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(57) ABSTRACT 

A device for ultrasonic strain imaging computes displace­
ment of tissue between a pre-defonnation and post-deforma­
tion data set along collUllllS to provide for independent cal- -
culations that may be parallelized for multiprocessor 
systems. 

25 Claims, 5 Drawing Sheets 

ACQUIRE 
COMPRESSED 

DATA 

44 

GUIDED 
SEARCH 

42 

46 

COMPUTE 
STRAIN 
IMAGE 

48 



U.S. Patent 

FIG. 2 

Dec. 15, 2009 Sheet 1 of 5 

r-20,2O· 

FIG. 1 

ACQUIRE 
UNCOMPRESSED 40 

DATA 

GUIDED 
SEARCH 

INITIAL 
SEARCH 

46 

COMPUTE 
STRAIN 
IMAGE 

US 7,632,231 B2 

..,...--10 
36 

ACQUIRE 
COMPRESSED 

DATA 

44 

GUIDED 
SEARCH 

48 

42 

46 



U.S. Patent 

15 

y 

X 

Dec. 15, 2009 Sheet 2 of 5 US 7,632,231 B2 

,-32 

xx 
xx 

44, 

52' 

56 58 

I 
I 

;r 

- I • 

32' 

S LEFT x x' S RIGHT 

FIG. 3 

SET BROAD 
SEARCH AREA 

COMPUTE GLOBAL 
DISPLACEMENT 

REFINE SEARCH 
AREA 

COMPUTE CENTRAL 
COLUMN 

DISPLACEMENTS 

FIG. 4 

60 

62 

68 

75 



U.S. Patent Dec. 15, 2009 Sheet 3 of 5 

'v20 19, 32 
I 

US 7,632,231 B2 

,,,-14 

11)01 t I I l\l\l\l"'i"'I 
66 

v-20 
16b i 

16c 
I 

i i G 

i i G 

i l G 

i i i G 

• i l B 

i i l G 

i i l G 

i i l G 

i l l G 

i i i G 

i i l G 

80, 

'\. V 

FIG. 6 

FIG. 5 
/ 81 

I 

'""--v82 
I 
\ 
I 

• 
I 

' I y-a4 
' • \ 
\ 
I • I 

\ 
I • \ 

I 
I • I 
I 
I • I 
I 
I • I 

\ 
\ 

' \ ! 
/ 

REFINE SEARCH 
AREA 

COMPUTE OFFSET 
COLUMN 

DISPLACEMENTS 

FIG. 7 

86 

88 



U.S. Patent Dec. 15, 2009 Sheet 4 of 5 US 7,632,231 B2 

32' 
-, -----------------------:------·Sup 

I I 
I I 
I I 

I 7 50' I 
: 2 t--56 
I 

' I s up ------i.-.1...--~--

74 

S'oowN ------L-. -"'-~---'-, -----------. ------· S DOWN 

• 
SLEFT 

S'LEFT S'RIGHT 

~lG.- -8 

16a, 16b, 16c 

18 

FIG. 9 

I 
I 
I 
I 
• 

SRIGHT 

FIG. 10 



U.S. Patent Dec. 15, 2009 Sheet 5 of 5 US 7,632,231 B2 

26d 26b 26c 

16a 

FIG. 11 16c 19 

26d 26b 26a 26c 

FIG. 12 

16i 16h 

16g 16f 19 

16d 
16a, 16b, 16c 



US 7,632,231 B2 
1 

ULTRASONIC STRAIN IMAGING DEVICE 
AND METHOD PROVIDING PARALLEL 

DISPLACEMENT PROCESSING 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with United States government 
support awarded by the following agencies: 
NIH CA100373 
The United States government has certain rights in this inven­

tion. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

BACKGROUND OF THE INVENTION 

The present invention relates to ultrasonic imaging and, in 
particular, to an improved method and apparatus for calculat­
ing material displacement used to produce elasticity images 
including local strain, modulus and Poison' ratio images. 

Ultrasonic elasticity imaging produces an image showing 
the elasticity of the material being measured. ·when used in 
medicine, elasticity imaging is analogous to palpation by a 
physician, that is, the pressing of tissue by the physician to 
feel differences in elasticity of underlying structures. 

In a common form of elasticity imaging, two separate 
ultrasonic images are obtained, the first image with tissue in 

--- --an-undeformed state -relative-to-the- second -image f'initial,­
pre-defom1ation") and the second image with the tissue in a 
defonned state ("post deformation"). The two images are 
analyzed to deduce the amount of displacement of the tissue 
at corresponding areas within the images. One realization of 
tissue elasticity information is the local strain, i.e. the gradient 
in the displacement computed at many points over the image 
provides an indication of the tissue elasticity at those points. 
The general principles of elasticity imaging and techniques 
for determining displacement of the tissue between two ultra­
sonic images are described in detail in U.S. Pat. No. 6,508, 
768, hereby incorporated by reference. 

2 
ited to manage the computational burden of matching points 
with each other and to reduce the chance of possible false 
matches that violate a priori assumptions about limited 
mobility of a continmun reacting to external mechanical 

5 stimuli. Additional computational speed may be provided by 
offsetting the location of the search window within the post­
deformation data, and further limiting its size, based on pre­
viously computed displacements of nearby tissue. This 
approach also relies on assumptions of continuity among 

10 displacement values resulting from bounded elasticity of a 
known imaged material. 

Commonly, when elasticity imaging is used in a medical 
setting, an ultrasonic transducer is used both to acquire imag­
ing data and to provide manual deformation to the tissue. This 

15 results in an axial defonnation aligned generally with the 
ultrasonic beam axis of the transducer in which the calculated 
displacement with respect to the contact of the transducer and 
tissue will increase with distance from the transducer. 

In such systems, displacements are nonnally calculated on 
20 a row-by-row basis, with rows extending through the tissue 

generally perpendicularly to the axis of the ultrasonic beam. 
The computation of displacements starts at a row closest to 
the transducer and having lowest expected displacements, 
thereby limiting the necessary area of the search windows. As 

25 each row is calculated, the displacements at that row may be 
corrected by comparisons among row elements to remove 
erroneous points in light ofassumptions about limits of shear­
ing in the tissue. Once a given row is complete, the next row 
farther away from the transducer may be computed, again 

30 using search windows sized and located using infonnation 
about previously determined displacements from the previ­
-ous row. When all rows are completed, an elasticstrainimage 
may be produced. Other elastic parameters such as modulus 
and Poison's ratio can also be estimated by the calculated 

35 displacement function. 
Desirably, the time and computationally intensive match­

ing of the kernels to data of the post-deformation data could 
be divided among multiple processors to be executed in par­
allel for improved real-time elasticity imaging. Unfortu-

40 nately, each successive row of displacement data is highly 
dependent on the earlier rows, particularly for refining the 
size and location of the search windows. Further, independent 
processing of the rows in small groups associated with dif­
ferent processors raises a problem of "collisions" in which An important aspect of processing the pre-deformation and 

post-deformation ultrasonic images to deduce the displace­
ment of tissue elements is identifying corresponding points in 
the two images. This is normally accomplished by identifying 
each point in the pre-deformation image and establishing a 
region of points (kernel) surrounding that identified point. 
This kernel is then moved within a search window within the 
post-deformation image to identify the location within the 
search window providing the best match between the points 
within the kernel and a corresponding kernel in the post­
defonnation image. Note that both the kernel and the search 
window are not limited to be two-dimensional. The kernel 55 

size is selected to be large enough to ensure reliable matches 
between corresponding points in the pre-defonnation and 
post-defonnation images, but small enough to provide for fast 
calculation of matching and high-resolution strain images. 

45 errors in the calculations of individual rows are propagated 
within the group to produce discontinuities when the groups 
meet at interfaces between the groups. 

For these reasons, improvements in the execution speed of 
the calculation of elasticity images, highly desirable to guide 

50 the operator in manual deformation of the tissue, must wait 
for incremental improvements in processor speed as new 
processors are introduced into medical equipment. 

SUMMARY OF THE INVENTION 

TI1e present inventors have recognized that parallel pro­
cessing can be practical in elasticity inrnging by the simple 
expedient of computing displacements along columns of tis­
sue rather than on a row-by-row basis. Note that a column is 
defined as a data segment generally para11el to the axis of the 
ultrasonic beam. TI1e early calculations necessary for each 
column remain near the transducer allowing efficient search 
windows to be used, and previous column data allows con­
tinued refinement of the window sizes and locations as with 
the row-by-row approach. The computation of displacement 
data in two columns progressing outward from a pre-com­
puted center column substantially eliminates the problem of 

The determination of a best match can be according to one 60 

of a number of different statistical techniques, for example, 
by computing the sum of the square of the differences 
between the image values of corresponding points in the 
kernels of the undefonned and the defom1ed images. 

Normally the size of the search window must be great 65 

enough to accommodate likely tissue displacements between 
the pre-defonnation and post-defonnation images, but Jim-
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collisions. Additional time taken in the detennination of dis­
placement for the central column, which need be done only 
once, benefits the remaining column calculations. 

Specifically then, the present invention provides a method 
of ultrasound strain imaging in which a first and second s 
ultrasound echo data are acquired with an axial ultrasonic 
beam passing through a material, the material subject to a first 
and second state of axial deformation. The echo data provides 
data points along axial columns and lateral rows of one or 
more image planes. Displacements of elements of the mate- 10 

rial are determined by comparing data points of the first and 
second echo data on a column-by-colunm basis meaning that 
a detennination of displacement of data points of a first col­
Ulllll is substantially complete before determination of dis­
placement for data points of at least one second colunm is 15 

substantially begun. A strain image is produced using the 
determination of displacement of the first and second ultra­
sound echo data. 

It is thus one object of at least one embodiment of the 
invention to perform the calculations of displacement along 20 

the axis of the ultrasound beam thereby aggregating the data 
that is dependent on a particular ultrasonic path and allowing 
simultaneous or parallel processing of other column data 
independently of the given colulllll data. Unlike the compu­
tation in rows which efficiently must occur in sequence, com- 25 

putation along columns may be perfonned largely indepen­
dently. 

The detennination of displacement elements for the second 
colunm may use displacement calculated in the first column 
to limit a comparison of data points in the first and second 30 

ultrasound echo data in determination of the displacement of 
the elements of the second cohum1. 

4 
The determination of displacement of elements in the first 

co!Ulllil may compare data points in the first and second 
ultrasound echo data over a larger spatial range than the 
determination of displacement of elements in the second col­
umn. 

Thus it is an object of at least one embodiment of the 
invention to allow a first column to use larger search windows 
at greater computational expense than later columns which 
may make use of the displacement information derived from 
the first colulllll. 

The detennination of displacement of elements in the first 
colulllll may also or alternatively compare a larger set of data 
points in the first and second ultrasound echo data than the 
detennination of displacement of elements in the second col­
umn. 

Thus it is another object of at least one embodiment of the 
invention to allow variations in kernel sizes and/or search 
windows among columns according to the value of the col­
umn in guiding the search windows in other columns. 

T11e larger set of data points for the first column may 
include data from multiple colunms to compare their consis­
tency, looking for favorable evidence that the displacement 
estimates are accurate given the knowledge of motion conti­
nuity described above. The approach is consistent with Baye­
sian confirmation theory (Fi tel son, B., The Plurality of Baye­
sian Measures of Confinnation and the Problem of Measure 
Sensitivity. Philosophy of Science 66 (Proceedings), S362-
S378, 1999 or Earman J, "Bayes or bust?: a critical examina­
tion of Bayesian confirmation theory", MIT Press, 1992). 

It is thus another object of at least one embodiment of the 
invention to provide improved robustness to a first guiding 
column by looking at spatially independent columns of data. 

Thus it is another object of at least one embodiment of the 
invention to allow sequential, independently processed col­
umns to nevertheless serve to inform the efficient processing 
of later colulillls to the extent that both parallel and serial 
processing of columns can be expected to occur. 

The method may include the step of correcting displace­
ment in the first and/or second cohunn by a statistical analysis 

35 of displacement within the same first and second colunm. 

A second and third colulllll on opposite sides of the first 
colulilll may be computed in parallel. 

40 
Tims it is an object of at least one embodiment of the 

invention to employ a computational sequence that eliminates 
collisions between computations of independent cohnm1s. 

The detennination of displacement of elements in the first 
column may locate in the middle of the ultrasound echo data 45 
where the ultrasound transducer is in good contact with the 
material. 

It is thus another object ofat least one embodiment of the 
invention to acquire data in a location that induces less unde­
sirable motion (i.e. lateral and out-of-plane motion) and that 50 

is beneficial for balancing loads among two computing pro-
cessors. 

Thus it is another object of at least one embodiment of the 
invention to provide for regularization that does not interfere 
with parallel processing of columns by limiting the regular­
ization process to cohum1 data. 

T11e process may include the step of determining a global 
displacement of elements of the material representing an 
average displacement over many elements, and the global 
displacement may be used to limit a comparison of data points 
in the first and second ultrasound echo data in the detennina­
tion of displacement. 

It is thus another object of at least one embodiment of the 
invention to provide efficient search windows in the initial 
colUlllils. 

The global displacement may be obtained from a row of 
elements displaced from the row close to an origination of the 
ultrasound beam. The row location is selected to be close 
enough to the contact surface between the ultrasound trans­
ducer and the object being imaged to ensure a small search 
region is sufficient, but deep enough that the estimated motion 

55 is representative of tl1e average global tissue motion in the 

T11e detennination of displacement of elements in the first 
column may use more complex processing, for example, by 
comparing data points in the first and second ultrasound echo 
data san1pled at different frequencies from coarse to fine for 
more robust estimates. Statistical methods requiring more 
computing time (e.g. Viterbi algoritlm1 (IEEE Trans. Infor­
mation T11eory, 1967) based on the Hidden Markov Model 
(Grimmett and Stirzaker, "Probability and random pro- 60 

cesses", 2nd ed., Oxford University Press, 1992) may also be 
used in detennining displacement elements in the first col­
u1m1 for more robust estimates. 

Tims it is an object of at least one embodiment of the 
invention to effectively allocate additional computational 65 

resources to the first column estimation that may have the 
greatest interest. 

region. 
It is thus another object ofat least one embodiment of the 

invention to provide a global displacement value that is usable 
over the full width of the image. 

T11ese particular objects and advantages may apply to only 
some embodiments falling within the claims, and thus do not 
define the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.1 is a simplified representation of an ultrasound imag­
ing machine suitable for practice of the present invention 
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showing an ultrasonic transducer for collecting of rows and 
columru; of ultrasound data and for manually defonning tis­
sue of object, and showing a multiprocessor computer for 
processing the ultrasound data according to a stored program 
to produce an ultrasonic strain image on a display device; 

FIG. 2 is a flow chart of the principal steps of the present 
invention in an initial search stage for computing global dis­
placement and displacement of a central column, and subse­
quent guided search stages that may be executed in parallel by 
the multiple processors of the computer of FIG. 1; 

FIG. 3 is a fragmentary representation of selected rows and 
colunms of ultrasound data collected in FIG. 1 of a pre­
deformation image and a post-defommtion image showing a 
block matching of data of a kernel within a search window to 
deduce tissue displacement; 

FIG. 4 is a flow chart showing sub-steps within the initial 
search stage of FIG. 2; 

FIG. 5 is a representation of a displacement vector com­
puted on one row of ultrasound data of FIG. 1 to compute a 
global displacement; 

FIG. 6 is a representation similar to FIG. 5 of three colunms 
of vector data used to establish guiding displacement values 
for subsequent colmnns of data showing a statistical anomaly 
detection process relying only on intra-column data; 

6 
TI1e transducer 12 communicates with a processing unit 22 

that both provides wavefonn data to the transducer 12 used to 
control the ultrasonic beam and collects the ultrasonic echo 
signals (radio-frequency data). As is understood in the art, 

5 processing unit 22 provides for necessary interface electron­
ics 24 that may sample the ultrasonic echo signals to produce 
the echo data points 15. The interface electronics 24 operates 
under the control of one or more processors 26 communicat­
ing with a memory 28, the latter which may store the echo 

10 data points identified to rows 14 and colmnns 16 to form data 
sets 32 of echo data points 15 as will be described. 

Generally, the processors 26 may execute a stored program 
30 contained in memory 28 as will also be described below. 
The processors 26 also may communicate with an output 

15 screen 34 on which may be displayed a strain image 36 and 
with a keyboard or other input device 38 for controlling the 
processing unit 22 and allowing for user input as will be 
understood to those of skill in the art. 

Referring now also to FIG. 2, per the present invention, the 
20 program 30 provides for the acquisition of two data sets 32 

from the echo data points 15: a pre-defonnation data set 32 
indicated by process block 40, and a post-deformation data 
set indicated by process block 42. Generally the pre-defor-

FIG. 7 is a flow chart showing the sub-steps within the 25 

guided searches of FIG. 2 as may be executed in parallel by 
the processors of FIG. 1; 

mation data set 32 will be acquired with the transducer 12 
resting lightly on the object 18 and the post-deformation data 
set 3 2' will be acquired with the transducer 12 pressed inward 
to provide an approximately 1 to 5 percent axial strain of the 
tissue of the object 18. TI1ese two data sets may be differen­
tiated by input by the operator through input device 38 or may 

FIG. 8 is an example of the block matching process of FIG. 
3 using displacement data from a previous column to improve 
the search pattern for matching; 30 be extracted automatically by a switch on the transducer 12 or 

other techniques. FIG. 9 is a representation of the ultrasound data of FIG. 1 
s11owii1g a -coinp11tati:onaTseqtience providiilg p"ara1lel oWf- -
ward processing of cohunns with two processors; 

FIG. 10 is a figure similar to that of FIG. 9 showing a 
possible computational process using four processors; 

-- - -Once the pre0deformaticnnlataset 32Tu10"f>ost-aefortnation - -
data set 32' are obtained, the data of the two data sets 32 are 
compared in an initial search indicated by process block 44. 

FIG. 11 is a figure similar to that of FIG. 10 showing an 
alternative computational process for using four processors 
for an initial search; and 

35 Generally during this initial search, a single processor 26 
analyzes the data to obtain a global displacement value for the 
tissue of a region of interest 19 caused by the defonnation 
with the transducer 12. The global displacement value is then 

FIG. 12 is a figure similar to that of FIG. 11 showing an 
alternative computational process for using four processors 40 

for a guided search. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

used to guide a detennination of displacement along a central 
colunm 16 of data as will be described. 

At subsequent process block 46, guided searches of the 
data sets 32 may be conducted independently by the two 
processors 26 in which the displacement values determined in 
the initial search of process block 44 is used to detennine 

Referring now to FIG. 1, an elasticity imaging machine 10 
45 displacement data for other columns 16 of the region of 

interest 19. 
of the present invention includes an ultras01iic array trallS­
ducer 12 that may transmit and receive ultrasonic signals 
along a propagation axis 20 to acquire ultrasonic echo data 
points 15 at corresponding volume elements 17 throughout a 
region of interest 19 in the tissue of an object 18. 

As indicated by process block 48, upon completion of the 
displacement calculation of the guided searches, displace­
ment deterniinations over the entire region of interest 19 are 

50 reconstructed into a computed strain, modulus or Poison's 

TI1e echo data points 15 and the voltune elements 17 may 
be identified by logical rows 14 and colunms 16, wherein the 
rows 14 are generally lines of echo data points 15 or volume 
elements 17 extending perpendicularly to the propagation 55 

axis 20, and the colunms 16 are generally lines of echo data 
points 15 or volume elements 17 extending parallel to the 
propagation axis 20. These tenns should be understood gen­
erally to describe data acquired through a variety ofultrasonic 
acquisition geometries including those which provide for fan 60 

beams of ultrasound and the like, and therefore not be limited 
to strictly rectilinear rows and coh11ru1s. 

In addition to transmitting and receiving ultrasonic signals 
along the propagation axis 20, the transducer 12 may also 
provide a source of defonnation along defom1ation axis 20' 65 

generally aligned with a propagation axis 20 of ultrasound 
from the transducer 12. 

ratio image. 
Referring now to FIG. 3, the process of analyzing the 

pre-deformation data set 32 against the post-deformation data 
set 32' requires that the spatial location ( coordinates x and y) 
of each base point 50 ( of the echo data points 15) in the 
pre-defo1mation data set 32 be identified to a moved base 
point 50' of echo data points 15' ( coordinates x' and y') in the 
post-deformation data set 32'. To do this, a kernel 52 is defined 
embracing the base point 50, and a set of adjacent echo data 
points 15 within the kernel 52. The data points 15 of this 
kernel 52 are compared to the corresponding data points 15' of 
a correspondingly sized kernel 52' in the post-defonnation 
data set 32' as kernel 52' is moved over a range of locations 
within a search window 56 in the post-deformation data set 
32'. 

For example, the kernel 52' may be moved to a variety of 
locations in a regular search pattern 58 witliin the search 
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window 56 and the degree of matching between correspond­
ing echo data points 15 and 15' at each location may be 

quantified through a variety of well known techniques, for 
example, a sum of squared differences (SSD), as will be 
described, at each location. The location of the kernel 52' with 
the best match defines a matching base point 50' correspond­
ing to base point 50, the difference between the base point 50 

and matching base point 50' defining the displacement of the 
tissue at base point 50 with deformation. 

TI1e computational burden of this process will depend on 
the number of echo data points 15 within the kernel 52 and 52' 
at which differences are calculated, and the size of the search 
window 56 through which kernel 52' is moved. Generally, the 
former quantity is determined by the desired resolution and 
accuracy of the image, and therefore, the greatest potential for 
computational savings will be in reducing the size of the 
search window 56 to the extent possible based on prior knowl­
edge about the probable location of each matching base point 
50'. 

Referring now also to FIG. 4, accordingly in the initial 
search step of process block 44, when very little knowledge 
about the tissue displacement has been obtained, a large 
search window 56 is defined at process block 60. In a pre­
ferred embodiment, the upper and lower bounds of the search 
window 56 (e.g., sup and sdown) may be set equal to a fixed 
percentage of the total number of samples in each colulllll 16 

of the region of interest 19 empirically determined to repre­
sent the maximum likely displacement of soft tissue (e.g. 
about 5 percent). A similar right and left boundary S,ight and 
S 1efi may be set to a fixed multiple of the width of the ultra­
sonic beam provided by tl1e transducer ( e.g., four) empirically 
detennined to approximate the maximum expected lateral 
strain. Generally, this broad search window 56 will be such as 
to ensure accurate matching of kernel 52 and kernel 52' with­
out optimization for reduced computational time. 

At process block 62 shown in FIG. 4, a global displacement 

8 
displacement value 70, is used to compute displacement val­
ues of three co!Ullllls 16a, 16b, and 16c preferably centered in 
the region of interest 19. Each of the columns 16a, 16b and 
16c generally represent data obtained with different ultra-

s sonic beams, orin other words, data separated by a cross-axial 
distance great enough that correlation 80 between the dis­
placements calculated from the data of the columns 16a, 16b 
and 16c caused by beam overlap is relatively low and the 
displacements derived from the data of the tliree colullllls 16a 

10 through 16c is substantially independent. 

Displacement vectors 66 are detennined for each of these 
co!Ullllls using the block matching with the reduced search 
window 72 described above. Then, a correction process 100 is 
undertaken in which the displacement vectors 66 on each row 

15 of the columns 16a tlirough 16c are compared to see that they 
"track" each other (e.g. provide a vector difference between 
any two vectors 66) to less than a predetennined empirically 
defined tlireshold. If the displacement values among the col­
UlllllS 16a tlirougl1 16c track, the data of the colul.lllls 16a 

20 through 16c is considered good. This determination is indi­
cated in FIG. 6 by a letter G in colulllll 81 aligned with the 
given row. If the displacement values do not so track, (indi­
cated in FIG. 6 by a letter B aligned with the given row) the 
outlying vector 66 is replaced with a value interpolated from 

25 the remaining vectors 66 of that column, as follows. Each of 
tl1e good displacement vectors (indicated by letter G) of the 
columns 16a through 16c (shown in FIG. 6 for only a single 
cohunn 16a and a single vector dimension 82) may be fit to a 
curve 84 used to filter the displacement vectors so deter-

30 mined. This correction process 100 may be perfonned inde­
pendently for each of the colmnns 16 and does not require 
reference to any other cohmm 16. Alternatively, at the process 
block 75, the central column of displacements can be deter­
mined by a dynamic programming method (e.g. Viterbi algo-

35 rithm, A. J. Vertibi, IEEE Trans. Information TI1eory, 1967) 
using a cost fonction 

is computed by examining a single row 14 of data (shown in 
FIG. 5) located near the top of the region ofinterest 19 and the 
data set 32. Typically, for example, if 1000 sampled data 
points 15 are obtained in a given column 16, the initial row 14 40 

will be at row 200. The location of this small region of interest 

C ~ I I (-yE, + £,), 

n 

is chosen to ensure that the motion in a small search region is 
representative of the average net axial motion of the full 
region of interest being studied. A block matching performed 
using the broad search, is defined in process block 60 to 45 

produce a set of displacement vectors 66 for representative 
volume elements 17 across the row 14. TI1e vectors 66 are 
averaged to provide a global displacement value 70 (shown in 
FIG. 8) indicating the general displacement of the tissue 
under defonnation that incorporates data from tl1e right and 50 

left sides of the region of interest 19, Thus, this global dis­
placement value 70 is intended to accurately reflect the aver­
age displacement of the tissue without requiring an extensive 
computation of a large number of displacement values. 

where y is an adaptively chosen scale factor, Ee is the penalty 
from speckle de-correlation and Es is the penalty from losing 
data continuity (i.e. displacement differences or derivatives). 
Referring still to the process block 75, to reduce the search 
region for the central column of displacements, the entire 
column can be segmented into smaller regions (20-30 dis­
placement vectors). TI1en, the displacements estimated from 
a shallow depth can be used to offset the location of the search 
window for deeper segments, limiting the size of search 
region and therefore computing resources. Alternatively, the 
estimation of central column of displacements may be per­
formed in the first and second ultrasound echo data sampled 
at different frequencies from coarse to fine for more robust 
estimates without losing computational efficiency. 

Once this process is complete, the displacement vector 66 
among individual rows of ilie columns 16a, 16b, and 16c are 
averaged to produce a single column ofrobust displacement 
data. 

Referring now to FIGS. 4 and 8 per process block 68, the 55 

global displacement value 70 may be used to refine the search 
windows 56 of process block 60. In particular, the global 
displacement value 70 locates a new window center point 74 
removed from base point 50 in the post-deformation data set 
32, with a corresponding reduced search window 72 centered 60 

on window center point 74. Generally the reduced search 

window 72 will have new left and right boundaries S'1•fi and 
S',ight and S'up and S'dow,,, reflecting an empirically deter­
mined reduction of the necessary search area given knowl­
edge of the global displacement of the tissue. 

It will be understood that this computation of displacement 
data for the central colunm 16 as part of the initial search of 
process block 44 of FIG. 2, is relatively time consuming 

65 based on the size of the search window ( even reduced search 
window 72), ifit is executed as a single sequential thread in 
the simplest implementation. This data, however, may then be 

Referring now to FIGS. 4 and 6, finally at process block 75, 

the reduced search window 72, detennined from the global 
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used for the parallel guided searches of process blocks 46 
shown in FIG. 2 which comprise the bulk of the displacement 
calculations. Accordingly, the extra time taken for the initial 
search of process block 44 provides a proportionately low 
influence on the total computation time required to generate 5 

an elasticity image. However, it is worth noting that the initial 
search of process block of FIG. 2 can be computed in parallel, 
as described below. 

Referring now to FIGS. 2, 7, and 9, parallel processing of 
the data sets 32 may now be perfonned in the guided searches 10 
of process blocks 46 using new colunms 16' and 16" begin­
ning immediately to the left and right of the columns 16a, 16b 
and 16c. As indicated by process block 86 of FIG. 7, the 
computation of displacements for these new columns 16 may 
use the computed displacements of the combined colunms 15 
16a and 16c to further refine the search window 56 using the 
same process described above with respect to FIG. 8 where 
the displacement value 70 is that derived from the column 
l6a, l6b and 16c. 

As shown in FIG. 9, after the displacement values for each 20 
column 16' to the left of the colunms 16a, 16b and 16c is 
completed by a first processor 26 at process block 88 of FIG. 
7, computation for the next column 16' to the left is begun. 
Likewise after the displacement values for each column 16" 
to the right of the columns 16a, 16b and 16c is completed by 25 
a second processor 26 at process block 88 of FIG. 7, compu­
tation for the next column 16" to the right is begun. The 
computations for each column 16' and 16" uses the calculated 
displacement vectors of the previously computed column 16 
only as a displacement value 70 to infonn and refine the 30 
search for process block 86. TI1e displacement values com­
puted-for each of these -11ew cofoiiuis-iiiay-be separately fil-=­
tered using the curve fitting techniques as described above or 
other filtering techniques relying solely on the data of the 
given column so as to maintain that ability to process each 35 
column 16', 16" on a separate processor as an independently 
executing thread. 

111is process is repeated until displacement values are com­
puted over the entire region of interest 19 at which time 
computed strain images are perfonned as has been described 40 
with respect to process block 48 of FIG. 2. 

It will be understood, referring to FIG. 9, that because the 
computation of displacements proceeds column-by-column 
outward from the center of the region ofinterest 19, there is no 
possibility of collisions in which inconsistent values of dis- 45 
placements are computed for adjacent columns 16. Neverthe­
less, displacement calculations may be performed by at least 
two processors 26 operating simultaneously in parallel. 

Referring to FIG.10, while limiting the calculation to two 
threads avoids a collision problem, the present invention does 50 
not preclude the possibility of more than two processors 26 
computing displacements, for example, starting with col­
umns 16p and l 6q symmetrically displaced from a central 
column 90 centered in the region of interest 19, and proceed­
ing outward from each of those colrnru1s. TI1is approach risks 55 
a collision at the center column 90, but is believed that any 
discontinuities will be small based on the robust nature of the 
calculation process and may be corrected, for example, by 
filtering techniques. 

1l1e parallelism of this invention described above is not 60 
limited to dual processors. An example of using four proces­
sors is given here and this scheme can also avoid the collision 
problem. Referring to FIGS. 6 and 11, also at process block 
75, computing displacement values of three colrnru1s 16a, 

16b and 16c with the reduced search window 72 can be 65 
completed using four different processors 26a-d. Processors 
26a-c are responsible for estimating displacement vectors 66 

10 
for three columns 16a, l6b and 16c independently, while the 
fourth processor 26d will handle the correction process 100 in 
parallel, as described before. 

Once the correction process 100 is done by the fourth 
processor 26d, the fourth processor 26d will also provide a 
single column of robust initial displacement data by averag­
ing individual rows of the columns 16a, 16b and 16c obtained 
from the processors 26a-c, respectively. 

It will be understood that this computation of displacement 
data for the central column 16 as part of the initial search of 
process block 44 of FIG. 2 becomes more efficient by adopt­
ing this scheme. 

Referring now to FIGS. 2, 9, and 12, parallel processing of 
the data sets 32 may now be performed in the guided searches 
of process block 46 beginning immediately to the left and 
right of the column 16 (i.e. combined colrnru1s of 16a, 16b 
and 16c) with the four processors 26a-26d. As indicated in 
FIG. 12, the processors 26a and 26b start to compute new 
colrnnns of 16e and 16d, respectively, immediately after the 
completion of the initial search (process block 44 of FIG. 2). 
After a substantial portion (e.g. 1/2) of displacement vectors 
66 in these new colmnns of 16e and 16d is completed, new 
columns of16/and 16g may be started using processors 26c 
and 26d,respectively. After the completion of colrnnns of16e 
and 16d, the processors 26a and 26d may start to process new 
columns of 16h and 16i using the information from the esti­
mated portion of 16/ and 16g, respectively. This process is 
repeated until displacement values are computed over the 
entire region of interest 19. 

The overlapping parallel processing avoids the collision 
problems that may occur in the embodiment of FIG. 10 

This iiiventionaescr1oed-anove is also i1ot Tiinited to lwo~ 
dimensional motion tracking. 

It is specifically intended that the present invention not be 
limited to the embodiments and illustrations contained 
herein, but include modified fonns of those embodiments 
including portions of the embodiments and combinations of 
elements of different embodiments as come within the scope 
of the following claims. 

We claim: 
1. A method of ultrasound strain imaging comprising the 

steps of: 
( a) acquiring first and second ultrasound echo data with an 

axial ultrasonic beam passing througl1 a material subject 
to a first and second state of axial defonnation, respec­
tively, the echo data corresponding to a plurality ofvol­
llllle elements identified by a plurality of columns 
extending substantially parallel to an axis of propagation 
of the beam and a plurality of rows extending substan­
tially perpendicular to the axis of propagation of the 
beam; and 

(b) calculating a displacement vector for at least one of the 
plurality of volume elements to determine displacement 
of the material by comparing the first and second echo 
data on a colrnnn-by-colunm basis, wherein a detenni­
nation of displacement vectors for the volume elements 
of a first column is substantially complete before a deter­
mination of displacement vectors for the volume ele­
ments of at least one second colrnnn to be detennined is 
substantially begun; and 

(c) producing elasticity images of the material using deter­
minations of displacement between the first and second 
ultrasound echo data. 

2. 1l1e method of claim 1 wherein the elasticity imaging 
provides elasticity expressed as at least one of local strain, 
modulus and Poison's ratio. 
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3. The method of claim 1 wherein determination of dis­
placement vectors for the second column uses displacement 
vectors calculated in the first column to limit a comparison of 
volume elements between the first and second ultrasound 
echo data in determination of displacement of the material in 5 

the second column. 

12 
( c) producing elasticity images of the material using deter­

minations of displacement between the first and second 
ultrasotind echo data. 

13. The method of claim 12 wherein the determination of 
displacement vectors of volume elements of the first and 
second colmnns employs infonnation derived from a third 
column. 4. The method of claim 1 wherein a determination of dis­

placement vectors in the first column is substantially com­
plete before a determination of displacement vectors in the 
second and a third column is substantially begun, and wherein 
the second and third columns are on opposite sides of the first 
column, and determination of displacement vectors in the 
second and third columns is substantially perfonned in par­
allel. 

14. TI1e method of claim 12 including the step of repeating 
step (b) with new first and second columns adjacent and 

10 outside of earlier first and second columns. 

5. TI1e method of claim 1 wherein determination of dis- 15 

placement vectors in the first collll11ll compares volume ele­
ments in the first and second ultrasound echo data over a 
larger spatial range than the determination of displacement 
vectors in the second column. 

6. TI1e method of claim 1 wherein the detennination of 20 

displacement vectors in the first column is located in ultra­
sound echo data corresponding to a middle of the material 
measured by the ultrasonic echo data set. 

15. The method of claim 12 wherein determination of 
displacement vectors of volume elements of the first and 
second colmnns uses displacement vectors of volume ele­
ments calculated in a third collll11ll to limit a spatial range of 
comparison of volume elements between the first and second 
ultrasound echo data in the determination of displacement 
vectors of volume elements in the first and second colmnns. 

16. TI1e method of claim 15 wherein determination of 
displacement vectors ofvolmne elements in the third column 
compares volume elements between the first and second 
ultrasound echo data over a larger spatial range than the 
determination of displacement vectors of volume elements in 
the first and second column. 

17. The method of claim 15 wherein detennination of 
7. The method of claim 1 wherein determination of dis- 25 displacement vectors of volume elements in the third colmnn 

placement vectors in the first column compares volume ele- compares a larger set of volume elements between the first 
ments between the first and second ultrasound echo data and second ultrasound echo data than the detennination of 
using methods that require relatively greater computation 
time than methods for the determination of displacement 
vectors in the second and subsequential columns. 

30 

displacement vectors of volume elements in the first and 
second colunm. 

18. The method of claim 17 wherein the larger set of 
volume elements includes volume elements of multiple col­
mnns and also contains volume elements of one or more 
image planes. 

19. The method of claim 15 wherein the first and second 

8. The method of claim 1 wherein determination of dis­
placement vectors in the first column compares a larger set of 
volume elements between the first and second ultrasound 
echo data than the detennination of displacement vectors in 
the second column. 35 columns are on opposite sides of the third column. 

9. The method of claim 8 wherein the larger set of volume 
elements includes volume elements of multiple colunms of 
data and also contains volume elements from one or more 
image planes. 

10. TI1e method of claim 1 further including the step of 40 

correcting determined displacement vectors in a column-by­
column basis by statistical analysis of displacement only 
within the same column of displacement vectors. 

11. The method of claim 1 further including the step, before 
step (b ), of detennining a global displacement of the material 45 

representing an average displacement over many vohune ele-
ments; 

wherein step (b) uses the global displacement to limit a 
comparison of the first and second ultrasound echo data 
in the determination of displacement. 50 

20. TI1e method of claim 15 wherein determination of 
displacement vectors in the first and second columns uses a 
limited spatial range in the comparison of the first and second 
ultrasound echo data based on detenninations of displace­
ment vectors of volume elements in previous adjacent col­
mnns. 

21. The method of claim 15 further including the step of 
collecting displacement vectors along the first and second 
colmnn by statistical analysis of displacement limited to vol­
ume elements of each column. 

22. The method of claim 15 further including the step 
before step (b) of determining a global displacement of the 
material, representing an average displacement over many 
volume elements; 

and wherein step (b) uses the global displacement to limit 
a comparison of the first and second ultrasmmd echo 
data in the determination of displacement. 12. A method of ultrasound strain imaging comprising the 

steps of: 
(a) acquiring first and second ultrasmmd echo data with an 

axial ultrasonic beam passing through a material su~ject 
to a first and second state of axial defonnation, respec­
tively, the echo data corresponding to a plurality of vol­
ume elements identified by a plurality of columns 
extending substantially parallel to an axis of propagation 

23. The method of claim 22 wherein the global displace­
ment is obtained from a row of elements displaced from a row 

55 closest to an origination of the ultrasonic beam. 

of the beam and a plurality of rows extending substan- 60 
tially perpendicular to the axis of propagation of the 
beam; 

(b) detennining displacement of the material by indepen­
dently comparing the first and second echo data in a first 
and second colunm simultaneously to detennine a dis- 65 

placement vector for each of the volume elements in the 
first and second columns; and 

24. An ultrasound strain imaging machine comprising: 
(a) a transducer assembly producing an axial ultrasonic 

beam through a material and acquiring an echo signal 
from that material; 

(b) an electronic computing unit including: 
(i) at least a first and second computing processor; 
(ii) a stored program executable on the electronic com­

puting unit to execute: 
(1) acquiring a first and second ultrasound echo data 

with the transducer assembly corresponding to a first 
and second state of axial defonnation of the material, 
respectively, the echo data corresponding to a plural-
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ity of volume elements identified by a plurality of 

colulillls extending substantially parallel to an axis of 

propagation of the beam and a plurality of rows 

extending substantially perpendicular to the axis of 

propagation of the beam; and 

(2) calculating a displacement vector for at least one of 

the plurality of volume elements to determine dis­

placement of the material by comparing the first and 

second echo data substantially simultaneously in a 

first column using the first processor and a second 

colulilll using the second processor; and 

14 
(3) producing a elasticity information image of the mate­

rial from the determined displacements. 

25. The ultrasound strain imaging machine of claim 24 

further including a third computing processor, and wherein 

5 the electronic computing unit further executes the stored pro­

gram to detennine displacement of the material by comparing 

the first and second echo data substantially simultaneously in 

a first collllilll using the first processor, a second column using 

the second processor, and a third column using the third 

IO processor. 

* * * * * 




