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distribution of input force.
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1
METHODS AND APPARATUS FOR
ULTRASOUND STRAIN IMAGING

REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 61/318,040, filed on Mar. 26, 2010,
which is hereby incorporated by reference for all purposes as
if fully set forth herein.

FIELD OF THE INVENTION

The present invention pertains to a method and system for
ultrasound strain imaging. More particularly, the present
invention pertains to a method and system for ultrasound
strain imaging using an external tracker.

BACKGROUND OF THE INVENTION

Ultrasound imaging has become a widely used medical
imaging modality, due in part to its effectiveness in safely
imaging tissue, its ease of use, and lower cost. Ultrasound
has become an essential imaging tool in applications such as
identifying tissue anomalies, monitoring fetal development,
and assisting in guiding surgical devices in invasive treat-
ments.

More recently, strain imaging has been shown helpful in
numerous medical applications, especially in the detection
and diagnosis of cancer. In addition, strain imaging may be
used for monitoring ablation and deep vein thrombosis.
However, generating reliable, high-quality ultrasound strain
images from frechand palpations is a challenging task.
Strain imaging is highly sensitive to the proper hand motion
and the skill of the user.

For example, the best results are achieved when the user
compresses and decompresses the tissue uniformly in the
axial direction with the proper hand motion. However, it is
difficult to control the compression rate as it is governed by
hand motion and the frame rate of RF data. Also, small
lateral or out-of-plane motions can compromise the quality
of images. However, it is difficult to induce pure axial
motion with freehand compression.

Sophisticated algorithms have developed to address this
problem. However, these algorithms only partially address
the problem by compensating for in-plane motions and
applying smoothness constraints. The images are also hard
to interpret, and artifacts—caused by failure of the strain
estimation algorithm or poor hand motion—may be mis-
taken for lesions inside the soft tissue. As such, there is a
need in the art for a strain imaging technique that is not
affected by poor hand motion and other sources of signal
decorrelation.

To improve the reliability, quality metrics such as persis-
tence in strain images have been developed, as discussed, for
example, by JIANG, F. et. al., in their article “A rovel image
Sformation method for uitrasonic strain imaging”, Ultra-
sound Med Biol., April 2007, pp. 643-652, Vol. 33, No. 4,
the entire disclosure of which is incorporated by reference
herein. This quality indicator is calculated for each image
and provided to the user as feedback. Persistence is also used
to merge multiple strain images together. To measure the
persistence, strain is computed for two pairs of echo frames,
and the resulting images are correlated.

Although these techniques offer a major advantage, there
remain several limitations. First, the strain has to be esti-
mated before the calculation of the quality metric. With
typical ultrasound settings, the frame rate can reach more
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than 30 Hz. For subsequent frames, an efficient implemen-
tation of this image-based metric might cope with this rate.
Nonetheless, it is difficult and time consuming to try all
combinations in a series of frames. Moreover, the quality
metric will not be able to provide feedback to the user
regarding whether he/she should adjust the palpation in a
certain direction. Also, there is minimal control over the
strain.

Accordingly, there is a need in the art for a system and
method of improved strain imaging, which does not rely
upon complicated algorithms or the experience of the user.

SUMMARY

According to a first aspect of the present invention, a
method for providing ultrasonic strain imaging comprises
placing an ultrasound probe onto a target area to be imaged,
applying palpations to the target area, acquiring a sequence
of RF frames during palpations of the target area, measuring
positions and orientations of the ultrasound probe at each the
RF frame in the sequence of the RF frames, synchronizing
each of the positions and orientations of the ultrasound
probe to a respective RF frame in the sequence of RF frames,
automatically selecting multiple pairs of RF frames from an
approximately same location and orientation from the syn-
chronized sequence of RF frames by minimizing a cost
function, the cost function evaluating the relative motion of
any two image frames based upon the measured positions
and orientations of the two image frames, further selecting,
from the automatically selected multiple pairs of RF frames,
multiple pairs of RF frames with a desired strain, calculating
strain values for each of the selected multiple pairs of RF
frames with the desired strain, aligning and fusing images of
the selected multiple pairs of RF frames with the desired
strain from the approximately same location and orientation
to generate a final strain image, and displaying the final
strain image.

According to a second aspect of the present invention, a
system for providing ultrasonic strain imaging comprises an
ultrasound probe for acquiring a sequence of RF frames
during palpations of a target area, an external tracking
device for measuring positions and orientations of the ultra-
sound probe at each the RF frame in the sequence of RF
frames, a processor having a computer readable medium
encoded with a program for optimizing the ultrasonic strain
imaging, the program for synchronizing each of the posi-
tions and orientations of the ultrasound probe to a respective
RF frame in the sequence of RF frames, automatically
selecting multiple pairs of RF frames by minimizing a cost
function which evaluates relative motion of any two image
frames based upon the measured positions and orientations,
calculating strain values for each of the selected multiple
pairs of RF frames with the desired strain, and aligning and
fusing images of the selected multiple pairs of RF frames
with the desired strain from the approximately same location
and orientation to generate a final strain image, and a display
for displaying the final strain image.

According to a third aspect of the present invention,
computer-readable medium comprising software, wherein,
when executed by a computer, causes the computer to
receive a sequence of RF frames during palpations of a
target area, receive positions and orientations of the ultra-
sound probe at each said RF frame in said sequence of said
RF frames, synchronize each of the positions and orienta-
tions of the ultrasound probe to a respective RF frame in the
sequence of RF frames, select multiple pairs of RF frames
from an approximately same location and orientation from
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said synchronized sequence of RF frames by minimizing a
cost function, said cost function evaluating the relative
motion of any two image frames based upon the measured
positions and orientations of said two image frames, select,
from the automatically selected multiple pairs of RF frames,
multiple pairs of RF frames with a desired strain, calculate
strain values for each of said selected multiple pairs of RF
frames with the desired strain, and align and fuse images of
the selected multiple pairs of RF frames with the desired
strain from the approximately same location and orientation
to generate a final strain image.

According to a fourth aspect of the present invention, a
method of strain imaging comprises projecting a structured
light pattern onto a surface of a target area to be imaged,
acquiring a first set of images of the structured light pattern
on the surface of the target area, said first set of images for
reconstructing the surface of the target area, placing an
ultrasound probe onto the target area, acquiring a second set
of images including the surface of the target area and the
ultrasound probe to determine the location of the probe,
applying palpations to the target area, acquiring strain image
data of the target area, constructing a finite element model
based upon the first set of images, second set of images, and
strain image data, and using the finite element model to
solve for Young’s Modulus to generate a strain image.

According to a fifth aspect, a method for performing
intraoperative calibration of an ultrasonic probe comprises
projecting a structured light pattern onto a surface of the
ultrasonic probe to generate a surface model of said ultra-
sonic probe, the ultrasonic probe for generating an ultra-
sound image, calibrating the surface model of the ultrasonic
probe to the ultrasound image pre-operatively, attaching a
sensor to the surface of the ultrasonic probe at a sensor
location, determining a transformation between the surface
model of the ultrasonic probe and the sensor at the sensor
location, and computing a probe calibration matrix based
upon the pre-operative calibration of the surface model of
the ultrasonic probe to the ultrasound image and the trans-
formation between the surface model of the probe and the
sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings provide visual representa-
tions which will be used to more fully describe the repre-
sentative embodiments disclosed herein and can be used by
those skilled in the art to better understand them and their
inherent advantages. In these drawings, like reference
numerals identify corresponding elements and:

FIG. 1 is a schematic of an exemplary system and method
according to the features of the present invention.

FIG. 2 1s a schematic of an exemplary structured light
system used in connection with the system and method of
the present invention.

FIG. 3 is a basic flowchart of an exemplary process for
generating an ultrasound strain image according to features
of the present invention.

FIG. 4 is a graphical representation of the normalized
axial motion of the image-based motion and the tracker-
based motion.

FIG. § is a graphical representation of the hand motion of
an experienced user.

FIG. 6(a) is a graphical representation of the hand motion
showing poor palpation with EM tracking.

FIG. 6(b) is a graphical representation of the hand motion
showing poor palpation with optical tracking.
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FIG. 6(c) is a graphical representation of the contrast-to-
noise ratio (CNR) and signal-to-noise ratio (SNR) of the
strain image for consecutive frames of the EM tracking
versus the frames selected according to the features of the
present invention.

FIG. 6(d) is a graphical representation of the contrast-to-
noise ratio (CNR) and signal-to-noise ratio (SNR) of the
strain image for consecutive frames of the EM tracking
versus the frames selected according to the features of the
present invention.

FIG. 7(a) shows a typical B-mode image generated during
ultrasound imaging.

FIG. 7(b) shows the strain image formed according to
features of the present invention.

FIG. 7(c) shows the strain image formed with consecutive
frames 1 & 2.

FIG. 7(d) shows the strain image formed with consecutive
frames 2 & 3.

FIG. 7(e) shows the strain image formed with consecutive
frames 3 & 4.

FIG. 7(f) shows the strain image formed with consecutive
frames 4 & 5.

FIG. 8 is a schematic of use of the system and method of
the present invention in connection with a medical robot.

FIG. 9 is a schematic of use of the system and method of
the present invention in connection with ablation treatments.

FIG. 10 is a schematic of an exemplary system and
method of the present invention for fusion of the tracked
strain images with CT and 3D imaging.

FIG. 11 is a basic flowchart of an exemplary process for
calculating relative Young’s Modulus according to features
of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The presently disclosed subject matter now will be
described more fully hereinafter with reference to the
accompanying Drawings, in which some, but not all
embodiments of the inventions are shown. Like numbers
refer to like elements throughout. The presently disclosed
subject matter may be embodied in many different forms and
should not be construed as limited to the embodiments set
forth herein; rather, these embodiments are provided so that
this disclosure will satisfy applicable legal requirements.
Indeed, many modifications and other embodiments of the
presently disclosed subject matter set forth herein will come
to mind to one skilled in the art to which the presently
disclosed subject matter pertains having the benefit of the
teachings presented in the foregoing descriptions and the
associated Drawings. Therefore, it is to be understood that
the presently disclosed subject matter is not to be limited to
the specific embodiments disclosed and that modifications
and other embodiments are intended to be included within
the scope of the appended claims.

The present invention pertains to a system and method for
strain imaging using information from an external tracker.
As is known in the art, an ultrasound probe is often tracked
in navigation/guidance systems to provide spatial informa-
tion to form freehand 3D ultrasound, or to facilitate multi-
modality registration. According to features of the present
invention, the tracking data is exploited to enhance the
quality of the strain images. It should be understood that
strain imaging includes, but is not limited to, elastography
and thermal imaging. A more detailed description of thermal
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imaging is described in U.S. patent application Ser. No.
12/712,019, the entire disclosure of which is incorporated by
reference herein.

According to FIG. 1, a basic schematic of an ultrasonic
imaging system 10 that may be used in accordance with the
present invention is illustrated. The ultrasonic imaging sys-
tem 10 includes an ultrasonic probe 12 for imaging the target
area 14 of a patient. According to known principles, the
ultrasonic probe 12 transits and receives energy in a scan
plane 16, which may be acquired by an ultrasonic processor
18 (with a memory device 20), and displayed on a user
interface 22. The memory device 20 may include one or
more computer readable storage media, as well as a program
having machine readable instructions for performing pro-
cessing necessary to form B-mode images.

All of the components of ultrasonic imaging system 10
may be parts of an existing commercial ultrasound system,
with memory device 20 having additional machine readable
instructions for performing the processes disclosed herein.
Alternatively, a separate processor 26 with a memory device
28 may be used. Like the memory device 20, the memory
device 28 would include a program having machine readable
instructions for performing the necessary algorithms to
determine the optimal frames to use for strain imaging, as
will be described in more detail below. Once the strain
imaging is processed, it may be displayed on interface 30.
One skilled in the art will readily appreciate that many
variations to ultrasonic system 10 are possible and within the
scope of the invention. For example, the ultrasonic system
10 may be a 2-dimensional or 3-dimensional system, but
other systems are possible depending on application and
design preference.

According to known principles, strain imaging is gener-
ated by palpating the ultrasonic probe 12 in the axial “Y”
direction. As is known in the art, the ultrasonic probe 12 is
placed onto the target area 14 to be imaged. Palpations are
applied to the target area 14, wherein a sequence of RF
frames is acquired by the processor 18 (or processor 26)
during palpations. According to the prior art, consecutive
frames of RF data are used to generate the strain image.
However, using tracking information, the present invention
allows for optimal image frames to be determined and used
for more precise strain imaging.

With continued reference to FIG. 1, according to an
exemplary embodiment, a tracking system 24 is used to
monitor the position and orientation of the ultrasound probe
12. The tracking information is used in connection with the
RF data acquired by the probe 12 to determine optimum
frames to use for higher quality strain images, even when the
palpations are poor. Accordingly, the tracking information
may be sent to memory device 20, which includes machine
readable instructions for performing the necessary algo-
rithms to determine the optimal frames to use for strain
imaging. However, the tracking information may also be
sent to the separate processor 26, and stored in memory
device 28, as described above.

In accordance with features of the present invention, the
tracking system 24 may be an optical tracker, an electro-
magnetic tracker, an accelerometer-gyroscope, or the like. In
this regard, the ultrasonic probe 12 may include at least one
sensor 32 which is monitored by the tracking system 24.
Examples of sensors include but are not limited to electro-
magnetic tracking sensors, optical sensors, accelerometers-
gyroscopes, or the like. In addition, an ablation needle may
be used for tracking. Likewise, a robotic arm may be used
for tracking when the probe is held by a medical robot.

10

15

20

25

30

35

40

45

50

55

60

65

6

Alternatively, the surface of the ultrasonic probe 12 or
target area 14 may be tracked, as is known in the art. For
example, a structured light system may be used to project
light onto the surface of the probe and/or target area, which
tracks the probe and/or target area by its shape. With
reference to FIG. 2, a projector 34 projects patterned light
onto a surface 36. The patterned light is viewed by two
cameras 38 and 40 which are spaced apart, preferably stereo
cameras. The data collected from the two cameras 38 and 40
is used to construct a 3-dimensional image of the surface, as
well as to determine how much a surface has been com-
pressed. An example of a structured light system can be
found in U.S. Pat. No. 7,103,212, the entire content of which
is incorporated by reference herein.

In addition, an internal surface of a patient may also be
used as the tracking information. For example, during liver
surgery, a structured light system can be used to determine
how much the liver has been compressed or palpated to
produce strain images. A tracking system that is used to track
the surface of a patient is described in WO 2010/081094, the
entire content of which is incorporated by reference herein.

With reference to FIG. 3, a basic flowchart of an exem-
plary process for generating an ultrasound strain image
according to features of the present invention is shown,
which may be implemented by software. As described
above, the software may be stored and run on the ultrasonic
processor 18 (FIG. 1), or the separate processor 26 (FIG. 1).
As shown in FIG. 1, the tracking information and RF frames
are sent to a processor, where the data is manipulated to form
optimal strain imaging according to features of the present
invention.

At step 100 (FIG. 3), the tracking information and
sequence of RF frames are processed so that each of the
positions and orientations of the ultrasound probe are cali-
brated to and synchronized with a respective RF frame in the
sequence of RF frame. In this way, the same axial palpation
for strain imaging can be used for synchronization. In
particular, when synchronizing the data, the constant delay
between RF and tracking information may be estimated as
the data is collected. In addition, small jitters in delay may
be compensated.

For example, assuming uniform stiffness of the soft tissue,
the global axial compression is recovered from the image by
correlating the first frame and the stretched version of the
next frame. The compression values are integrated over a
period of time to get the compression with respect to the first
frame in that period. This value is then normalized and
matched with the normalized axial motion from the external
tracker. Normalization is important since the magnitude of
global axial motion in the strain image varies depending on
the overall stiffness of the soft tissue.

For normalization, the mean of the signal over the syn-
chronization period is subtracted from the signal, and the
result is divided by the standard deviation. The last step is to
interpolate the tracking data to find the transformation for
RF frames. The translations and rotations may be separately
interpolated using “spline” interpolation for the translations
and “spherical linear interpolation” (Slerp) for the rotations,
as described by K. Shoemake in “Animating rotation with
quaternioncurves,” Computer Graphics (Proc. of SIG-
GRAPH), pp. 245-254 (1985), the entire disclosure of which
is incorporated by reference herein. FIG. 4 shows an
example of two signals after synchronization. However,
other methods of calibration and synchronization are pos-
sible, and within the scope of the present invention.

With reference back to FIG. 3, the RF frames along with
their corresponding transformation are preferably stored in a
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first-in, first out (FIFO) buffer 102. The buffer 102 provides
a location in which the pools of RF frames may be stored.
Preferably, the size of the buffer is large enough to include
roughly a half cycle of freehand palpation, but may be larger
or smaller, according to application and design preference.

At step 104 (Motion Detection), all RF frames that are
taken from approximately the same cross section are found.
At step 106, a first “Frame Pair Selection Pass 1”7 is
performed. Relying on the tracking information, frames with
improper motion are rejected. The resulting data is then
filtered through the “Frame Pair Selection Pass 27, at step
108. In this step, image content of the RF frame is used to
determine the multiple frame pairs with a desired strain. At
step 110, the “Strain Calculation” compensates for global
motion and calculates the strain for the selected pairs. In the
“Image Fusion” step 112, the strain images are fused and
aligned, and final normalization is applied. At step 114, the
final strain image is displayed on a display.

Further details of the algorithms associated with the
present invention will be described in more detail below. As
discussed above, the algorithms are implemented by a
software program. In generating the algorithm for perform-
ing the strain imaging, the task is to find appropriate RF pairs
that can generate high-quality strain images. In the past, only
consecutive frames were used for strain imaging. The pres-
ent invention provides a methodology for selecting the
optimum set of RF pairs, which may not necessarily be
consecutive frames. Accordingly, a cost function is derived
to determine which optimum pairs may be used to generate
the best strain image. The cost function evaluates the relative
motion of any two image frames based upon the measured
positions and orientations of the two image frames.

To start, a distance function is defined between two
frames of RF data. For this purpose, a model of image
decorrelation may be used in presence of out-of plane and
lateral motion. RF signal is often modeled as the collective
response of scatterers randomly distributed within the reso-
lution cell of the ultrasound. Each scatterer is assumed to
have an amplitude governed by the shape of the resolution
cell and a phase which is distributed from O to 7 uniformly
at random. Considering a Gaussian shape for the resolution
cell, the correlation may be calculated as a function of
out-Of-plane motion to be

52
osl-5z)

wherein 3 and o denote the displacement and the width of
the resolution cell respectively. Although this function is
only valid for fully developed speckle, it provides a conve-
nient estimate of correlation.

Extending this formula to both out-of-plane and lateral
displacements, the energy function, E(x, z), is defined as
follows:

E(D,,D.)=exp(-K,-D.>-K. D7), (1

where D, and D, represent the displacement in out-of-plane
and lateral directions. E does not depend on axial motion
(D,) since displacement in the axial direction is necessary
for strain estimation. K and K_ determine the sensitivity to
a certain direction. In order to be able to use this function,
component-wise metric representing the distance of two
frames is needed given their homogeneous transformations.
The relative transformation is computed between them.
Suppose a=[a, a, a_|” is the axis-angle representation of the
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relative rotation, and t=[t, t, t 17 is the relative translation.
Assuming a small rotation, the relative displacement of a
point, P=[x y 0]%, will be d=axP+t. The distance vector of
two frames is then defined, D=[D, D, D_|%, as the RMS of
the components of d for all the points in the region of interest

(ROIY:

1 2 5 (@)
D, = sqrt —f (_az'y+[,\) dy}a
2=y Jy,
D ! Caxtnid
'y = Sgrt mj;l (@ x+1,)dxg,

1 % Y2 »
D, = sqrr 7f f (ac-y—ay-x+1,) dydx g,
2 =y —x1) Sy Jy,

where sqrt {.} returns the root. Here, ROI is assumed to be
rectangular and determined by x,, y,, and y,. The vector D
provides a measure of distance for each direction separately.
This vector is used in Equation (1) which gives us an
estimate of “pseudo-correlation” over the ROI.

As discussed above, images are selected from a pool of
RF frames that are collected from approximately the same
cross-section of tissue with minimal lateral and out-of-plane
motion. This may be accomplished by computing the energy
function of each frame with respect to all other frames in the
sequence. Then, the total energy is found for each frame as
the sum of the energies of the M closest frames, where
closeness implies higher energy, and M is the maximum
number of frames to be selected. Then, the frame with the
highest total energy (the center frame) is identified, and the
M closest frames to the center frame including itself are
selected. Additionally, the frames that have E of less than 0.5
with respect to the center frame are disqualified. This is
applied to ensure lower number of frames are chosen when
M frames from one cross-section are not available.

In the next stage, the program evaluvates all possible
combination of frame M pairs for strain imaging. For M
frames, there are (M/2)=M(M-1)/2 pair combinations,
which are compared using a slightly modified version of E.
Since the pairs are directly compared, the exponent of
BEquation (1) is minimized in order to maximize E. A term for
axial motion may be added that penalizes compressions that
are higher than an optimum compression value, t,,,. Hence,
a “cost function”, C,, is defined as follows:

©)

. _ Dy —iop; 1Dy = 1ol >0
Cl(D)= K,-DX+K, - D, +K,- D%, {’ e

D, =
0, Dy = topel = 0

where t,,,, implies the optimal strain.

Here, t,,, is set depending on the robustness of the strain
image estimation algorithm. Its value might be within the
range of the resolution of the tracker. Therefore, at this stage,
a penalty is not assigned for the compressions less than t,,,,.
If the compression is close to zero, the contrast of the
reconstructed image degrades. The program may filter the
pairs with low compression in the next stage using image
content. Similar to the first part, a maximum number of
frames with lowest cost are selected provided that the cost
is lower than a threshold. The threshold is not strict to ensure
acceptable pairs are not filtered.

The final pairs are selected by recovering the global
lateral motion and compression by matching the two RF
frames in each pair. The tracking information is used to
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initialize the search. For instance, the search range for
compression is set to be from zero to the tracker reading in
axial direction padded in both sides with the maximum error
of the tracker. Given two frames I, and 1,, the amount of
lateral motion a, and compression, b, is found by solving
cross-correlation:

#

2

L y)-hix+a by + L (x—a, -by)-L(x, y)}-
x,yeC

ar; ax
o

The RF data may be normalized with standard variation
and assumed to have zero mean. The speed of search may be
increased by employing two steps. First, the entire image is
not matched to solve for these parameters. Instead, only
pixels on a grid, G, are used as described by Equation (4).
The two terms of Equation (4) ensures that the search
remains reciprocal, which means switching the images only
affects the sign of a and b. Second, a is recovered by
matching only the top part of the two images while b is fixed
to one. The reason is that the displacement due to compres-
sion is minimal in that region.

Having the global motions, the cost function is modified
to penalize very low compressions:

w 3
CZ(ﬁ):KX-52+Ky-M ®

%

+K;-D,
Dy+c

where D, and D,, are the global motions from Equation (4)
converted to mm. ¢ is a small number that limits the cost of
zero compression. Finally, the pairs with the lowest cost are
selected until a maximum number of frame pairs are reached
or the minimum cost grows higher than the average cost.
The last step involves computing the strain for all the
selected frame pairs. In the preferred embodiment, normal-
ized cross-correlation (NCC) is implemented to recover the
displacements and least squares estimation (LSE) to calcu-
late the strain. However, other types of correlation tech-
niques are possible, such as Sum of Squared Difference
(SSD), Sum of Absolute Difference (SAD), and Mutual
Information. Before calculating strain, the global lateral
motion and compression from the previous step may be
compensated in one image using cubic interpolation. This is
known to reduce the error of strain estimation. The final
strain image. S, is the weighted average of all the strains:

u ©)
pi>07

m

2 Wi
=1

otherwise

where p, is the correlation coefficient for the i pair after
applying the displacements, and m is the number of pairs.
Fusing the strains in this fashion is acceptable since the
algorithm preferably only allows for compressions that are
close to a predetermined amount optimal for strain estima-
tion. Accordingly, the final strain image is displayed on the
interface.

While specific equations are set forth above for deriving
a particular cost function, it should be understood that other
algorithms are possible and within the scope of the inven-
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tion, so long as the algorithm minimizes a cost function that
evaluates the relative motion of any two image frames based
upon the measured positions and orientations of the two
image frames.

The method and system of the present invention may be
incorporated and utilized with various types of ultrasound
systems, including those with motorized hardware, such as
a linear actuator. According to features of the present inven-
tion, the tracking data and the measured response of the
hardware may be incorporated into the estimation of the
strain image.

With reference to FIG. 8, an ultrasonic probe 12 having a
sensor 32 is connected to a robotic control R. The robotic
control R automatically adjusts the palpation based on the
tracking information. An example of motorized hardware for
performing palpations during robotic surgery is described in
U.S. Pat. No. 7,901,357, the entire contents of which of
incorporated by reference herein. While U.S. Pat. No. 7,901,
357 discloses a linear actuator used in connection a robotic
control, motorized hardware may also be incorporated onto
a probe which is held by the user. The tracking data may be
used to automatically determine how the motor should move
up and down. The hardware provides the suitable palpation
as the user holds the ultrasound transducer over a region of
interest. The hardware acts as an interface between the user
and the ultrasound transducer.

Preferably, the transducer includes visual hand motion
feedback to the user. The feedback provides a correctional
tool for a faster learning curve for freechand strain imaging.
The feedback may be in the form of a visual display, LED
light, sound, or the like.

In addition, the present invention may be applied to frame
motion compensation for 3D strain imaging for motorized
wobbler or 2D array probes. Based on the motion of the
probe during palpation, the relative displacement of the
individual 2D frames from 3D RF data is corrected to avoid
deformation of the 3D strain volume.

The present invention may also be used during ablation
treatments. For example, as shown in FIG. 9, an ablation
needle 200 is directed into tissue. In this way, the ablation
needle may apply palpations towards the organ, while trans-
ducer 202 acquires acoustic images during the palpations.
Preferably, both the ablation needle 200 and transducer 202
include sensors 204 for tracking of the needle 200 and
transducer 202. The tracking information is used to deter-
mine the relative position of the needle 200 to the image.
This information may then be directed to the strain algo-
rithm.

The present invention may also be used in connection
with other imaging modalities to improve overall imaging.
For example, with reference to FIG. 10, a system and
method of the present invention is identical to FIG. 1, except
that a CT scanner 300 is incorporated into the system. The
data from the CT scanner preferably is collected in the same
processor as the processor that collects the tracking infor-
mation and RF data. According to features of the present
invention, fiducials may be used to locally align the CT and
ultrasound data.

After the CT scan is performed, the sonographer may
sweep the ultrasound transducer over the lumpectomy bed.
Next, the sonographer obtains individual tracked strain
images from the areas of interest by gently moving the
ultrasound transducer up and down. In accordance with
features of the present invention, RF data is synchronized
with the tracking information, and the best RF frames are
used to facilitate a better strain image. While CT scanning
has been particularly described above, it should be under-
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stood that the present invention may be applied to other
imaging modalities, such as MRI. Features of the present
invention may also be applied during photoacoustic imag-
ing, as described in PCT/US11/24917, the entire disclosure
of which is incorporated by reference herein. In particular,
the transducer probe and laser source may both be tracked to
help enhance the photoacoustic image formation. For
example, if the laser flux is small compared to the ultrasound
image, then by tracking the laser source, one can give high
weight to the signal received from the small tracked flux,
hence increase the final photoacoustic image quality.
Another example, by tracking the laser source, one can
create a panoramic photoacoustic imaging by stitching many
photoacoustic images togethet.

Another aspect of the present invention relates to using
the structured light system shown in FIG. 2 to generate a
strain image that is independent from the distribution of
input force. According to known principles, strain imaging
may be generated from calculation of Young’s modulus.
Force and displacement are typically used to solve for
Young’s Modulus. However, using a structured light system,
a strain image may be generated that is independent of the
magnitude of applied pressure and its distribution.

With reference to FIG. 11, a basic flowchart of the steps
for generating a strain image is described. At step 400, a
structured light pattern (e.g., see FIG. 2) is projected onto a
surface of a target area to be imaged. At step 400, a first set
of images of the structured light pattern on the surface of the
target area is acquired. The first set of images is used to
reconstruct the surface of the target area, such as with a
multiple channel SAD (sum of absolute differences) match-
ing algorithm, as is known in the art. At step 402, an
ultrasound probe is placed or localized onto the target area.
At step 402, a second set of images is acquired which
includes the surface of the target area and the ultrasound
probe. The second set of images is used to determine the
location of the probe with respect to the surface. That is, the
structured light system tracks (and monitors) the position
and orientation of the probe and tissue deformation during
the palpation.

Because the shape of the probe is acquired, the position of
the probe with respect to the breast may be recovered using
registration techniques, such as robust ICP (iterative closest
point). Alternatively, a marker may be placed on the probe
for registration. However, other types of registration are
possible, depending upon application and design preference.

At step 404, palpations are applied to the target area with
the transducer. The strain image data is then acquired of the
target area, and relative strain is calculated (step 406). At
step 408, a finite element model is calculated based upon the
first set of images, second set of images, and strain image
data. The finite element model is then used to solve for
Young’s Modulus to generate a strain image (step 410).

According to the features of the present invention, the
surface reconstruction given by the structured light system is
assigned as the boundary condition. By incorporating the
surface information from the stereo system, it is possible to
initialize and solve a 3D finite element model (FEM) of the
tissue and recover relative “Young’s Modulus™ in the area
that is being imaged. The relative Young’s Modulus values
can be used as images themselves, and represent the true
mechanical properties of the tissue, independent of the
magnitude of the applied pressure and its distribution.

In addition, a structured light system may be used to aid
in calibrating the ultrasound probe. An example of spatially
calibrating an ultrasound probe is found in U.S. Pat. No.
7,867,167, the entire contents of which are incorporated by
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reference herein. As described therein, spatial calibration X
is effected by solving the equation AX=XB, where A is the
change in position and orientation of the probe and B is the
estimated changes in position and orientation of the image.
The structured light system is used to recover the transfor-
mation of the probe body from one position to another, and
thus solving the equation AX=XB, as described U.S. Pat.
No. 7,867,167, thus allowing for intra-operative calibration
of the ultrasonic probe.

For example, a structured light pattern is projected onto a
surface of the ultrasonic probe to generate a surface model
of an ultrasonic probe. The surface model of the ultrasonic
probe is calibrated to the ultrasound image pre-operatively.
A sensor is attached to the surface of the ultrasonic probe at
a sensor location. This can occur during surgery, or prior to
surgery. A transformation is then determined between the
surface model of the ultrasonic probe and the sensor at the
sensor location. The probe calibration matrix X is computed
based upon the pre-operative calibration of the surface
model of the ultrasonic probe to the ultrasound image B and
the transformation between the surface model of the probe
and the sensor A. The equation AX=XB is then solved to
determine the probe calibration matrix X. According to
features of the present method, rapid calibration is obtained
during the intervention which can detect any faulty condi-
tion due to EM interference, rigid-body dislocation and the
like.

EXAMPLE

The following Example has been included to provide
guidance to one of ordinary skill in the art for practicing
representative embodiments of the presently disclosed sub-
ject matter. In light of the present disclosure and the general
level of skill in the art, those of skill can appreciate that the
following Example is intended to be exemplary only and
that numerous changes, modifications, and alterations can be
employed without departing from the scope of the presently
disclosed subject matter. The following Example is offered
by way of illustration and not by way of limitation.

Ultrasound data was acquired using a SONOLINE
Antares™ ultrasound system (Siemens Medical Solutions
USA, Inc.) with a high-frequency ultrasound transducer
(VF10-5) at center frequency of 6-8 MHz. RF data was
accessed through the Axius Direct™ Ultrasound Research
Interface provided by Siemens. A data acquisition program
was connected to this interface to send the command for
capturing RF data. At the same time, the program collected
tracking information from either a “Polaris” optical tracker
(Northern Digital Inc., Waterloo, Canada) with passive
markers or the “medSAFE” EM tracker (Ascension Tech.
Corp.).

RF data and tracking information was captured from a
breast phantom containing a harder lesion (CIRS elastogra-
phy phantom, Norfolk, Va.) and ex-vivo pig liver. Alginate
was injected to the liver to mark a part of liver, and then, that
area was ablated. The users were asked to palpate the tissue
over the hard lesion in the breast phantom and the ablated
lesion in the pig liver while data was being collected. About
100 to 138 RF frames were acquired with the rate of about
30 frames per second.

A set of data was captured by an experienced user from
the breast phantom. FIG. 5 shows the translation compo-
nents of hand motion as a function of time. The axial motion
is dominant and there is only a gradual drift in the lateral and
elevational directions. Applying compression (similar to the
one shown in FIG. 5) is difficult for novice or even inter-
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mediate users. This is especially the case where axial
comptression does not translate into a simple up and down
motion. Ultrasound gel creates a slippery surface that makes
the palpation prone to out-of-plane motion. Accordingly, the
present method and system aids the inexperienced user to
produce high quality strain imaging.

FIGS. 6(a) and 6(b) are graphical representations of the
hand motions using an EM tracker and an optical tracker,
respectively. In FIG. 6(a), the hand motion contains a large
amount of out-of-plane motion, whereas, in FIG. 6(5), the
user has moved the probe laterally. In both cases, the method
and system of the present invention generate reliable results.
FIGS. 6(c) and (d) show the contrast-to-noise ratio (CNR)
and signal-to-noise ratio (SNR) of the strain image. The
CNR and SNR value are computed from:

2 -5, 7 )

CNR =
e

, SNR =

Qlw

where s and o denote the mean and standard deviation of
intensities. The t or b subscripts show that the computation
is only for the target or the background region, respectively.
The SNR and CNR for computing the strain from consecu-
tive frames (the dashed curve) is compared to the SNR and
CNR of the strain image from the proposed method (solid
line). Using consecutive frames is the standard method of
strain imaging in ultrasound machines. Almost in all cases
the method and system of the present invention outperforms
the consecutive frames by a large margin.

Although the SNR and CNR provide quantitative mea-
sures to compare the strain images, the values do not directly
reflect the visual quality of strain. In FIGS. 7(a)-(f), results
are shown of strain imaging using the frame selection
technique of the present invention, as well as four other
strain images calculated from consecutive frames. FIG. 7(a)
shows the B-mode image, FIG. 7(b) demonstrates the strain
image formed according to features of the present invention,
FIGS. 7(c)-(f) show strain images formed from various
consecutive frames. Although improper hand motion results
in poor imaging for consecutive frames, the present system
and method provides a single reliable strain image. The test
results show that even when the transducer had severe lateral
or out-of-plane motions, the algorithm still managed to
produce good results. The multi-stage frame selection and
careful image fusion makes the method and system of the
present invention less sensitive to tracker accuracy and
robust to strain estimation failures.

The present invention exploits the information from an
external tracker to create a robust framework for freehand
palpation. Image pairs are selected such that in each pair, the
lateral and out-of-plane motions are minimized. At the same
time, the axial motion is optimized for the desired strain.
Tracking data also enables fusing of multiple strain images
taken roughly from the same location. The method and
system can be adopted for various trackers and strain
estimation algorithms, as well as different imaging modali-
ties. In addition, the relative Young’s Modulus may be
calculated, which provides a more reliable image that is
independent of input force distributions.

Although the present invention has been described in
connection with preferred embodiments thereof, it will be
appreciated by those skilled in the art that additions, dele-
tions, modifications, and substitutions not specifically
described may be made without departing from the spirit and
scope of the invention as defined in the appended claims.
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What we claim is:

1. A system for providing ultrasonic strain imaging,
comprising:

an ultrasound probe for acquiring a sequence of RF
frames during palpations of a target area;

a structured light system including a projector configured
to project a structured light pattern and at least two
cameras configured to acquire images;

a processor having a non-transitory computer readable
medium encoded with a program configuring the pro-
cessor to:

control the projector to project a structured light pattern
onto a surface of the target area,

control the at least two cameras to acquire a first set of
images of the structured light pattern on the surface of
the target area,

control the at least two cameras to acquire a second set of
images of the structured light pattern on the surface of
the target area and the ultrasound probe located in the
target area,

reconstruct the surface of the target area using the first set
of images,

determine a position and orientation of the ultrasound
probe within the target area based on the second set of
images,

during the palpations of the target area at each said RF
frame in said sequence of RF frames, track and monitor
positions and orientations of the ultrasound probe and
tissue deformation based on the determined position
and orientation of the ultrasound probe and the recon-
structed surface of the target area respectively,

synchronize each of said monitored positions and orien-
tations of the ultrasound probe or the target area to a
respective RF frame in said sequence of RF frames,

compute an energy value for each RF frame with respect
to all other RF frames in said sequence of RF frames
using an energy function, wherein the energy function
uses said monitored positions and orientations from
said sequence of RF frames,

remove RF frames beneath a threshold energy value from
said sequence of RF frames;

automatically select multiple pairs of RF frames from said
sequence of RF frames by minimizing a cost function
which evaluates relative motion of any two image
frames based upon the monitored positions and orien-
tations,

calculate strain values for each of said selected multiple
pairs of RF frames,

construct a finite element model based upon the first set of
images, second set of images, and strain values, and

generate a final strain image using the finite element
model to solve for Young’s Modulus; and

a display for displaying the final strain image.

2. The system of claim 1, further comprising a buffer for
collecting the synchronized RF frames.

3. The system of claim 1, further comprising an external
tracking device, wherein the external tracking device is an
electromagnetic tracker.

4. The system of claim 1, further comprising an external
tracking device, wherein the external tracking device is an
optical tracker.

5. The system of claim 1, wherein the projector is con-
figured to project a fiducial on the surface of the target area.

6. The system of claim 1, further including a CT scanner
for acquiring CT scans of the target area.
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7. The system of claim 1, further comprising an ablation
needle configured to apply palpations towards an organ,
wherein said processor is further configured to:

track and monitor a relative position of said ablation

needle for each said RF frame in said sequence of RF
frames using the structured light system or an external
tracking device, and

generate said final strain image by further using the

tracked and monitored relative position of the ablation
needle.
8. The system of claim 1, further comprising a robotic arm
configured to automatically adjust the palpations of the
target area based on the tracked and monitored positions and
orientations of the ultrasound probe and tissue deformation.
9. The system for providing ultrasonic strain imaging of
claim 1, wherein the processor is further configured to
control an indicator to provide visual hand motion feedback.
10. The system for providing ultrasonic strain imaging of
claim 1, wherein the energy function is defined as E(D_, D,),
where D and D, represent displacement in out-of-plane and
lateral directions, and the energy function does not depend
on axial motion.
11. The system for providing ultrasonic strain imaging of
claim 1, further comprising motorized hardware incorpo-
rated into the probe and configured to provide automatic
palpations of the target area based on the tracked and
monitored positions and orientations of the ultrasound probe
and tissue deformation.
12. A non-transitory computer-readable medium compris-
ing software, wherein, when executed by a computer, causes
the computer to:
control a projector of a structured light system to project
a structured light pattern onto a surface of a target area;

control at least two cameras of the structured light system
to acquire a first set of images of the structured light
pattern on the surface of the target area;
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reconstruct the surface of the target area using the first set
of images;

control at least two cameras of the structured light system
to acquire a second set of images of the structured light
pattern on the surface of the target area and an ultra-
sound probe located in the target area;

receive a sequence of RF frames during palpations of the
target area, wherein the sequence of RF frames are
received from the ultrasound probe;

track and monitor positions and orientations of the ultra-
sound probe and tissue deformation during palpations
of the target area at each said RF frame in said sequence
of said RF frames;

synchronize each of the positions and orientations of the
ultrasound probe or the target area to a respective RF
frame in the sequence of RF frames;

compute an energy value for each RF frame with respect
to all other RF frames in said sequence of RF frames
using an energy function, wherein the energy function
uses said positions and orientations from said sequence
of RF frames,

remove RF frames beneath a threshold energy value from
said sequence of RF frames;

select multiple pairs of RF frames from an approximately
same location and orientation from said sequence of RF
frames by minimizing a cost function, said cost func-
tion evaluating a relative motion of any two image
frames based upon measured positions and orientations
of said two image frames;

calculate strain values for each of said selected multiple
pairs of RF frames;

calculate a finite element model based upon the first set of
images, second set of images, and strain values; and

generate a final strain image using the finite element
model to solve for Young’s Modulus.

* ok % k&



patsnap

TRAFROE) ATRBERERGN S EFEZ
DN (E)S US9610063 N (E)H 2017-04-04
HiES US13/073683 HiEA 2011-03-28
IRIRBEEFRAR) YHEZSHAZE
BE (T RR)AGE) N BESHAZE
L HRBFEMNRACE) A EZLHKE
[#R]REAA FOROUGHI PEZHMAN
BOCTOR EMAD
HAGER GREGORY
KEAN FOROUGHI, PEZHMAN
BOCTOR, EMAD
HAGER, GREGORY
IPCHEF A61B8/14 A61B8/00 A61B8/08
CPCH¥ESH A61B8/4245 A61B8/4254 A61B8/4263 A61B8/485 A61B8/5215 A61B8/58 G16H50/20
RENAEOF) YN I/RLLP
k54X 61/318040 2010-03-26 US
H At 0 FF 30k US20110237945A1
SAEBEE Espacenet USPTO
jﬁl-g(]“§) ““““ Reconstruct sarface (SLS) e N0
ATUBEENTEREBNREN S LZEEFEARERERGNEERE | o N
BEFNTRGHNREHEBRPAFTLARHNERGREN KT, R’ L ocealize the tansducer [SLSy F— 402
IREEERFNEZ HFETHRT , URISEMNRNHEGR, FEFH T
FHRHWRFWMIHAZTBF NERGHITES, REREUTURLZRE | R th‘:m .
8 HRIIRIRES | MEEITREKRS. SHKRE A TR TP ransducer P dos
B, BEEFARURERTORE. 54, AIAERABITHALD | I
MW IREREERITEMEN I KEER, et et SErain L a0
_____________________ i

T Constract FERS o AN

*

Botee for refative Young's i S
Poboctisbues ? 4140



https://share-analytics.zhihuiya.com/view/6f57f50c-a0b2-4bb9-93f8-3d4639cc0405
https://worldwide.espacenet.com/patent/search/family/044657226/publication/US9610063B2?q=US9610063B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9610063.PN.&OS=PN/9610063&RS=PN/9610063

