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SYSTEMS FOR MEASURING FORCE AND TORQUE ON ULTRASOUND PROBE DURING IMAGING THROUGH STRAIN
MEASUREMENT

The present invention generally relates to freehand ultrasound imaging for

medical procedures, particularly for prostate biopsy and brachytherapy procedures.

The present invention specifically relates to a monitoring and control of consistent

force applied through an ultrasound probe to an anatomical object, particularly the

prostate.

Referring to FIG. 1, during a majority of ultrasound-guided biopsy and therapy

procedures (e.g., prostate biopsy and brachytherapy), a whole sweep from the anatomy

of interest is acquired to reconstruct a three-dimensional ("3D") volume 4 1 of the

anatomy. Specifically, ultrasound imaging is typically carried out freehand style via a

handle 32 attached to an ultrasound probe 3 1 having two-dimensional ("2D")

ultrasound transducer(s) (not shown). An electromagnetic or optical position sensor

(not shown) is attached to ultrasound probe 31 and a set of 2D B-scans 40 are acquired

along with their relative coordinates in a reference coordinate system of an

electromagnetic or optical tracker frame 28. The set of 2D images 40 are reconstructed

into regular 3D volume 4 1 for visualization, guidance and analysis.

During the freehand imaging, the operator presses ultrasound probe 31 against

the surface of skin or internal tissue of patient 10 while adjusting a position and an

orientation of ultrasound probe 31 to find the desired image plane. During this process,

the contact force between ultrasound probe 31 and the skin or tissue of patient 10

deforms the underlying tissue. For example, in transrectal ultrasound ("TRUS")

imaging of the prostate, ultrasound probe 31 would be pushed against the rectum wall,

which causes a significant deformation in the prostate gland. The amount of

deformation correlates with the amount of applied force as well as the tissue

composition.

The reconstructed image volumes 4 1 may be used for different applications,

such as for example, anatomy segmentation 25 and multi-modality image fusion and

registration 26. However, volume reconstruction 24 from freehand ultrasound probe 31

is prone to artifacts induced by the ultrasound probe pressure. Specifically, the 2D



ultrasound transducer(s) of ultrasound probe 31 are required to be in close contact with

the surface of the volume of interest to avoid air gaps that causes shadowing artifact in

the acquired images. During a 3D sweep, the tissue being scanned is exposed to

variable amount of force and each acquired 2D image 40 is captured from the tissue

under different probe pressure. Therefore, the amount of pressure applied to the tissue

during image acquisition by the operator may dramatically influence the quality of the

acquired images 40 during the freehand style data acquisition 23. As a result, linear

slice motion and nonlinear tissue deformations accumulate and produce distracting

image artifacts for 3D volume 41.

Moreover, the variation in tissue geometry caused by varying contact force is

the reason why ultrasound images 40 are hard to reproduce. Even if the imaging is

performed on the same region of patient 10, the amount of tissue deformation certainly

would be different due to changes in the force (probe pressure) and/or the

biomechanical properties of the tissues.

The impact of such deformation and distortion in volume reconstruction 24 is

quite dramatic in the context of automatic image segmentation 25, such as, for example,

prostate gland segmentation. Furthermore, errors in image segmentation will translate

into errors in registration 26 (e.g., magnetic resonance imaging to ultrasound image)

and consequently will affect the biopsy and brachytherapy accuracy.

The present invention provides a force/torque management 27 for monitoring

and control of consistent force applied through ultrasound probe 3 1 to an anatomy

of interest of patient 10.

One form of the present invention is a medical instrument employing an

ultrasound probe and a strain sensor. The ultrasound probe includes an ultrasound

transducer for acquiring ultrasound images of an anatomical region. The strain sensor

is arranged on the ultrasound probe to measure a longitudinal strain applied by the

anatomical region on the ultrasound probe as the ultrasound transducer acquires images

of the anatomical region. The strain sensor encircles a longitudinal axis of the

ultrasound probe and is spaced from the ultrasound transducer relative to the

longitudinal axis of the ultrasound probe.

A second form of the present invention is an ultrasound system employing the

aforementioned medical instrument, and a workstation operable to reconstruct an



ultrasound volume from the ultrasound images acquired by the ultrasound transducer(s)

and responsive to the longitudinal strain measured by the strain sensor, determines an

axial force and/or a bending force applied by the anatomical region to the ultrasound

probe as the ultrasound transducer acquires ultrasound images of the anatomical region.

The foregoing forms and other forms of the present invention as well as various

features and advantages of the present invention will become further apparent from the

following detailed description of various embodiments of the present invention read in

conjunction with the accompanying drawings. The detailed description and drawings

are merely illustrative of the present invention rather than limiting, the scope of the

present invention being defined by the appended claims and equivalents thereof.

FIG. 1 illustrates an exemplary embodiment of an ultrasound system in

accordance with the present invention.

FIG. 2A illustrates an exemplary embodiment of an ultrasound probe in

accordance with the present invention.

FIG. 2B illustrates a cross-sectional view of the ultrasound probe as shown in

FIG. 2 .

FIG. 3A illustrates exemplary forces generated during a scan of anatomical

object by the ultrasound probe shown in FIG. 2A.

FIG. 3B illustrates a cross-sectional view of the ultrasound probe as shown in

FIG. 3A.

FIG. 4 illustrates a flowchart representative of an exemplary embodiment of a

scanning method in accordance with the present invention.

FIG. 5 illustrates a flowchart representative of an exemplary embodiment of a

calibration method in accordance with the present invention.

FIGS. 6A and 6B illustrate exemplary calibration graphs in accordance with the

present invention.

Referring to FIG. 1, an ultrasound system employs a workstation 20 having a

computer 21, a monitor 22 and input devices (not shown), a bundle of

software/firmware modules 23-27 and a reference tracker 28. For purposes of the

present invention, computer 2 1 is broadly defined herein as any computer structure

configured with hardware/circuitry (e.g., processor(s), memory, etc.) for processing 2D

ultrasound images 40 to support medical procedures (e.g., prostate biopsy and



brachytherapy procedures). To this end, modules 23-27 are programmed and installed

on computer 2 1 to provide various functionality in support of the medical procedures.

First, an image acquisition module 23 encompasses known method(s) for

receiving and storing a data set of 2D ultrasound images 40 from ultrasound probe 31

with each storage of a 2D ultrasound image 40 including a position of that image within

the reference coordinate system of tracker 28 (e.g., electromagnetic or optical) via one

or more sensors/markers attached to ultrasound probe 31.

Second, a volume reconstruction module 24 encompasses known method(s) for

generating a 3D volume 4 1 from the relative positions of the 2D ultrasound images 40.

Third, an image segmentation module 25 encompasses known method(s) for

partitioning the 2D ultrasound images 40 prior to reconstruction or for partitioning the

3D volume 4 1 into a set of disjoint segments according visual properties (e.g., grey

level, texture or color) to support an easier analyze of the 3D volume 41.

Fourth, an image registration module 26 encompasses known method(s) for

transforming the data set of 2D ultrasound images 40 and a data set of another imaging

modality (e.g., magnetic resonance imaging or computed tomography) into one

coordinate system.

Fifth, strain measurement module 27 encompasses method(s) of the present

invention for determining an axial force and a bending force applied by an anatomical

region of patient 10 on ultrasound probe 31 during a scanning by ultrasound probe 31

of the anatomical region (e.g., prostrate). To this end, computer 2 1 receives a

measurement by a strain sensor 33 of a longitudinal strain applied by an anatomical

region of patient 10 on ultrasound probe 31 during a scanning by ultrasound probe 31

of the anatomical region, and module 27 processes the strain measurement to determine

the axial force and the bending force.

For purposes of the present invention, strain sensor 33 is broadly defined herein

as any sensor structurally configured for measuring a longitudinal strain being applied

by an object to an instrument, particularly for measuring a longitudinal strain being

applied by an anatomical region to ultrasound probe 31 during an ultrasound scan.

Also for purposes of the present invention, longitudinal strain is broadly defined herein

as any strain parallel to or having a component parallel to a longitudinal axis of

ultrasound probe 31.



In practice, strain sensor 33 may be arranged on ultrasound probe 31 in any

manner that facilitates a measurement of a longitudinal strain being applied by an

anatomical region to ultrasound probe 31 during an ultrasound scan. For example,

strain sensor 33 may be adhered to or integrated with ultrasound probe 3 1 at or adjacent

a proximal end of strain sensor 33. By further example, strain sensor 33 may be

installed on a disposable casing that sits tight at or adjacent to a proximal end of

ultrasound probe 31.

Also in practice, strain sensor 33 may employ one (1) or more strain gauges SG

of any type (e.g., single axis, three-axial, planar, etc.) arranged on ultrasound probe 3 1

in manner conducive to a practical measurement of a longitudinal strain being applied

by an anatomical region of patient 10 on ultrasound probe 31 during an ultrasound

scan. For example, strain gauge(s) may be longitudinally arranged at or adjacent to a

proximal end of ultrasound probe 31, particularly in a grid pattern for the employment

of two (2) of more strain gauges. Additionally, strain sensor 33 may employ one (1) or

more dummy strain gauge(s) for compensation of strain due to variation in temperature.

The following is a description of exemplary embodiment of strain sensor 33

utilized by module 27, which is followed by a description of exemplary embodiments

of a scanning method and of a calibration method of the present invention implemented

by module 27.

FIG. 2A shows medical instrument 30 employing ultrasound probe 31 and a

handle 32 attached to proximal end of ultrasound probe 31. Ultrasound probe 31

employs an ultrasound transducer (not shown) for ultrasound imaging an anatomical

region of patient 10. The ultrasound transducer is arranged at a distal end of ultrasound

probe 31, typically within a dashed circle 35 in dependence upon the orientation of the

ultrasound transducer relative the distal end of ultrasound probe 31.

An embodiment 33a of strain sensor 33 employs four (4) strain gauges SG

arranged in a grid pattern on ultrasound probe 31 arranged an equal distant from each

other around the periphery of ultrasound probe 3las shown in FIG. 2B. Strain gauges

SG may consist of metallic foil that maximizes the amount of metallic wire or foil

subject to strain in the parallel direction of longitudinal axis 34.

In practice, to measure small changes in resistance, strain gauges SG may be

used in a bridge configuration with a voltage excitation source (not shown). Examples



of the bridge configuration include, but are not limited to, a quarter-bridge

configuration, a half-bridge configuration and a full-bridge configuration.

Additionally, as shown in FIG. 1, a signal conditioner 36 may be employed in

view of the output voltages being relatively small. In one embodiment, signal

conditioner 36 may consist of amplifiers to boost the signal level to increase

measurement resolution and improve signal-to-noise ratios. Moreover, the strain

gauges SG may be located in electrically noisy environments. Therefore, the signal

conditioner 36 may also consist of low-pass filters to remove the high-frequency noise

prevalent in most environmental settings.

The output signal(s) from signal gauges SG or alternatively signal conditioner

36 are utilized by module 27 to determine the axial force and the bending force and to

display visual representation of the axial force and the bending force on the monitor 22

(e.g., a numeric and/or color coded force map overlaying volume 41). In practice, the

output signal(s) from signal gauges SG may be communicated to signal conditioner 36

and/or computer 22 by any known technique and may further be communicated to

computer 2 1 or an additional remote device for storage and display.

FIG. 3A facilitates an understanding of the axial force and the bending force

applied by the anatomical region of ultrasound probe 31 during an ultrasound scan.

Specifically, referring to FIG. 3A, a probe force Fp applied at the distal tip of

ultrasound probe 31 to a tissue 50 (e.g., a prostrate) has the same magnitude but

opposite direction of a reaction force Fr from tissue 50 to ultrasound probe 31. For

purposes of the present invention, reaction force Fr is decomposed into two (2)

components: an axial force Fx and a bending force Fy .

Referring also to FIG. 3B, assuming the measured strain at points SGI, SG2,

SG3 and SG4 are ¾ , ¾ ¾ and , respectively, axial force Fx and bending force Fy

may be calculated from the following equations [1] and [2]:



where, ¾ = is strain due to axial force F x , E is module of elasticity of

ultrasound probe 31, A is the cross-sectional area of ultrasound probe 31, / is the

moment of area of ultrasound probe 31, rs is the external radius of ultrasound probe 31,

and is the distance from a center each strain gauge SG to the distal tip of ultrasound

probe 31. In practice, the longitudinal strain measurement is a voltage as the output of

each strain gauge SG or signal conditioner 36 (FIG. 1), which is linearly related to the

strain and the location of each strain gauge SG: = s

Equations [1] and [2] do not depend on the rotational angle of ultrasound probe

3 1 around its longitudinal axis 34 since it calculates the total bending force. However,

if the angle between the bending force direction and the axis of strain gauge SGI is

as shown in FIG. 3B, the angle may be calculated from the following equation [3]:

This angle may be used find the direction of bending force Fy on a cross

sectional plane of ultrasound probe 31.

FIG. 4 illustrates a flowchart 60 representative of a scanning method of the

present invention. A stage S61 of flowchart 60 encompasses longitudinal strain

measurements by strain sensor 33 (FIG. 1) as previously described herein in connection

with FIGS. 2 and 3, and a stage S62 of flowchart 60 encompasses a determination by

module 27 (FIG. 1) of axial force F x and bending force Fy
' accordance with a

calculation of equations [1] and [2]. The resulting calculations may be displayed on

monitor 22 (e.g., a numeric and/or color coded force map overlaying 3D volume 41).

Additionally, module 27 may also calculate bending force angle .

FIG. 5 illustrates a flowchart 70 representative of a calibration method of the

present invention. A stage S71 of flowchart 70 encompasses strain measurements by

strain sensor 33 (FIG. 1) as previously described herein in connection with FIGS. 2 and

3, and a stage S72 of flowchart 70 encompasses a calculation by module 27 of a strain

coefficient k . For stage S72, the coefficient A E in the axial force equation [1] and

coefficient - in bending force equation [2] are determined. For the calibration



procedure, it is only required to know the output voltage of each strain gauge for known

axial and bending forces. Since the measured voltage is linearly related to the strain,

we can relate the coefficient to the measured voltage by adding additional

coefficient k s as shown in respective graphs 80 (FIG. 6A) and 8 1 (FIG. 6B).

Referring to FIGS. 1-6B, those having ordinary skill in the art will appreciate

numerous benefits of the present invention including, but not limited to, (1) a reduction

in motion artifact and image distortion that is caused by uncontrolled variable force

exerted by the operator during an ultrasound probe sweep of an anatomy, (2) an

improvement in automatic segmentation and inter/intra modality image registration of

the ultrasound images, (3) a consistent rescanning across multiple sessions by

monitoring and controlling the force and the torque applied through the ultrasound

probe, (4) a training tool for radiology trainees by providing live feedback on the

exerted hand force to be able to learn the sufficient amount of force and torque to be

applied during ultrasound scanning, (5) an estimation of the biomechanical properties

of the tissue under ultrasound scanning to accurately construct a Finite Element Model

(FEM) of the tissue that may be used for real-time tracking of the tissue deformation,

image registration, tissue segmentation, etc., and (6) an estimation of an elasticity of

tissue for calculating the stiffness or strain images of soft tissue and to detect cancerous

regions which are known to have higher stiffness compared to healthy tissue.

In practice, computer 2 1 (FIG. 1) may provide an input mechanism for

selectively enabling or disabling module 27 during an ultrasound scan.

While various embodiments of the present invention have been illustrated and

described, it will be understood by those skilled in the art that the embodiments of the

present invention as described herein are illustrative, and various changes and

modifications may be made and equivalents may be substituted for elements thereof

without departing from the true scope of the present invention. In addition, many

modifications may be made to adapt the teachings of the present invention without

departing from its central scope. Therefore, it is intended that the present invention not be

limited to the particular embodiments disclosed as the best mode contemplated for carrying

out the present invention, but that the present invention includes all embodiments falling

within the scope of the appended claims.



Claims

1 . A medical instalment, comprising:

an ultrasound probe (31) including an ultrasound transducer for acquiring

images (40) of an anatomical region; and

a strain sensor (33) arranged on the ultrasound probe (3 1) to measure a

longitudinal strain applied by the anatomical region to the ultrasound probe (3 1) as the

ultrasound transducer acquires ultrasound images (40) of the anatomical region,

wherein strain sensor (33) encircles a longitudinal axis of the ultrasound

probe (3 1) and is spaced from the ultrasound transducer relative to the longitudinal axis

of the ultrasound probe (3 1).

2 . The medical instrument of claim 1, wherein the strain sensor (33) includes at

least one strain gauge (SG) arranged on the ultrasound probe (3 1).

3 . The medical instrument of claim 1, wherein the strain sensor (33) includes

a plurality of strain gauges (SG) arranged in a grid pattern on the ultrasound probe (3 1).

4 . The medical instrument of claim 3, wherein the plurality of strain gauges (SG)

are equally spaced within the grid pattern.

5 . The medical instrument of claim 1, wherein the strain sensor (33) is arranged

adjacent a proximal end of the ultrasound probe (3 1) and the ultrasound transducer is

positioned at a distal end of the ultrasound probe (3 1).

6 . The medical instrument of claim 1, wherein the longitudinal strain measured by

the strain sensor (33) facilitates a determination of at least one of an axial force and a

bending force applied by the anatomical region to the ultrasound probe (3 1) as the

ultrasound transducer acquires ultrasound images (40) of the anatomical region.

7 . An ultrasound system, comprising:



an ultrasound probe (31) including ultrasound transducer for acquiring images

(40) of an anatomical region;

a strain sensor (33) arranged on the ultrasound probe (3 1) to measure a

longitudinal strain applied by the anatomical region to the ultrasound probe (3 1) as the

ultrasound transducer acquires ultrasound images (40) of the anatomical region,

wherein the strain sensor (33) encircles a longitudinal axis of the

ultrasound probe (3 1) and is spaced from the ultrasound transducer relative to the

longitudinal axis of the ultrasound probe (3 1); and

a workstation (20) operable to reconstruct an ultrasound volume (41) from the

ultrasound images (40) acquired by the ultrasound transducer,

wherein, responsive to the longitudinal strain measured by the strain

sensor (33), the workstation (20) is further operable to determine at least one of an axial

force and a bending force applied by the anatomical region to the ultrasound probe (31)

as the ultrasound transducer acquires ultrasound images (40) of the anatomical region.

8 . The ultrasound system of claim 7, wherein the strain sensor (33) includes at

least one strain gauge (SG) arranged on the ultrasound probe (3 1).

9 . The ultrasound system of claim 8, wherein the strain sensor (33) includes

a plurality of strain gauges (SG) arranged in a grid pattern on the ultrasound probe (3 1).

10. The ultrasound system of claim 9, wherein the plurality of strain gauges (SG)

are equally spaced within the grid pattern.

11 . The ultrasound system of claim 7, wherein the strain sensor (33) is arranged

adjacent a proximal end of the ultrasound probe (3 1) and the ultrasound transducer is

positioned at a distal end of the ultrasound probe (3 1).

12. The ultrasound system of claim 7, wherein the axial force is a function of at

least one of an elasticity module of the ultrasound probe (3 1) and a cross-sectional area

of the ultrasound probe (3 1).



13. The ultrasound system of claim 7, wherein the bending force is a function of at

least one of an elasticity module of the ultrasound probe (3 1), an external radius of the

ultrasound probe (3 1), a moment of area of the ultrasound probe (3 1) and a distance of

a center of the strain sensor (33) from a distal tip of the ultrasound probe (3 1).

14. The ultrasound system of claim 7, wherein the workstation (20) is further

operable to display visual representations for at least one of the axial force and the

bending force as determined by the workstation (20).

15. The ultrasound system of claim 14, wherein the workstation (20) is further

operable to determine an angle between the bending force and a measuring axis of the

strain sensor.
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摘要(译)

超声系统采用超声探头（31），应变传感器（33）和工作站（20）。超
声探头（31）包括用于采集解剖区域的超声图像（40）的超声换能器。
应变传感器（33）布置在超声探头（31）上，以在超声换能器获取解剖
区域的超声图像（40）时测量由解剖区域施加到超声探头（31）的纵向
应变。应变传感器（33）环绕超声探头（31）的纵向轴线并且相对于超
声探头（31）的纵向轴线与超声换能器间隔开。工作站（20）从超声换
能器获取的超声图像（40）重建超声体积（41），并且响应于由应变传
感器（33）测量的纵向应变，确定由其施加的轴向力和/或弯曲力。当超
声换能器获取解剖区域的超声图像（40）时，超声探头（31）的解剖区
域。
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