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ULTRASONIC ESTIMATION OF STRAIN
INDUCED BY IN VIVO COMPRESSION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of Provisional
Application No. 60/827,865, filed Oct. 2, 2006, the benefit of
which is hereby claimed under 35 U.S.C. §119 and which is
incorporated herein by reference.

BACKGROUND

[0002] Over thelast two decades, non-invasive, ultrasound-
based techniques have been developed to extract tissue stiff-
ness information. A main approach in ultrasound elasticity
imaging is to estimate tissue strain caused by compression of
bodily structures of interest. Stiff tissue has a high elasticity
modulus and therefore shows less strain than soft tissue under
applied compression force. By estimating tissue strain
induced by applied compression, tissue stiffness information
can be obtained.

[0003] The reason why researchers are interested in tissue
stiffness is because they have found that abnormal cells, such
as papillary adenocarcinoma, the most common thyroid can-
cer, is five times stiffer than normal thyroid tissue, and benign
thyroid lesions are 1.7 times stiffer than normal fibroid tissue
with a certain amount of compression force. Conventionally,
finger palpation, which is used to search for abnormally stiff
tissues, has been a primary tool for detecting thyroid nodules
that may be abnormal.

[0004] To investigate ultrasound strain imaging of the thy-
roid, researchers applied external compression on the neck
area and estimated the resulting strain from ultrasound sig-
nals. However, it has been reported that the quality of strain
images and the resulting diagnostic performance are signifi-
cantly affected by the pulsation of the carotid artery and
out-of-plane motion during external free-hand compression.
Without a solution to solve or reduce the problem, the strain
images can be of poor quality, and it may not be possible to
develop diagnostic machinery based on strain images.

SUMMARY

[0005] This summary is provided to introduce a selection of
concepts in a simplified form that are further described below
in the Detailed Description. This summary is not intended to
identify key features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the
claimed subject matter. A method, system, and computet-
readable medium for calculating stiffness is provided.
[0006] In accordance with one aspect of this invention, a
method form of the invention includes a method executed on
a computer for computing stiffness information of bodily
structures without the use of an external compression source.
The method comprises transmitting and acquiring ultrasound
signals echoed from a bodily structure of interest while the
bodily structure is compressed and expanded by an in vivo
source of compression proximate to the bodily structure. The
method further comprises generating strain images by
executing a strain calculation on the ultrasound signals ech-
oed from the bodily structure of interest while the bodily
structure of interest is compressed and expanded.

[0007] Inaccordance with another aspect of this invention,
asystem form of the invention includes a computer system for
generating strain images. The computer system comprises a
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piece of software being executed on the computer system for
locating an in vivo source of compression near a bodily struc-
ture of interest. The computer system further comprises an
ultrasound machine that transmits and receives ultrasound
signals echoed from the bodily structure of interest. The com-
puter system yet further comprises a strain processor for
generating strain images by using the ultrasound signals ech-
oed from the bodily structure of interest while it expands and
compresses as caused by the in vivo source of compression.
[0008] In accordance with an additional aspect of this
invention, the computer-readable medium form of the inven-
tion includes a computer-readable medium having instruc-
tions stored thereon to implement a method executed on a
computer for computing stiffness information of bodily struc-
tures without using external compression source. The com-
puter-readable medium comprises transmitting and acquiring
ultrasound signals echoed from a bodily structure of interest
while the bodily structure is compressed and expanded by an
in vivo source of compression proximate to the bodily struc-
ture. The computer-readable medium further comprises gen-
erating strain images by executing a strain calculation on the
ultrasound signals echoed from the bodily structure of inter-
est while the bodily structure of interest is compressed and
expanded.

DESCRIPTION OF THE DRAWINGS

[0009] The foregoing aspects and many of the attendant
advantages of this invention will become more readily appre-
ciated as the same become better understood by reference to
the following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

[0010] FIG. 11is a block diagram illustrating an exemplary
system for generating strain images of bodily structures of
interest without using external compression source; and
[0011] FIGS. 2A-2I are process diagrams illustrating a
method for computing stiffness information in bodily struc-
tures of interest.

DETAILED DESCRIPTION

[0012] FIG. 1 illustrates a system 100 that generates strain
images without using an external compression source. The
approach in the system 100 is to enable ultrasound elasticity
imaging to estimate tissue strain caused by compression
(elastography). Stiff tissue has a high elasticity modulus and
shows less strain than softer tissue under similarly applied
force. By estimating tissue strain induced by compression,
tissue stiffness information can be obtained. The use of in
vivo compression source 104 allows the system 100 to reach
those internal bodily structures that are not available for the
application of external compression sources. Also, even for
bodily structures accessible by external compression sources,
out-of-plane motion during external compression sources
produces poor quality strain images. The system 100 facili-
tates strain processing techniques to aid interpretation of
strain induced by an in vivo compression source.

[0013] Initially, a bodily structure 102 of interest is located.
The bodily structure includes tissues, aggregates of cells,
internal or external organs, and other implanted bodily struc-
tures. No external compression source is applied to the bodily
structure 102 so as to reduce or eliminate noise caused by
out-of-plane motion of free-hand compression force. An in
vivo compression source 104 near the bodily structure 102 is
located. Such in vivo compression source 104 may include
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arterial pulsation; pulsation of the carotid artery; pulsation of
the abdominal aorta; or wherever the vascular system consist-
ing of arteries and veins provides enough of an in vivo com-
pression force to image the bodily structure 102 for strain
calculations. In other words, pulsation of the abdominal aorta
could be the compression source for the liver. The in vivo
compression source 104 preferably serves as a repeatable and
operator-independent compression source for elastography.

[0014] Transmitted ultrasound 106 is produced when an
ultrasound transducer transmits ultrasound pulses into the
bodily structure 102 to be imaged. Received ultrasound 108
represents the ultrasound signals that are reflected back from
boundaries of the bodily structure 102, as well as scattering
by disturbances in the bodily structure 102 that may be benign
lesions or abnormal regions of interest. The bodily structure
102 is compressed or expanded by the in vivo compression
source 104 and its deformation is estimated by the system 100
using the received ultrasound 108. For example, where the
carotid artery is used as the in vivo compression source 104,
during systole, higher blood pressure in the lumen of the
carotid artery compresses the arterial wall in the radial direc-
tion and compresses a bodily structure of interest against
other bodily structures. In case the bodily structure of interest
is soft tissue, it is nearly incompressible (i.e., the volume does
not change under loading); compression in one direction
causes expansion in the other directions. Thus, lateral com-
pression of the bodily structure in systole causes axial expan-
sion of the bodily structure of interest. During diastole, the
bodily structure restores to the original state and thus experi-
ences axial compression.

[0015] A strain processor 110 calculates strain of the bodily
structure 102 as well as the surrounding tissues to create a
strain image for subsequent analysis and processing. One
example of strain processing is discussed by U.S. patent
application Ser. No. 11/574,394, filed on Feb. 27, 2007, titled
“Ultrasonic Direct Strain Direct Estimation Using Temporal
and Spatial Correlation.” Other suitable strain processing can
also be used. When a strain image is shown as a graph with
strain values in the y-axis and time in the x-axis, the axial
expansion of the bodily structure of interest and the compres-
sion of the carotid artery wall during systole result in the
positive and negative peaks in the strain image. In such a
strain image, positive and negative values indicate axial
expansion and compression. Both positive and negative val-
ues appear in the strain image and the sign of strain changes
over an oscillation cycle of the in vivo compression source
104. One with ordinary skill in this art would appreciate that
having a negative strain value does not mean the tissue is
stiffer than tissue with positive strain. To simplify strain cal-
culations (i.e. smaller strain, stiffer tissue), magnitude of
strain may be used instead of strain values when the in vivo
compression source 104 is used for elastography.

[0016] One or more strain images produced by the angular
strain processor 110 are presented to a stiffness index calcu-
lator 114. Strain images provide information of the relative
stiffness among neighboring tissues; however, strain values
within the strain images vary with the amount of applied
compression and do not represent the elasticity modulus.
Thus, strain values from different patients may not be directly
compared to each other for evaluating the difference in tissue
stiffness between patients. When the in vivo compression
source 104 is used, strain near the in vivo compression source
104 can indicate the amount of compression applied by its
oscillation. This information can be utilized to compute a
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more quantitative measure of tissue stiffness than strain val-
ues obtained directly from the strain images. The stiffness
index is calculated as a quotient with strain near the in vivo
compression source 104 as a dividend and strain of the bodily
structure of interest 102 as a divisor.

[0017] Thestiffness index, if high, means smaller strain for
a given amount of compression. The stiffness index can be
calculated for all regions inside a bodily structure of interest.
Since carcinoma tissue may be stiffer than other tissues, the
stiffness index may be used to detect the absence or presence
of carcinoma. The information produced by the stiffness
index calculator 114 can be presented to a differential diag-
nosis computer 116 to determine whether the bodily structure
102 contains regions of no interest and/or regions of interest
for further carcinoma discovery.

[0018] The strain images produced by the angular strain
processor 110 can be presented to a biopsy region locator 112.
Presently, fine needle aspiration (FNA) biopsy extracts
samples from the bodily structure 102 to determine abnor-
mality. Without guidance, the areas of FNA biopsy may
return perfectly normal samples and neglect regions of inter-
est within the bodily structure 102 that may be abnormal. The
strain images produced by the angular strain processor 110
reveal areas of homogeneity of the bodily structure 102 as
well as any disturbances that may show up on the one or more
strain image(s). The regions of disturbance may be areas for
guiding biopsy to improve sensitivity and specificity in can-
cer detection and reduce the number of inadequate biopsy
extractions with insufficient tissue samples.

[0019] The system 100 also includes a time varying strain
analyzer 118. In addition to strain contrast provided by one or
more strain images produced by the angular strain processor
110, in vivo compression induced strain imaging can be used
to monitor variation of strain with respect to time. Strain
amplitude may be different between two points in time, but
also strain wave form over a cycle of the application of the in
vivo compression source 104 may be different. Information
of time-variance strain provided by the time varying strain
analyzer 118 is not typically available in conventional strain
images that show strain at a specific time. Strain time
sequences as reviewed by the time-varying strain analyzer
118 may include other tissue mechanical properties, such as
visco-elasticity that may be useful in determining the malig-
nancy of bodily structure 102.

[0020] FIGS. 2A-21 illustrate a method 200 for computing
stiffness information in bodily structures. The method 200 or
a portion of it can be implemented by software executing on
any programmable computer or by hardware, such as appli-
cation-specific integrated circuits, field programmable gate
arrays, field programmable logic devices, and embedded
hardware devices. From a start block, the method 200 pro-
ceeds to a set of method steps 202 defined between a continu-
ation terminal (“Terminal A”") and another continuation tet-
minal (“Terminal B”). The set of method steps 202 calculates
strain images based on strain calculations using in vivo com-
pression source.

[0021] From Terminal A (FIG. 2B), the method 200 pro-
ceeds to block 208 where no external source of compression
is applied to induce strain in a bodily structure of interest,
such as the bodily structure 102. The method proceeds to
decision block 210 where a test is performed to determine
whetheran in vivo source of compression exists. [fthe answer
is NO to the test at decision block 210, the method proceeds
to another continuation terminal (“Terminal F’) and termi-
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nates execution. If the answer to the test at decision block 210
s YES, the method continues to another continuation termi-
nal

[0022] (*Terminal A1”).

[0023] From Terminal Al (FIG. 2C), the method 200 pro-
ceeds to decision block 214 where a test is performed to
determine whether the in vivo source induces the bodily
structure to expand and compress. If the answer to the test at
decision block 214 is NO, the method 200 proceeds to Tet-
minal F and terminates execution. If the answer to the test at
decision block 214 is YES, the method 200 proceeds to block
216 where ultrasound signals are transmitted into the bodily
structure of interest. At block 218, echoed ultrasound signals
are received by the method. At block 222, a strain method is
executed to estimate the strain of the bodily structure of
interest. The method 200 then continues to another continu-
ation terminal (“Terminal A2”).

[0024] From Terminal A2, (FIG. 2D), the method 200 pro-
ceeds to decision block 224 where a test is performed to
determine whether there is sufficient data to produce a screen
image. If the answer to the test at decision block 224 is NO,
the method continues to another continuation terminal (“Ter-
minal A3”) where the method 200 skips to block 216 (FIG.
2C) and the above-identified processing steps are repeated.
[0025] Otherwise, if the answer to the test at decision block
224 is YES, the method 200 continues to block 226 where, in
a computer-generated strain image, positive values, indicat-
ing expansion, and negative values, indicating compression,
are graphed with screen values in the y axis and time in the x
axis. The method 200 prepares to calculate a magnitude of
strain instead of using strain directly to simplify interpreta-
tion and inhibit noise accumulation. See block 228. At block
230, the method avoids calculation steps involving taking the
absolute value of strain to obtain the magnitude of strain. At
block 232, the method accumulates information of strain
variation over multiple adjacent frames. The method 200 then
continues to another continuation terminal (“Terminal A4”).
[0026] From Terminal A4 (FIG. 2E), the method 200 pro-
ceeds to decision block 234 where a test is performed to
determine whether a desired number of adjacent frames have
been accumulated. If the answer to the test at decision block
234 1s NO, the method continues to Terminal A3 from where
it skips back to block 216 and the above-identified processing
steps are repeated. Otherwise, if the answer to the test at
decision block 234 is YES, the method continues to another
decision block 236 where a test is performed to determine
whether the sign of strain for a point is consistently negative
for adjacent frames. If the answer to the test at decision block
236 is NO, the sign of strain remains unchanged by the
method. See block 238. The method then continues to another
continuation terminal (“Terminal A5”). If the answer to the
test at decision block 236 is YES, the method continues to
block 240 where the sign of strain is flipped. In other words,
the method 200 changes the negative polarization of the point
to positive polarization. Prior to the time averaging steps
discussed below to eliminate or reduce noise, strain magni-
tude processing needs be executed. To compute the strain
magnitude, various embodiments of the present invention
avoid simply taking the absolute value of strain to cause
conversion of all negative noise values to positive values. The
accumulated positive noise values during time averaging
steps causing noise amplification instead of noise reduction.
To inhibit noise amplification, information of strain variation
over frames is used to determine if the sign of strain needs to
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be changed. This leads to the computing of magnitude of
strain for tissues without altering the characteristics of undes-
ired noise. The method 200 then continues to Terminal A5.
[0027] From Terminal AS (FIG. 2F), the method 200 con-
tinues to block 242 where the strain image whose magnitude
has been processed is accumulated. At decision block 244, a
test is performed to determine whether a certain number of
frames for normalization has been accumulated. Ifthe answer
to the test at decision block 244 is NO, the method continues
to Terminal A3 and skips back to block 216 where the above-
identified processing steps are repeated. Otherwise, if the
answer to the test at decision block 244 is YES, the method
continues to block 246 where a time-averaging calculation is
made to increase the reliability of elastography by normaliz-
ing accumulated strain images over the number of frames.
This time averaging can increase the reliability of tissue elas-
tography when the region of interest is set since noise in strain
from multiple frames cancel each other out using the time-
averaging calculation of various embodiments of the present
invention. The method then continues to Terminal B.

[0028] From Terminal B (FIG. 2A), the method 200 pro-
ceeds to a set of method steps 204 defined between a continu-
ation terminal (“Terminal C”) and another continuation ter-
minal (“Terminal D”). The set of method steps 204 calculates
regions of diagnostic interest based on normalized strain
magnitude for further investigation. From Terminal C (FIG.
2G), using a generated strain image, the method 200 locates
the bodily structure of interest by looking for a region of
homogeneous strain. See block 248. The method 200 contin-
ues to decision block 250 where a test is performed to deter-
mine whether there is a disturbance within the region of
homogeneous strain. In other words, whether there is a region
that appears to have heterogeneous strain. If the answer to the
test at decision block 250 is NO, the method continues to
another continuation terminal (“Terminal C27). If the answer
to the test at decision block 250 is YES, the method continues
to decision block 252 where another test is performed to
determine whether the core of the disturbance is stiffer than
the surrounding tissue. If the answer to the test at decision
block 252 is NO, the method 200 continues to Terminal C2.
Otherwise, if the answer to the test at decision block 252 is
YES, the method 200 continues to another continuation ter-
minal (“Terminal C17).

[0029] From Terminal C1 (FIG. 2H), the method 200 pro-
ceeds to block 254 where the method accumulates a location
of the region of interest, which is at the core of the regions of
disturbance (showing less strain than the strain homogeneity
of the bodily structure). The method then continues to Termi-
nal C2 and continues to decision block 256 where another test
is performed to determine whether the entirety of the bodily
structure of interest has been analyzed. If the answer to the
test at decision block 256 is NO, the method continues to
another continuation terminal (“Terminal C3”) and skips
back to decision block 250 (FIG. 2G) where the above-iden-
tified processing steps are repeated. Otherwise, if the answer
to the test at decision block 256 is YES, the method 200
proceeds to block 258 where the locations of the regions of
interest specify the number of biopsy samples and guides
areas for a biopsy to be taken to improve sensitivity and
specificity of abnormal tissue detection. See block 258. The
method then continues to Terminal D.

[0030] From Terminal D (FIG. 2A), the method 200 pro-
ceeds to a set of method steps 206 defined between a continu-
ation terminal (“Terminal E”) and Terminal F. The set of
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method steps 206 calculates a tissue stiffness index. From
Terminal E (FIG. 21), the method analyzes a strain image
containing both the bodily structure of interest and the in vivo
source of compression. See block 260. At block 262, the
method 200 locates a boundary separating the bodily struc-
ture of interest and the in vivo source of compression on the
strain image. At block 264, the method 200 determines strain
near the in vivo source of compression. The method 200 then
calculates an amount of compression applied by the in vivo
source of compression based on strain near the in vivo source
of compression. See block 266. At block 268, the method 200
calculates a tissue stiffness index, as a quotient, of strain near
the in vivo source of compression, as a dividend, and strain of
the bodily structure of interest, as a divisor. At block 270, the
method 200 defines higher tissue stiffness index as smaller
strain for a given amount of compression, indicating a stiffer
region in the bodily structure of interest. At block 272, the
method performs differentiation analysis by detecting
regions of higher tissue stiffness indexes to differentiate
abnormal regions from normal regions. The method then
continues to Terminal F and terminates execution.

[0031] While illustrative embodiments have been illus-
trated and described, it will be appreciated that various
changes can be made therein without departing from the spirit
and scope of the invention.

1. A method executed on a computer for computing stiff-
ness information of bodily structures without using an exter-
nal compression source, comprising:

transmitting and acquiring ultrasound signals echoed from

abodily structure of interest while the bodily structure is
compressed and expanded by an oscillating in vivo
source of compression proximate to the bodily structure;
and

generating strain images by executing a strain calculation

on the ultrasound signals echoed from the bodily struc-
ture of interest while the bodily structure of interest is
compressed and expanded.

2. The method of claim 1, further comprising terminating
the method ifthe in vivo source of compression does not exist,
or if the in vivo source of compression does not induce the
bodily structure of interest to expand or compress.

3. The method of claim 1, further generating a strain image,
of which positive values indicate expansion of the bodily
structure of interest and negative values indicate compression
of the bodily structure of interest, in the form of a graph with
strain values in the y axis and time in the x axis.

4. The method of claim 1, further calculating the magnitude
of strain without taking the absolute value of strain to inhibit
accumulation of noise.

5. The method of claim 4, further inhibiting accumulation
of noise by flipping the sign of strain if the sign of strain for a
point has been consistently negative for a number of adjacent
frames and refraining from flipping the sign of strain if the
sign of strain for the point has not been consistently negative
for the number of adjacent frames.

6. The method of claim 5, further time averaging by taking
a quotient of accumulated strain images as the dividend and
number of frames as the divisor so as to reduce noise.

7. The method of claim 1, further locating regions of diag-
nostic interest by determining the bodily structure of interest
on a strain image, which appears as an area of homogeneous
strain, and finding disturbances within the area of homoge-
neous strain by looking for heterogeneous strain regions.
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8. The method of claim 7, further equating the number of
disturbances as the number of biopsy samples to be taken and
the locations of the biopsy samples on the bodily structure of
interest to be the locations of the disturbances.

9. The method of claim 1, further calculating a tissue stiff-
ness index as a quotient of strain near the in vivo source of
compression, as a dividend, and strain of the bodily structure
of interest, as a divisor.

10. A computer system for generating strain images, com-
prising:

a piece of software being executed on the computer system
for locating an in vivo source of compression near a
bodily structure of interest;

an vltrasound machine that transmits and receives ultra-
sound signals echoed from the bodily structure of inter-
est; and

a strain processor for generating strain images by using the
ultrasounds signals echoed from the bodily structure of
interest that expands and compresses as a result of the in
vivo source of compression.

11. The computer system of claim 10, further comprising a
stiffness index calculator that produces a quotient, defined as
a tissue stiffness index, from strain proximate to the in vivo
source of compression, as a dividend, and strain of the bodily
structure of interest, as a divisor.

12. The computer system of claim 10, further comprising a
biopsy region locator that locates regions of disturbances
within ahomogeneity strain of the bodily structure of interest,
the number of regions being the number of biopsy samples
and the regions being locations for biopsy samples to be
taken.

13. The computer system of claim 10, further comprising a
time varying strain analyzer that is used to monitor variation
of strain with respect to time.

14. A computer-readable medium having instructions
stored thereon to implement a method executed on a com-
puter for computing stiffness information of bodily structures
without using an external compression source, comprising:

transmitting and acquiring ultrasound signals echoed from
abodily structure of interest while the bodily structure is
compressed and expanded by an in vivo source of com-
pression proximate to the bodily structure; and

generating strain images by executing an angular strain
calculation on the ultrasound signals echoed from the
bodily structure of interest while the bodily structure of
interest is compressed and expanded.

15. The computer-readable medium of claim 14, further
comprising terminating the method if the oscillating in vivo
source of compression does not exist, or if the in vivo source
of compression does not induce the bodily structure of inter-
est to expand or compress.

16. The computer-readable medium of claim 14, further
generating a strain image, of which positive values indicate
expansion of the bodily structure of interest and negative
values indicate compression of the bodily structure of inter-
est, in a form of a graph with strain values in the y axis and
time in the X axis.

17. The computer-readable medium of claim 14, further
calculating the magnitude of strain without taking the abso-
lute value of strain so as to inhibit accumulation of noise.

18. The computer-readable medium of claim 17, further
inhibiting accumulation of noise by flipping the sign of strain
if the sign of strain for a point has been consistently negative
for a number of adjacent frames and refraining from flipping
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the sign of strain if the sign of strain for the point has not been
consistently negative for a number of adjacent frames.

19. The computer-readable medium of claim 18, further
time averaging by taking a quotient of accumulated strain
images as a dividend and the number of frames as a divisor so
as to reduce noise.

20. The computer-readable medium of claim 14, further
locating regions of diagnostic interest by determining the
bodily structure of interest on a strain image, which appears
as an area of homogeneous strain, and finding disturbances
within the area of homogeneous strain by looking for hetero-
geneous strain regions.
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21. The computer-readable medium of claim 20, further
equating the number of disturbances as the number of biopsy
samples to be taken and the locations of the biopsy samples on
the bodily structure of interest be the locations of the distur-
bances.

22. The computer-readable medium of claim 14, further
calculating a tissue stiffness index as a quotient of strain near
the in vivo source of compression, as a dividend, and strain of
the bodily structure of interest, as a divisor.

#® ok ok ok ok
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