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Description

[0001] The present disclosure relates to systems and
methods related to photoacoustic and ultrasound imag-
ing.

[0002] Photoacoustic (PA)tomography is an emerging
medical imaging modality. (See, e.g., S. Manohar, A.
Kharine, J. C. G. van Hespen, W. Steenbergen, and T.
G. van Leeuwen, "The Twente Photoacoustic Mammo-
scope: System Overview and Performance," Physics in
Medicine and Biology, Vol. 50, No. 11, pp. 2543-2557,
June 2005; M. Xu and L. Wang, "Universal back-projec-
tion algorithm for photoacoustic computer tomography,”
Physical Review E, Vol. 71, No. 1, pp. 16706, 2005.)
Typically, ashortlaser pulse is fired at an object of interest
(for example, human or animal tissue). Laser energy is
absorbed by structures within the object, causing a rapid
temperature increase and thermal expansion. This ther-
mal expansion causes ultrasound waves to propagate
through the object, where they are received by ultrasound
transducers positioned on the surface of the object.
These signals can be beamformed in order to produce
an image of the object’s absorption at the wavelength of
the laser. Since the laser radiation is scattered within the
object, the illumination is not strongly focused, and an
image can be formed from a single laser pulse. In order
to increase the signal to noise ratio (SNR), several of
these images may be averaged.

[0003] Ultrasound imaging is an established medical
imaging modality. Images are formed by transmitting fo-
cused pulses of ultrasound energy into the body. The
pulses are reflected by boundaries between structures
within the body. The reflections propagate back to the
ultrasound transducer and are then beamformed to cre-
ate one A-line. Each transmission is used to form one
line of the ultrasound image. An ultrasound image is
therefore formed by multiple transmissions.

[0004] Recently, there has been aninterestin perform-
ing photoacoustic imaging combined with ultrasound im-
aging. (J. Niederhauser, M. Jaeger, R. Lemor, P. Weber,
and M. Frenz, "Combined Ultrasound and Optoacoustic
System for Real-Time High-Contrast Vascular Imaging
InVivo," IEEE Transactions on Medical Imaging, Vol. 24,
No. 4, pp. 436-440, April 2005.) So far, these systems
have operated in two modes: producing either photoa-
coustic or ultrasound images, depending on the selected
mode, even though much of the hardware and process-
ing is common to both types of imaging.

[0005] Researchers have described systems where
the images from the two modalities are displayed side-
by-side. (See, e.g., J. Niederhauser, M. Jaeger, R. Lem-
or, P. Weber, and M. Frenz, "Combined Ultrasound and
Optoacoustic System for Real-Time High-Contrast Vas-
cular Imaging in Vivo," IEEE Transactions on Medical
Imaging, vol. 24, no. 4, pp. 436-440, April 2005.) The
problem with this arrangement is that it can be hard to
identify features in the two images which originate from
the same anatomical structure.
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[0006] The frame rate of the PA image is limited by the
pulse repetition rate of the laser and the (possible) need
to average several pulses to achieve a sufficient signal-
to-noise ratio. The pulse repetition rate for a typical laser
is 10 Hz. This is therefore the maximum frame rate of the
PAimages. Averaging will reduce it. This is a significantly
lower rate than the ultrasound. Ultrasound frame rates
are typically 60 Hz for an imaging depth of 10 cm and
128 image lines. If the PAimages and ultrasound images
are acquired in an interleaved fashion, then the rates may
be reduced accordingly. For example, if PA images are
acquired at 10Hz, then the ultrasound frame rate would
be reduced by 5Hz to 55 Hz.

[0007] The relatively low frame rate of PA images can
make combining different PA frames difficult. This needs
to occur when several PA frames are averaged, or PA
frames acquired with different wavelengths are com-
pared. (See, e.g., X. Wang, Y. Pang, G. Ku, X. Xie, G.
Stoica, and L. Wang, "Noninvasive laser-induced pho-
toacoustic tomography for structural and functional in vi-
vo imaging of the brain," Nature Biotechnology, Vol. 21,
No. 7, pp. 803-806, July 2003.) The object being imaged
(for example, the human body or a small animal) may
move between the times when the two frames are ac-
quired. If the frames are being averaged, this will reduce
the spatial resolution of the resulting image. If the frames
correspond to different laser wavelengths, then the mo-
tion will cause misregistration and possibly artifacts, as
shown in Figure 1(b).

[0008] Referring to Figures 1(a) and 1(b), artifacts re-
sulting from incorrect registration of PA frames acquired
with different wavelengths (lambda 1 and lambda 2) are
displayed. The graphs represent a cross-section through
an image. The abscissa is the pixel value. In Figure 1(a),
the two frames are correctly registered. The correct ratio
between the images at the two wavelengths is shown in
black. In Figure 1(b), the lambda 2 frame has been shifted
due to motion during the time between frames. The ratio
is now incorrect and shows a large artifactual value at
the 4th and 5th samples.

[0009] EP 1 561 424 discloses a non-invasive diag-
nostic imaging method and apparatus with light contain-
ing a specific wavelength and ultrasonic waves.

[0010] "Motion compensation algorithm for non-inva-
sive two-dimensional temperature estimation using diag-
nostic pulse-echo ultrasound", by C. Simon, P. Van-
Baren, and E. Ebbini, SPIE Vol. 3249, pp. 182-192, dis-
closes an imaging system based on pulse-echo ultra-
sound scanning.

[0011] Accordingly, a need exists for an effective im-
age combining system for PA and ultrasound images.
These and other needs are addressed and/or overcome
by the assemblies and methods of the presentdisclosure.
[0012] The present disclosure provides systems and
methods for generating photoacoustic images and ultra-
sound images in real time. A system associated with the
present disclosure includes: (a) a means for generating
photoacoustic signals; (b) at least a first transducer
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adapted to: (i) transmit ultrasound waves; (ii) receive ul-
trasound signals generated from the ultrasound waves;
and (iii) receive photoacoustic signals generated from
the photoacoustic signal means; (c) a motion estimator
adapted to estimate motion based on the ultrasound sig-
nals; and (d) an image combiner adapted to receive and
combine ultrasound data, photoacoustic data and motion
estimator data generated from the received ultrasound
and photoacoustic signals and the motion estimator and
correct for motion to generate at least a photoacoustic
image. The photoacoustic image may be corrected for
motion by the image combiner using the motion estimator
data. An exemplary image combineris adapted toreceive
and combine ultrasound data, photoacoustic data and
motion estimator data generated from the received ultra-
sound and photoacoustic signals and the motion estima-
tor to generate a combined image.

[0013] In an exemplary system according to the
present disclosure, combined images are received by a
frame buffer adapted: (i) to store combined image output
generated from the image combiner, and (ii) transmit the
combined image to a display means. Typically, the pho-
toacoustic signal means is accomplished by an illumina-
tion system adapted to generate a photoacoustic signal
within a sample. Generally, the illumination system is
characterized by an energy beam, such as a laser. The
display means can be any display system, typically used
for medical imaging such as an LCD or a CRT.

[0014] In an exemplary embodiment, the frame buffer
is adapted to transmit a series of combined images at a
rate of about 55 Hz. Typically, the received ultrasound
signals are beamformed by an ultrasound beamformer
to create a series of radio frequency signals. A portion
of the radio frequency signals are received by the motion
estimator and the remaining portion are detected and
pass through an ultrasound scan converter to generate
an ultrasound image adapted to be received by the image
combiner. In an exemplary embodiment, all the radio fre-
quency signals are received by the motion estimator
when generating only PA images to correct for motion
distortion in the PA imaging. Generally, the ultrasound
signal pathway includes passing through a series of stag-
es including filtering, detection and compounding. The
motion estimator is adapted to generate a compensation
signal to be received by the image combiner. An exem-
plary image combiner associated with the present dis-
closure is adapted to receive ultrasound image signals
at a rate of about 55 Hz.

[0015] Inanexemplary embodiment,thereceived pho-
toacoustic signals pass through a photoacoustic scan
converter adapted to generate a photoacoustic image to
be received by the image combiner. An exemplary image
combiner according to the present disclosure is adapted
to receive photoacoustic image signals at a rate of about
10 Hz. Typically, the motion estimator is adapted to es-
timate motion of an object based on the portion of radio
frequency signals. In an exemplary embodiment, ultra-
sound signals can be generated in a pulsed Doppler
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mode.

[0016] Anexemplaryimage combineraccording to the
present disclosure is adapted to generate a sequence of
combined frames containing data resulting from the re-
ceived ultrasound signals and data resulting from the re-
ceived photoacoustic signals. The sequence of com-
bined frames is transmitted to a frame buffer. The image
combiner should be adapted to perform spatial and tem-
poral interpolation and resampling of the received pho-
toacoustic signals. Typically, the image combiner is
adapted to generate an output frame based on a combi-
nation of pixel values of at least one ultrasound image
and at least one photoacoustic image.

[0017] In an exemplary embodiment, the display
means is adapted to allow differentimages to be spatially
registered, such that corresponding anatomical features
in each image can be identified. The display means is
adapted to display images in a displaying option selected
from the group consisting of: displaying photoacoustic
images only, displaying photoacoustic images and ultra
sound images next to one another, overlaying a photoa-
coustic image on to an ultrasound image, using Doppler
information to select which photoacoustic pixels are dis-
played, and combining Doppler and photoacoustic oxy-
genation information.

[0018] The present disclosure describes a method of
combining images of a sample including: (a) illuminating
asample with anillumination system adapted to generate
photoacoustic signals; (b) transmitting ultrasound waves
to the sample with an ultrasound transmitting means
adapted to receive ultrasound signals and photoacoustic
signals; (c) generating ultrasound images from a portion
of the received ultrasound signals via an ultrasound im-
aging means; (d) generating a motion estimation from a
remaining portion of the received ultrasound signals via
a motion estimator; (e) generating photoacoustic images
from the received photoacoustic signals via a photoa-
cousticimaging means; and (f) combining the ultrasound
images, the motion estimation and the photoacoustic im-
ages in an image combiner adapted to transmit the com-
bined image to a display means.

[0019] Additional features, functions and benefits of
the disclosed systems and methods will be apparent from
the description which follows, particularly when read in
conjunction with the appended figures.

[0020] To assistthose of ordinary skill in the artin mak-
ing and using the disclosed systems and methods, ref-
erence is made to the appended figures, wherein:

Figure 1(a) and Figure (1b) are graphs illustrating
artifacts resulting from incorrect registration of PA
frames acquired with different wavelengths;

Figure 2 is a schematic illustrating a combined PA
and ultrasound imager system associated with the
present disclosure.

[0021] The present disclosure relates to systems and
methods that combine photoacoustic (PA) and ultra-
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sound images. Such systems and methods are capable
of generating images using PA or ultrasound image gen-
erating means. The acquisition of these images can be
interleaved so that, from the point-of-view of the user,
they appear to be acquired simultaneously. The two im-
aging modalities rely on different contrast mechanisms,
and they will therefore generate different information. For
example, an ultrasound image shows boundaries be-
tween different tissues with different acoustic impedanc-
es, whereas a PA image shows absorption of laser en-
ergy at the associated optical wavelength used.

[0022] Systems according to the present disclosure
are used to simultaneously display PA and ultrasound
images of the same object. An exemplary embodiment
of a system associated with the present disclosure in-
cludes animage combiner that performs spatial and tem-
poral interpolation of two images (PA and ultrasound)
before generating a combined image. The combined im-
age is then displayed on a display means such as a CRT
and/or an LCD. In an exemplary embodiment the com-
bined image can also be transmitted as data to a data
storage or processing means such as a printer, a hard
disk, a compact disk, and/or a flash drive. An exemplary
image combiner according to the present disclosure is
able to use motion estimates obtained from ultrasound
data to enhance a photoacoustic image: increasing its
apparent frame rate, registering consecutive frames in
ordertoreduce artifacts. An exemplary combined system
may be capable of generating combined ultrasound and
PA images that are registered spatially and temporally.
[0023] Referring to Figure 2, a schematic of an exem-
plary image combiner for a combined PA and ultrasound
imaging system is shown. An exemplary system accord-
ing to the present disclosure is used in conjunction with
an ultrasound signal pathway, a PA signal pathway, a
motion estimator, a frame buffer and a display. Ultra-
sound images are typically formed using a transducer,
ultrasound beamformer and an ultrasound scan convert-
er. These components may be the same as those typi-
cally found in an existing modem ultrasound machine.
Ultrasound energy is transmitted in a series of focused
beams using an ultrasound beamformer and a transduc-
er. The energy received by the transducer is then beam-
formed to create a corresponding series of radio frequen-
cy (RF) signals, known as A-lines. These signals are de-
tected and then scan converted to form a B-mode ultra-
sound image. The same components can also be used
in a pulsed Doppler mode to detect and measure motion.
[0024] PA signals are generated by illuminating an ob-
ject with a short laser pulse. The signals are received by
a transducer that is common to PA and ultrasound signal
pathways. The signals pass through a PA beamformer,
which allows them to be spatially localized. The PA scan
converter is then used to resample the signals and pro-
duce a PAimage. In an exemplary embodiment, a single
transducer is deployed to transmit ultrasound waves, re-
ceive ultrasound signals generated by the transmitted
ultrasound waves and receive PA signals. However, sys-
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tems associated with the present disclosure also include
embodiments having multiple transducers. In an exem-
plary embodiment, afirst transducer transmits ultrasound
waves and a second transducer receives ultrasound sig-
nals generated by the transmitted ultrasound waves and
receives the PA signals.

[0025] A motion estimator is used to estimate the mo-
tion of the object using the ultrasound data. To accom-
plish motion estimation, it is necessary to compare the
signals received at different times from the same image
location. This can be done using the RF A-line signals
before they are detected and scan converted. Accord-
ingly, it is possible to estimate the axial motion very ac-
curately. Such motion estimation methods have previ-
ously been used in elastography. (See, e.g., E. E. Konof-
agou, T. Harrigan, and J. Ophir, "Shear strain estimation
and lesion mobility assessment in elastography," Ultra-
sonics, Vol. 38, No. 1-8, pp. 400-4, 2000; J. Ophir, S. K.
Alam, B. Garra, F. Kallel, E. Konofagou, T. Krouskop,
and T. Varghese, "Elastography: ultrasonic estimation
and imaging of the elastic properties of tissues," Pro-
ceedings of the Institution of Mechanical Engineers. Part
H, Journal of Engineering in Medicine, Vol. 213, No. 3,
pp. 203-33, 1999; J. Ophir, I. Cespedes, H. Ponnekanti,
Y. Yazdi, and X. Li, "Elastography: a quantitative method
for imaging the elasticity of biological tissues," Ultrasonic
Imaging, Vol. 13, No. 2, pp. 111-34, 1991.)

[0026] It is also possible to estimate the motion from
a series of ultrasound images (after detection and scan
conversion) using speckle tracking. (See, e.g., E. J.
Chen, R. S. Adler, P. L. Carson, W. K. Jenkins, and W.
D. O’Brien, Jr., "Ultrasound tissue displacement imaging
with application to breast cancer," Ultrasound in Medicine
and Biology, Vol. 21, No. 9, pp. 1153-62, 1995; M. O’'Don-
nell, A. R. Skovoroda, B. M. Shapo, and S. Y. Emelianov,
"Internal displacement and strainimaging using ultrason-
ic speckle tracking," IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control, Vol. 41, No. 3, pp.
314-25, May 1994.) In an exemplary embodiment, the
motion estimator receives signals from the ultrasound
beamformer and the ultrasound images to generate mo-
tion estimation.

[0027] A further alternative estimation method in-
cludes using Doppler information derived from specific
Doppler sequences. (See, e.g., D. A. Christensen, Ultra-
sonic Bioinstrumentation: John Wiley & Sons, 1988.) It
is understood that ultrasound image generators do not
need to contain contrasting structures in order to perform
motion estimation. The motion estimation can be per-
formed on regions of uniform speckle texture.

[0028] Motion information extracted from the ultra-
sound signals may be displayed on the ultrasound image.
Commercial ultrasound scanners typically include con-
tinuous wave Doppler, color Doppler, power Doppler and
pulsed Doppler modes. Some also feature elastography,
Doppler strain rate imaging and tissue Doppler imaging.
[0029] Anexemplary image combiner according to the
present disclosure may perform at least the following two
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functions:

1. Spatial and temporal interpolation and resampling
of a PA image sequence, thus making use of the
motion estimates derived from the ultrasound sig-
nals; and

2. Generating an output frame based on a combina-
tion of the pixel values in one of more ultrasound
images and one or more PA images.

[0030] The output of the image combiner is typically a
sequence of combined frames containing both ultra-
sound and PA information. This information is typically
stored in a frame buffer. The frame buffer includes a plu-
rality of frames adapted to be sequentially displayed on
a display means. Exemplary display means include but
are not limited to a CRT, LCD, or any other type of infor-
mation display system.

[0031] Systems according to the present disclosure
are adapted to allow for images acquired by ultrasound
and PA modalities to be displayed on a single displaying
means. Moreover, exemplary systems allow these imag-
es to be displayed at the same rate, even though they
are acquired at different rates. Exemplary systems allow
for different images to be spatially registered, such that
corresponding anatomical features in the twoimages can
be identified. Further aspects associated with the present
disclosure include allowing for different PA images to be
registered before being combined, thus reducing misreg-
istration artifacts.

[0032] Spatial and temporal resampling of a PA image
sequence functions as follows:

1. Spatial resampling: A PA image may be recon-
structed on a different spatial grid from an ultrasound
image. Spatial interpolation and resampling of a PA
image is therefore required before it can be overlaid
on an ultrasound image. This functionality may be
performed within a PA scan conversion module.
However, it may be desirable to perform certain op-
erations, such as combining multiple PA frames, be-
fore spatial resampling (for increased accuracy, or
less computation). (See, e.g., P. Thevenaz, T. Blu,
and M. Unser, "Interpolation revisited [medical im-
ages application]," Medical Imaging, IEEE Transac-
tions, Vol. 19, No. 7, pp. 739-758, 2000.)

2. Temporal up-sampling without ultrasound: PA
frames can be temporally up-sampled using stand-
ard techniques developed for video. (See, e.g., H.
A.Karim, M. Bister, and M. U. Siddiqi, "Low rate video
frame interpolation - challenges and solution," in
Proc. Acoustics, Speech, and Signal Processing,
2003. Proceedings. (ICASSP’03), 2003 IEEE Inter-
national Conference on, 2003, Vol. 3, pp. 11I-117-20
vol.3.) This allows a PA frame to be interpolated for
each ultrasound frame. Alternatively, both PA
frames and ultrasound frames can be interpolated
to a video display rate.
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3. Using ultrasound motion information to increase
perceived PArefresh rate: Typical a maximum frame
rate for an exemplary PA imaging system is about
10 Hz. An image that is refreshed at this rate, will
appear to be "jerky" to a user. Using an exemplary
system associated with the present disclosure, the
motion and deformation of objects within the image
can be detected and estimated by a motion estima-
tor. The ultrasound motion field (which is typically
measured at 55 Hz) can then be used to warp the
PA image. The warped PA image can then be dis-
played at a 65 Hz rate.

4. Using ultrasound motion information to register
PA images before combining: As mentioned above,
combining two PA frames that are not properly reg-
istered can lead to blurring or other artifacts. The
ultrasound motion field can be used to estimate the
deformation of an object that occurred during the in-
terval between the PA frame acquisitions. The mo-
tion field can then be used to warp one of the PA
frames, such that both frames correspond to the
same configuration of the object. This will reduce the
blurring and artifacts.

5. Using ultrasound motion information to decide
which parts of PA images to combine: It is possible
that some structures within a field-of-view of a par-
ticular PA image will be moving too fast to be tracked
accurately by an ultrasound motion estimator. This
fast motion may still be indicated by the motion es-
timator. For example, the correlation values in a
speckle tracking algorithm may be below a certain
threshold. Rather than trying to register these parts
of an image by warping, it may be advantageous to
not combine these parts of the PA frames.

6. Using ultrasound information to detect when a
large change in probe position has occurred and
stop averaging: As mentioned above, it may be nec-
essary to average several PA frames in order to
achieve sufficient signal-to-noise ratio (SNR). This
decreases the temporal resolution of an exemplary
system and gives persistence to the image. This has
a disadvantage in that, when a probe is moved to a
different part of the body, or a different orientation,
the previous image will persist, even though it cor-
responds to very different anatomy. The ultrasound
can be used to detect this condition and reset the
averaging, such that the previous image is not over-
laid on a new image. In this scenario, it may also be
appropriate to stop the display of the PA image for
a few frames until enough (registered) images are
available to average and produce a good image with
sufficient SNR.

[0033] A combined imaging system according to the
present disclosure can be adapted to accomplish several
displaying options including but not limited to:

1. Displaying PA image only: A PA image can still
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be enhanced by ultrasound motion information as
described above.

2. Displacing PA and ultrasound images next to one
another: Images are displayed at the same (video)
rate, even though they are acquired at different rates.
3. Overlaying aPAimage on to an ultrasound image:
PA images can be displayed using a different color-
map then that used to display ultrasound images.
The PA image can be set at a threshold such that
pixels below the threshold appear transparent and
the user can "see through" to the ultrasound image
behind. The roles of the images can be reversed so
that the ultrasound image is overlaid on the PA im-
age.

4. Using Doppler information to select which PA pix-
els are displayed: Doppler signals from the ultra-
sound (color Doppler, or power Doppler) can be used
to detect where there is motion within an image scan.
PA images will only be displayed as a color overlay
on pixels where the Doppler signal exceeded a cer-
tain threshold setting. Blood, for example, is a strong
absorber for wavelengths of light normally used for
PA imaging. The resulting image would thus be an
image of blood moving above a certain speed.

5. Combining Doppler and PA oxygenation informa-
tion: By comparing PA images at two different wave-
lengths, it is possible to determine the oxygenation
of blood. The oxygenation value can be multiplied
by the velocity derived from the Doppler signal, and
theresultdisplayed as animage toa user. Theimage
would be a measure of the rate at which oxygen was
being transported in the blood vessels being imaged.

[0034] Examples of possible uses for an exemplary
system associated with the present disclosure include
but are not limited to medical imaging of humans, or small
animals. An exemplary imaging system can be added to
an existing modem ultrasound machine, such as, for ex-
ample, a Philips iU22 or iE33.

Claims
1. A combined imaging system, comprising:

(a) means for generating photoacoustic signals;
(b) atleast afirst transducer adapted to: (i) trans-
mit ultrasound waves; (ii) receive ultrasound sig-
nals generated from the ultrasound waves; and
(iii) receive photoacoustic signals generated
from the photoacoustic signal means;
characterized in that

the system further comprises

(c) a motion estimator adapted to estimate mo-
tion based on the ultrasound signals; and

(d) an image combiner adapted to receive and
combine ultrasound data, photoacoustic data
and motion estimator data generated from the
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10.

1.

12,

received ultrasound and photoacoustic signals
and the motion estimator and correct for motion
to generate a combined image.

A systemaccordingto claim 1, wherein the combined
image is received by a frame buffer adapted: (i) to
store combined image output generated from the im-
age combiner; and (ii) transmit the combined image
to a display means and/or data storage means.

A system according to claim 1, wherein the photoa-
coustic signal means is accomplished by an illumi-
nation system adapted to generate a photoacoustic
signal within a sample.

A system according to claim 3, wherein the illumina-
tion system is characterized by an energy beam.

A system according to claim 2, wherein the display
means is selected from the group consisting of an
LCD and a CRT and the data storage means are
selected from the group consisting of a printer, a hard
disc, a compact disc, and a flash drive.

A system according to claim 2, wherein the frame
buffer is adapted to transmit a series of combined
images at a rate of about 55 Hz.

A system according to claim 3, wherein the received
ultrasound signals are beamformed by an ultrasound
beamformer to create a series of radio frequency
signals.

A system according to claim 3, wherein the received
photoacoustic signals pass through a photoacoustic
scan converter adapted to generate a photoacoustic
image to be received by the image combiner.

A system according to claim 1, wherein the ultra-
sound signals are generated in a pulsed Doppler
mode.

A system according to claim 2, wherein the image
combiner is adapted to generate a sequence of com-
bined frames containing data resulting from the re-
ceived ultrasound signals and data resulting from
the received photoacoustic signals to be transmitted
to the frame buffer.

A system according to claim 1, wherein the image
combiner is adapted to perform spatial and/or tem-
poral interpolation and resampling of the received
photoacoustic signals.

A system according to claim 2, wherein the display
means is adapted to allow different images to be
spatially registered, such that corresponding ana-
tomical features in each image can be identified.
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A system according to claim 2, wherein the display
means is adapted to display images in a displaying
option selected from the group consisting of: display-
ing photoacoustic images only, displaying photoa-
coustic images and ultrasound images next to one
another, overlaying a photoacoustic image on to an
ultrasound image, using Doppler information to se-
lect which photoacoustic pixels are displayed, and
combining Doppler and photoacoustic oxygenation
information.

A method of combining images of a sample compris-
ing:

(a) illuminating a sample with an illumination
system adapted to generate photoacoustic sig-
nals;

(b) transmitting ultrasound waves to the sample
with an ultrasound transmitting means adapted
to receive ultrasound signals and photoacoustic
signals;

(c) generating at least one ultrasound image
from a portion of the received ultrasound signals
via an ultrasound imaging means;

(d) generating a motion estimation from a re-
maining portion of the received ultrasound sig-
nals via a motion estimator;

(e) generating at least one photoacoustic image
from the received photoacoustic signals via a
photoacoustic imaging means; and

(f) combining the ultrasound image, the motion
estimation and the photoacoustic image and
correcting for motion in an image combiner
adapted to transmit the combined image to a
display means.

A combined imaging system, comprising:

(a) means for generating photoacoustic signals;
(b) at least afirst transducer adapted to transmit
ultrasound waves

(c) at least a second transducer adapted to: (i)
receive ultrasound signals generated from the
ultrasound waves; and (ii) receive photoacoustic
signals generated from the photoacoustic signal
means;

(c) a motion estimator adapted to estimate mo-
tion based on the ultrasound signals; and

(d) an image combiner adapted to receive and
combine ultrasound data, photoacoustic data
and motion estimator data generated from the
received ultrasound and photoacoustic signals
and the motion estimator and correct for motion
to generate a combined image.
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Patentanspriiche

Kombiniertes Bildgebungssystem, das Folgendes
umfasst:

(a) Mittel zum Erzeugen von photoakustischen
Signalen;

(b) mindestens einen ersten Wandler, der vor-
gesehen ist, um (i) Ultraschallwellen auszusen-
den; (ii) von den Ultraschallwellen erzeugte Ul-
traschallsignale zu empfangen; und (iii) von den
photoakustischen Signalmitteln erzeugte photo-
akustische Signale zu empfangen;

dadurch gekennzeichnet, dass

das System weiterhin Folgendes umfasst:

(c) eine Bewegungsschatzeinheit, die vorgese-
hen ist, um Bewegung basierend auf Ultra-
schallsignalen zu schéatzen; und

(d) eine Bildkombiniereinheit, die vorgesehen
ist, um Ultraschalldaten, photoakustische Daten
und Bewegungsschatzeinheitdaten zu empfan-
gen und zu kombinieren, die von den empfan-
genen Ultraschallsignalen und photoakusti-
schen Signalen und der Bewegungsschatzein-
heit erzeugt wurden und beziglich Bewegung
zu korrigieren, um ein kombiniertes Signal zu
erzeugen.

System nach Anspruch 1, wobei das kombinierte Si-
gnal durch einen Einzelbildpuffer empfangen wird,
der vorgesehen ist, um (i) von der Bildkombinierein-
heit erzeugte kombinierte Bildausgabe zu speichern
und (ii) das kombinierte Bild an ein Anzeigemittel
und/oder Datenspeichermittel zu senden.

System nach Anspruch 1, wobei das photoakusti-
sche Signalmittel durch ein Beleuchtungssystem ge-
schaffen wird, das vorgesehen ist, um ein photoaku-
stisches Signal innerhalb einer Probe zu erzeugen.

System nach Anspruch 3, wobei das Beleuchtungs-
system durch ein Energiestrahlenbiindel gekenn-
zeichnet ist.

System nach Anspruch 2, wobei das Anzeigemittel
ausgewahlt wird aus der Gruppe bestehend aus ei-
ner Flissigkristallanzeige (LCD) und einer Katho-
denstrahlréhre (CRT) und die Datenspeichermittel
ausgewahlt werden aus der Gruppe bestehend aus
einem Drucker, einer Festplatte, einer Compact Disc
und einem Flash-Laufwerk.

System nach Anspruch 2, wobei der Einzelbildpuffer
vorgesehen ist, um eine Reihe von kombinierten Bil-
dern mit einer Rate von ca. 55 Hz zu senden.

System nach Anspruch 3, wobei die empfangenen
Ultraschallsignale durch einen Ultraschall-Strahlfor-
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mer strahlgeformt werden, um eine Reihe von Hoch-
frequenzsignalen zu erzeugen.

System nach Anspruch 3, wobei die empfangenen
photoakustischen Signale durch einen photoakusti-
schen Abtastumsetzer geleitet werden, der vorge-
sehen ist, um ein durch die Bildkombiniereinheit zu
empfangendes photoakustisches Bild zu erzeugen.

System nach Anspruch 1, wobei die Ultraschallsi-
gnale in einem gepulsten Dopplermodus erzeugt
werden.

System nach Anspruch 2, wobei die Bildkombinier-
einheit vorgesehen ist, um eine an den Einzelbild-
puffer zu sendende Folge von kombinierten Einzel-
bildern zu erzeugen, welche aus den empfangenen
Ultraschallsignalen resultierende Daten und aus den
empfangenen photoakustischen Signalen resultie-
rende Daten enthalten.

System nach Anspruch 1, wobei die Bildkombinier-
einheit vorgesehen ist, um rdumliche und/oder zeit-
liche Interpolation durchzufiihren und die empfan-
genen photoakustischen Signale erneut abzutasten.

System nach Anspruch 2, wobei das Anzeigemittel
vorgesehen ist, um die rdumliche Registrierung von
verschiedenen Bildern zu erméglichen, so dass ent-
sprechende anatomische Merkmale in jedem Bild
identifiziert werden kdnnen.

System nach Anspruch 2, wobei das Anzeigemittel
vorgesehen ist, um Bilder in einer Anzeigeoption an-
zuzeigen, die ausgewahlt wird aus der Gruppe be-
stehend aus: Anzeigen von nur photoakustischen
Bildern, Anzeigen von photoakustischen Bildern und
Ultraschallbildern nebeneinander, Uberlagern eines
Ultraschallbildes durch ein photoakustischen Bild,
Nutzen von Dopplerinformationen, um auszuwah-
len, welche photoakustischen Pixel angezeigt wer-
den, und Kombinieren von Doppler- und photoaku-
stischen Oxygenationsinformationen.

Verfahren zum Kombinieren von Bildern einer Pro-
be, das Folgendes umfasst:

(a) Beleuchten einer Probe mit einem Beleuch-
tungssystem, das vorgesehen ist, um photoaku-
stische Signale zu erzeugen;

(b) Senden von Ultraschallwellen an die Probe
mit einem Ultraschallsendemittel, das vorgese-
hen ist, um Ultraschallsignale und photoakusti-
sche Signale zu empfangen;

(c) Erzeugen von mindestens einem Ultraschall-
bild anhand von einen Teil der empfangenen Ul-
traschallsignale Uber ein Ultraschallbildge-
bungsmittel;
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(d) Erzeugen einer Bewegungsschatzung an-
hand von einem verbleibenden Teil der empfan-
genen Ultraschallsignale Uber eine Bewegungs-
schatzeinheit;

(e) Erzeugen von mindestens einem photoaku-
stischen Bild anhand der empfangenen photo-
akustischen Signale Uber ein photoakustisches
Bildgebungsmittel; und

(f) Kombinieren des Ultraschallbildes, der Be-
wegungsschatzung und des photoakustischen
Bildes und Korrigieren beziiglich Bewegung in
einer Bildkombiniereinheit, die vorgesehen ist,
um das kombinierte Bild an ein Anzeigemittel zu
senden.

15. Kombiniertes Bildgebungssystem, das Folgendes

umfasst:

(a) Mittel zum Erzeugen von photoakustischen
Signalen;

(b) mindestens einen ersten Wandler, der vor-
gesehen ist, um Ultraschallwellen zu senden;
(c) mindestens einen zweiten Wandler, der vor-
gesehen ist, um (i) von den Ultraschallwellen
erzeugte Ultraschallsignale zu empfangen; und
(ii) von den photoakustischen Signalmitteln er-
zeugte photoakustische Signale zu empfangen;
(d) eine Bewegungsschatzeinheit, die vorgese-
hen ist, um Bewegung basierend auf Ultra-
schallsignalen zu schatzen; und

(e) eine Bildkombiniereinheit, die vorgesehen
ist, um Ultraschalldaten, photoakustische Daten
und Bewegungsschatzeinheitdaten zu empfan-
gen und zu kombinieren, die von den empfan-
genen Ultraschallsignalen und photoakusti-
schen Signalen und der Bewegungsschatzein-
heit erzeugt wurden und bezlglich Bewegung
zu korrigieren, um ein kombiniertes Signal zu
erzeugen.

Revendications

Systéme d’imagerie combinée, comprenant :

(a) des moyens destinés a générer des signaux
photoacoustiques ;

(b) au moins un premier transducteur adapté
pour : (i) transmettre des ondes ultrasonores ;
(ii) recevoir des signaux ultrasonores générés a
partir des ondes ultrasonores ; et (iii) recevoir
des signaux photoacoustiques générés a partir
des moyens de signaux photoacoustiques ;
caractérisé en ce que

le systéme comprend en outre :

(c) un estimateur de mouvement adapté pour
estimer un mouvement en fonction des signaux
ultrasonores ; et
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(d) un combinateur d'image adapté pour rece-
voir et combiner des données ultrasonores, des
données photoacoustiques et des données
d’estimateur de mouvement générées a partir
des signaux ultrasonores et photoacoustiques
regus et de I'estimateur de mouvement et réali-
ser une correction de mouvement pour générer
une image combinée.

Systéme selon la revendication 1, dans lequel I'ima-
ge combinée est regue par une mémoire tampon
d’image adaptée : (i) pour stocker une sortie d'image
combinée générée a partir du combinateur d’image ;
et (ii) transmettre 'image combinée a des moyens
d’affichage et/ou des moyens de stockage de don-
nées.

Systéme selon la revendication 1, dans lequel les
moyens de signaux photoacoustiques sont accom-
plis par un systeme d’éclairage adapté pour générer
un signal photoacoustique au sein d’un échantillon.

Systéeme selon larevendication 3, dans lequel le sys-
teme d’éclairage est caractérisé par un faisceau
d’énergie.

Systéme selon la revendication 2, dans lequel les
moyens d’affichage sont sélectionnés parmile grou-
pe constitué d’'un LCD et d'un CRT et les moyens
de stockage de données sont sélectionnés parmi le
groupe constitué d’une imprimante, d'un disque dur,
d’un disque compact, et d'un disque flash.

Systéme selon larevendication 2, dans lequel la mé-
moire tampon d’image est adaptée pour transmettre
une série d'images combinées a une fréquence d’en-
viron 55 Hz.

Systéme selon la revendication 3, dans lequel les
sighaux ultrasonores regus subissent une formation
de faisceau par un formeur de faisceau ultrasonore
pour créer une série de signaux de radiofréquence.

Systéme selon la revendication 3, dans lequel les
signaux photoacoustiques regus passent a travers
un convertisseur de balayage photoacoustique
adapté pour générer une image photoacoustique
destinée a étre recue par le combinateur d’image.

Systéme selon la revendication 1, dans lequel les
signaux ultrasonores sont générés dans un mode a
impulsions a effet Doppler.

Systéme selon la revendication 2, dans lequel le
combinateur d'image est adapté pour générer une
séquence d’'images combinées contenant des don-
nées résultant des signaux ultrasonores regus etdes
données résultant des signaux photoacoustiques re-
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cus, destinée a étre transmise a la mémoire tampon
d’'image.

Systéme selon la revendication 1, dans lequel le
combinateur d'image est adapté pour réaliser une
interpolation et un ré-échantillonnage spatial et/ou
temporel des signaux photoacoustiques regus.

Systéme selon la revendication 2, dans lequel les
moyens d’affichage sont adaptés pour permettre a
des images différentes d’étre repérées spatiale-
ment, de sorte que des caractéristiques anatomi-
ques correspondantes dans chaque image puissent
étre identifiées.

Systéme selon la revendication 2, dans lequel les
moyens d’affichage sont adaptés pour afficher des
images dans une option d’'affichage sélectionnée
parmile groupe constitué de : un affichage d’images
photoacoustiques seules, un affichage d’images
photoacoustiques et d'images ultrasonores les unes
a cOté des autres, une superposition d’une image
photoacoustique sur une image ultrasonore, une uti-
lisation d’informations a effet Doppler pour sélection-
ner les pixels photoacoustiques qui sont affichés, et
une combinaison d’informations a effet Doppler et
d’oxygénation photoacoustique.

Procédé de combinaison d’'images d’un échantillon,
comprenant les étapes consistant a :

(a) éclairer un échantillon avec un systéme
d’éclairage adapté pour générer des signaux
photoacoustiques ;

(b) transmetire des ondes ultrasonores a
I'échantillon avec des moyens de transmission
ultrasonore adaptés pour recevoir des signaux
ultrasonores et des signaux photoacoustiques ;
(c) générer au moins une image ultrasonore a
partir d’'une partie des signaux ultrasonores re-
gus par l'intermédiaire de moyens d’imagerie
ultrasonore ;

(d) générer une estimation de mouvement a par-
tir d’'une partie restante des signaux ultrasono-
res regus par I'intermédiaire d’'un estimateur de
mouvement ;

(e) générer au moins une image photoacousti-
que a partir des signaux photoacoustiques re-
gus par lintermédiaire de moyens d’imagerie
photoacoustique ; et

(f) combiner 'image ultrasonore, I'estimation de
mouvement et I'image photoacoustique et réa-
liser une correction de mouvement dans un
combinateur d’image adapté pour transmettre
'image combinée a des moyens d’affichage.

Systéme d’imagerie combinée, comprenant :
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(a) des moyens destinés a générer des signaux
photoacoustiques ;

(b) au moins un premier transducteur adapté
pour transmettre des ondes ultrasonores ;

(c) au moins un second transducteur adapté
pour : (i) recevoir des signaux ultrasonores gé-
nérés a partir des ondes ultrasonores ; et (ii) re-
cevoir des signaux photoacoustiques générés
a partr des moyens de signaux
photoacoustiques ;

(d) un estimateur de mouvement adapté pour
estimer un mouvement en fonction des signaux
ultrasonores ; et

(e) un combinateur d'image adapté pour rece-
voir et combiner des données ultrasonores, des
données photoacoustiques et des données
d’estimateur de mouvement générées a partir
des signaux ultrasonores et photoacoustiques
recus et de I'estimateur de mouvement et réali-
ser une correction de mouvement pour générer
une image combinée.
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