals were almost identical to the background photoacoustic signals.
In contrast, the ultrasound signals increased as the lipid microbubble concentration
increased, and reached a plateau after 0.15 mg/mL lipid when the ultrasound signal
became saturated. Typically, the amplitude of initial photoacoustic pressure can be
expressed as pp = ['MwAe, where I is the Grueneisen parameter (dimensionless); A. is
the specific optical absorption (energy deposition, J/m?); and my, is the percentage of A,
that is converted into heat. Since the energy deposition (A.) is equal to the product of
the optical absorption coefficient of the target (1) and the optical fluence (F), the pho-
toacoustic amplitudes are directly proportional to optical absorption coefficients of the
target. In this disclosure, although none of these parameters were modulated, pho-
toacoustic signals had interference attenuation. The present disclosure assumes that the
microbubbles scatter and absorb the generated photoacoustic waves in the medium
while they propagate. Thus, by modulating the concentration of microbubbles in the
medium, photoacoustic signals may be attenuated or restored, which present a novel
mechanism to modulate photoacoustic signals. As shown in FIG 3F, the concentration
of methylene blue was varied between 0, 1, 5, 10, 15, and 20 mM with the con-
centration of microbubbles fixed at 0.1 mg/mL. The photograph of the six samples is
shown in FIG. 3E. FIGS. 3A and 3B show the photoacoustic and ultrasound images of
six samples. The quantified photoacoustic and ultrasound signals at various methylene
blue concentrations are plotted in FIGS. 3C and 3D, respectively. As the concentration
of methylene blue increased, the photoacoustic signals increased due to greater optical
absorption in the solutions. However, the ultrasound intensities remained constant

because of the fixed bubble concentration. In this case, the photoacoustic signals are
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linearly proportional to the optical absorption coefficient, which is based on the
principle of conventional photoacoustic wave generation. To further confirm the
present disclosure, the switching of photoacoustic and ultrasound signals using
sonication was identified. As shown in FIG. 4C, methylene blue-dyed microbubbles
with 0.1 mg/mL lipid microbubbles and 15 mM of methylene blue was prepared. The
photoacoustic and ultrasound signals of the methylene blue-dyed microbubbles
solution were compared before and after sonication. FIG. 4A and 4B show the pho-
toacoustic and ultrasound images of the sample before and after sonication, re-
spectively. The quantified signals are plotted in FIG. 4D. It is clear that the pho-
toacoustic signal was initially attenuated by microbubbles. However, it recovered after
the bubbles were destroyed by sonication. The photoacoustic amplitude increased 2.5
times. Conversely, the ultrasound signals were initially strong, but decreased 2.5 times
following sonication. Moreover, to prove this restoration and explore the practicability
of this mechanism, methylene blue-dyed microbubbles were disrupted and the pho-
toacoustic signals were recovered using a clinically modified photoacoustic imaging
scanner. As shown in FIG. 5A, obtained was a control photoacoustic image of two
vials (e.g., left filled with methylene blue-dyed microbubbles and right filled with
water) before the methylene blue-dyed microbubbles were disturbed. Two white dotted
circles represent the locations of the vials in the medium. The photoacoustic probe
detected the signals from the top in the image which was indicated by a yellow dotted
arrow (see FIG. 5A). The front surface of the left vial (i.e., filled with methylene blue-
dyed microbubbles) was clearly visible while the right vial (i.e. filled with water) was
photoacoustically invisible. 50 V of ultrasound pulse (based on intensity) was applied
for 3 minutes. However, photoacoustic signals were not capable of being recovered
(see FIG. 5B), and the restoration was significantly enhanced after 10 minutes (see
FIG. 5C) FIG.5D shows the photoacoustic signal enhancement vs. high voltage ul-
trasound application time. The photoacoustic signal was improved by almost 817 times
at 10 minutes post-application. Compared with the restoration enhancement obtained
using our bench-top system, the improvement using the clinical system was extremely
dramatic. According to the present disclosure, the unwanted bulky bubbles in the vial
floated up to the top surface over the time period. Thus, when the photoacoustic signals
from the side were measured, measurements were not interfered with the floated bulky
bubbles. However, when the signals were measured from the top (i.e., bench-top ex-
periments), the photoacoustic wave propagation was significantly disturbed. Thus, the
enhancement acquired using our bench-top system was only 2.5 times. To prove this,
experimental geometry was changed in the clinical system. The vials were positioned
horizontally, and the ultrasound probe scanned them from the top. Then, the pho-

toacoustic signal enhancement was only limited to 25 times or less.
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Conclusion

These results show that methylene blue microbubbles as a dual modality contrast
agent are effectively used for ultrasound and activatible photoacoustic imaging.
According to the present disclosure, the photoacoustic signals were significantly
suppressed according to the increase of the microbubble concentration in the
methylene blue-dyed microbubbles solution (with fixed methylene blue concentration).
Also, even when the concentration of methylene blue increases (a concentration of mi-
crobubble is fixed), ultrasound intensity does not change. In addition, high powered ul-
trasound generated by a clinical ultrasound imaging scanner burst the microbubbles
and drastically (817 times) recovered photoacoustic signals. This is a truly innovative
mechanism to modulate photoacoustic signal generation. Conventionally, one or more
parameters with respect to the initial photoacoustic amplitude (for example,
Grueneisen coefficient, heat conversion efficiency, optical absorption coefficient, or
optical induction) within an object are required to be adjusted to control the pho-
toacoustic signals. However, by using microbubbles dyed with dye according to the
present disclosure, these parameters are not needed to be considered any more. From a
clinical point of view, both methylene blue and microbubbles have been widely used in
clinical practices. From an imaging system perspective, both custom-made bench-top
and clinically feasible imaging scanners have been utilized in this study. Thus, the
clinical translationabilities of methylene blue-dyed microbubbles and the clinical pho-
toacoustic imaging system are significantly high.

According to the present disclosure, a microbubble used as a contrast agent for ul-
trasound imaging may burst due to high voltage of ultrasound, and the burst mi-
crobubble may effectively act as a contrast agent for photoacoustic imaging. Based on
this point, the present disclosure discloses a new apparatus and method for combined
photoacoustic and ultrasound diagnosis.
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Industrial Applicability

According to the present disclosure, a microbubble used as a contrast agent for ul-
trasound imaging may burst due to high voltage of ultrasound, and the burst mi-
crobubble may effectively act as a contrast agent for photoacoustic imaging. Based on
this point, the present disclosure discloses a new apparatus and method for combined

photoacoustic and ultrasound diagnosis.
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Claims

1. A combined photoacoustic and ultrasound diagnosis method,
comprising operations of:

(a) transmitting a first ultrasound signal having a low mechanical index
to a subject to which a contrast agent having microbubbles has been ad-
ministered, detecting an echo signal generated due to reflection of the
first ultrasound signal by the microbubbles, and displaying an ul-
trasound image produced based on the echo signal;

(b) transmitting a second ultrasound signal having a high mechanical
index to the subject to burst the microbubbles to form microbubble
flakes; and

(c) irradiating the subject with a laser signal, detecting a photoacoustic
signal generated due to the microbubble flakes stimulated by the laser
signal, and then, displaying a photoacoustic image produced based on
the photoacoustic signal.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the first ultrasound signal has a low mechanical index of less
than about 0.5.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the microbubbles contain a drug that is to be delivered to an
organ in the subject.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the second ultrasound signal has a high mechanical index of
about 0.5 to about 1.9.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the microbubbles contain a drug that is to be delivered to an
organ in the subject, and the operation (b) begins when arriving of the
microbubbles at the organ is confirmed.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the operation (c) begins when or after the operation (b)
begins.

The combined photoacoustic and ultrasound diagnosis method of claim
1, wherein the microbubbles each comprise:

a lipid shell colored with dye; and

a filling gas encapsulated by the lipid shell.

The combined photoacoustic and ultrasound diagnosis method of claim

7, wherein the dye absorbs incident light having a wavelength of about
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500 nm to about 1,300 nm.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the dye is azure blue, evans blue, indocyanine green,
brilliant blue, nile blue, methylene blue, or a combination thereof.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein a concentration of the dye in a dye solution used to hydrate
the lipid shell is in a range of about 0.5 mM to about 20 mM.

11. The combined photoacoustic and ultrasound diagnosis method of
claim 7, wherein a concentration of the dye in a dye solution used to
hydrate the lipid shell is about 15 mM.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the dye is methylene blue, and a concentration of the dye in
a dye solution used to hydrate the lipid shell is in a range of about 0.5
mM to about 20 mM.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the dye is methylene blue, and a concentration of the dye in
a dye solution used to hydrate the lipid shell is 15 mM.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the lipid shell comprises a phospholipid.

The combined photoacoustic and ultrasound diagnosis method of claim
14, wherein the phospholipid comprises
1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA);
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC);
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC);
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC);
1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC);
1,2-diarachidoyl-sn-glycero-3-phosphatidylcholine (DAPC);
1,2-dilignoceroyl-sn-glycero-3-phosphatidylcholine (DLgPC);
1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-(1-glycerol)] (DPPG); or a
mixture thereof.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein a particle diameter of the lipid shell is in a range of about
0.5 um to about 10 um.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the wall thickness of the lipid shell is in a range of about 1
nm to about 200 nm.

The combined photoacoustic and ultrasound diagnosis method of claim

7, wherein the filling gas is biologically inactive gas.



WO 2015/012540

[Claim 19]

[Claim 20]

[Claim 21]

PCT/KR2014/006568
23

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein the filling gas comprises perfluorocarbon, sulphur hex-
afluoride, perfluoromethane, perfluoroethane, perfluoropropane, perflu-
orobutane, perfluoropentane, perfluorohexane, perfluoroheptane, per-
fluorooctane, perfluorononane, perfluorodecane, perfuorobenzene, per-
fluorotriethylamine, perfluorooctylbromide, or a mixture thereof.

The combined photoacoustic and ultrasound diagnosis method of claim
7, wherein a drug is located inside the lipid shell.

A combined photoacoustic and ultrasound diagnosis apparatus,
comprising

a laser irradiation unit which irradiates a subject with a laser signal;

an ultrasound signal transducer which transmits a first ultrasound signal
having a low mechanical index to the subject, detects an echo signal
generated due to reflection of the first ultrasound signal by mi-
crobubbles in the subject, transmits a second ultrasound signal having
high mechanical index to the subject to burst the microbubbles to form
microbubble flakes, and detects a photoacoustic signal generated due to
stimulation of the microbubble flakes by the laser signal;

an image processor which produces a photoacoustic image based on the
photoacoustic signal and an ultrasound image based on the echo signal;
and

a display unit which displays the photoacoustic image and the ul-

trasound image.
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