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ULTRASOUND DIAGNOSTIC APPARATUS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an ultrasound diag-
nostic apparatus, and more particularly to an ultrasound diag-
nostic apparatus which can be used for evaluation of dynamic
characteristics of a diagnosed bone.

[0003] 2. Description of the Related Art

[0004] Easy quantitative measurement of mechanical char-
acteristics such as bone strength is desired for diagnosing
bone metabolic diseases such as osteoporosis, judging frac-
ture risk, and quantitatively diagnosing bone union after treat-
ment of bone fracture.

[0005] The evaluation of bone formation and bone union
depends largely on X-ray photography, but quantitatively
diagnosing bone strength by means of X-ray photography is
very difficult. The X-ray irradiation may also have adverse
effects on a measurement target.

[0006] To evaluate dynamic characteristics of a bone, the
ultrasound diagnostic apparatus discussed in Japanese Patent
Laid-Open Publication No. 2004-298205 forms ultrasonic
beams on the bone (i.e., measurement target), obtains echo
signals corresponding to the individual ultrasonic beams to
specify surface points corresponding to a bone surface for
respective echo signals, and generates shape data of the bone
surface based on the surface points obtained from the echo
signals. Moreover, the apparatus calculates a distortion of the
bone subjected to an external load based on the obtained
shape data, and uses the obtained distortion value as a refer-
ence value in the measurement of bone strength, or determi-
nation of cured state of a fractured bone. The distortion
obtained in this manner is a numerical value that can be used
as an evaluation reference. Thus, the ultrasound diagnostic
apparatus can realize a quantitative measurement of bone
strength based on the obtained distortion.

[0007] However, the ultrasound diagnostic apparatus dis-
cussed in Japanese Patent Laid-Open Publication No. 2004-
298205 calculates a distortion representing a position change
rate in the radial direction of a diagnosed bone. More specifi-
cally, the apparatus obtains a distortion e defined by a formula
e=Ad/L when L represents the length of a measurement range
and Ad represents a maximum displacement (i.e., maximum
deflection) of a diagnosed bone in the radial direction when an
external load is applied thereon. Namely, according to the
Japanese Patent Laid-Open Publication No. 2004-298205,
any factors other than a shape change on the bone surface
(e.g., thickness of bone, cross-sectional shape, etc) are not
taken into consideration.

[0008] Therefore, if two measurement targets mutually
compared are different in the thickness of bone, their mea-
surement results cannot be directly compared. As a result,
evaluating the cured state of a fractured bone may fail if
distortion data of a healthy bone having the same thickness is
unavailable.

[0009] In view of the above circumstances, the present
invention provides an ultrasound diagnostic apparatus
capable of appropriately evaluating dynamic characteristics
of a bone.

SUMMARY OF THE INVENTION

[0010] According to an aspect of the present invention, an
ultrasound diagnostic apparatus can transmit an ultrasonic
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beam to a bone of a diagnosis object and diagnose dynamic
characteristics of the bone. The ultrasound diagnostic appa-
ratus includes a position data acquirement unit configured to
acquire position data of a bone surface in a state where an
external load is applied on the bone based on an echo signal
obtained from an ultrasonic beam transmitted to the bone
surface of a target body, a storage unit configured to store
bone shape data including bone thickness information, and a
calculation unit configured to calculate a distortion represent-
ing a change rate in an axial length of the bone based on the
position data of the bone surface and the bone shape data.
[0011] Itispreferable thatthe change rate in the axial length
of the bone is equal to a ratio of the radius of an arc repre-
senting the bone surface to the radius of an arc representing a
neutral axis of the bone in the state where the external load is
applied on the bone. In this case, the bone shape data includes
sectional shape information of the bone, and a method for
calculating the arc radius representing the neutral axis is
variable depending on the sectional shape information of the
bone. Furthermore, a bone type of the diagnosis object is
treated as the sectional shape information of the bone.
[0012] The ultrasound diagnostic apparatus according to
the present invention calculates a distortion based on the bone
shape data including bone thickness information. Thus, the
obtained distortion reflects individual differences, such as
thickness of bone, and accordingly can be appropriately used
to evaluate dynamic characteristics of a diagnosed bone.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Exemplary embodiments of the present invention
will be described in detail based on the following figures,
wherein:

[0014] FIG. 1 is a block diagram illustrating an ultrasound
diagnostic apparatus according to an embodiment of the
present invention;

[0015] FIG. 2 illustrates exemplary tracking processing;
[0016] FIG. 3 illustrates an example of screen display for
enabling a user to input bone shape data;

[0017] FIG. 4 illustrates another example of the screen
display;
[0018] FIG. 5A illustrates the shape ofa bar in a state where

no load is applied,

[0019] FIG. 5Billustrates the shape of a bar in a state where
a load is applied,

[0020] FIG. 6illustrates parameters used in the calculation
of a distortion generated in a bone;

[0021] FIG. 7A illustrates the position of a neutral axis of a
bar member having a circular cross section; and

[0022] FIG. 7B illustrates the position of a neutral axis of a
bar member having a triangular cross section.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0023] An embodiment of the present invention is
described below in detail with reference to the drawings. FIG.
1 is a block diagram illustrating an ultrasound diagnostic
apparatus according to an embodiment of the present inven-
tion, which is preferably used in the diagnosis of bone
dynamic characteristics. In the present embodiment, an exter-
nal load is applied to a bone (i.e., a diagnosis object) and a
distortion of the bone is used as an index representing the
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bone dynamic characteristics. In other words, the ultrasound
diagnostic apparatus is usable for measuring distortion data
of a bone.

[0024] The ultrasound diagnostic apparatus according to
the present embodiment includes an ultrasonic probe 10
which is brought into contact with a body surface 50 of a
measurement target. [f desirable, the probe 10 can be replaced
with any other type of ultrasonic probe which may be located
inside the body of the measurement target. The probe 10 has
the capability of emitting ultrasonic beams 40 formed on a
bone 52 in the body of the measurement target.

[0025] A transmitter/receiver 12 controls the probe 10 that
performs electric scanning with ultrasonic beams 40 on a
tomography surface. For example, if the probe 10 is a linear
probe, a total of 120 ultrasonic beams 40 are successively
emitted from the probe 10 for electric scanning. The trans-
mitter/receiver 12 obtains an echo signal from each ultrasonic
beam 40. A transmittet/receiver control unit 14 controls the
transmitter/receiver 12 according to a user’s instruction input
via an operation panel 16.

[0026] The transmitter/receiver 12 outputs plural echo sig-
nals being thus obtained to a tomography image formation
unit 18. The tomography image formation unit 18 forms a
tomography image (B-mode image) of a target bone based on
the plural echo signals. The transmitter/receiver 12 also out-
puts the obtained echo signals to an echo tracking processing
unit 20. The echo tracking processing unit 20 performs echo
tracking processing (i.e., extracting bone surface portions
from the echo signals and perform tracking). For example, a
technique discussed in Japanese Patent Laid-Open Publica-
tion No. 2001-309918 can be used for the echo tracking
processing. The echo tracking processing uses a plurality of
(e.g., three) tracking echo signals. The tracking echo signals
can be selected from echo signals used for tomography image
formation (e.g., 120 echo signals) Alternatively, three echo
signals dedicated to the tracking can be used if available
during interruption of the tomography image formation.

[0027] FIG. 2 illustrates exemplary tracking processing for
obtaining three echo signals from a surface portion of the
bone 52. An echo signal 68, corresponding to each ultrasonic
beam 40 emitted toward the bone 52, has a large value in
amplitude (i.e., an amplitude maximized portion 69) at a
portion corresponding to the bone surface. The echo tracking
processing unit 20 specifies the position of a bone surface
based on the position of the amplitude maximized portion 69
(i.e., acquiring timing of a corresponding waveform).

[0028] Although the exemplary tracking illustrated in FIG.
2 uses three echo signals for echo tracking, any number of
echo signals greater than one can be used for the measure-
ment. In the echo tracking processing, a surface point tracked
for each echo signal, i.e., for each ultrasonic beam 40, is
referred to as a tracking point 42.

[0029] An interpolation line generation unit 22 (illustrated
in FIG. 1) generates an interpolated line connecting these
tracking points 42. Namely, the interpolation line generation
unit 22 generates an interpolated curve connecting plural
tracking points 42 based on the spline interpolation or the
least squares method interpolation. The generated interpo-
lated line (i.e., a curve) represents the shape of a target bone
surface. An interpolated line, which can more accurately rep-
resent the target bone surface shape, can be obtained if the
number of echo signals for the echo tracking processing is
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increased. The generated interpolated line can be temporarily
stored in a memory 24 for use in the calculation of distortion
€.

[0030] A distortion calculation unit 28 calculates distortion
€ of a bone in a state where an external load is applied to the
bone. More specifically, the distortion calculation unit 28
calculates the distortion e based on the interpolated line and
bone shape data input via the operation panel 16 from a user.
The calculation method of the distortion e will be described
later.

[0031] The bone shape data includes bone thickness infor-
mation and sectional shape information of a diagnosis object.
FIG. 3 illustrates an example of screen display for enabling a
user to input bone shape data. A user, who wants to diagnose
the dynamic characteristics of a bone. can input required
data/information including name (i.e., name of measurement
target), identification (i.e., ID of measurement target), thick-
ness of bone (i.e., diagnosis object), and cross-sectional shape
of bone (i.e., diagnosis object), according to the screen dis-
play illustrated in FIG. 3. The input bone shape data can be
temporarily stored in the memory 24 foruse in the calculation
of distortion €.

[0032] The thickness of a bone can be measured before-
hand with an image diagnosing apparatus using an X-ray
(e.g., X-ray tube or CT), or can be calculated based on a
B-mode image obtained by the ultrasound diagnostic appa-
ratus. The cross-sectional shape of a bone is dependent on the
type of the bone and does not reflect individual differences.
For example, the cross-sectional shape of a thighbone is sub-
stantially a circle. The cross-sectional shape of a shinbone is
substantially an equilateral triangle. Accordingly, a user can
select a corresponding bone type (i.e., the shape of the diag-
nosis object) as a cross-sectional shape of the bone. FIG. 4
illustrates another example of the screen display, according to
which a user can select a graphic pattern representing the type
of a bone. In this case, the ultrasound diagnostic apparatus
determines a cross-sectional shape of the bone based on the
selected graphic pattern.

[0033] A display image formation unit 32 forms an image,
as a diagnosis result, to be displayed on a display 34. The
display image formation unit 32 receives a tomography image
from the tomography image formation unit 18, the distortion
€ from the distortion calculation unit 28, and a load value
applied to the bone which can be measured by a load mea-
surement device 36. The display image formation unit 32
forms an image including a graph indicating a relationship
between the distortion € and the applied load. If desirable, the
display image formation unit 32 further combines the
obtained graph image with the B-mode image. Then, the
display image formation unit 32 outputs a resultant image as
a display image to the display 34.

[0034] The distortion € (i.e., index of bone diagnosis) is
described below in more detail. The distortion € is a value
representing expansion/contraction characteristics of a mem-
ber deformed when an external load is applied on this mem-
ber, and can be used as an index evaluating strength. In the
present embodiment, the distortion € represents an expansion/
contraction ratio in the axial direction. For example, as illus-
trated in FIGS. 5A and 5B, a bar 100 having a circular cross
section deforms (deflects) into an arc shape when a load W is
applied on an upper surface 100a of the bar 100. The upper
surface 1004 of the bar 100 contracts and causes a change in
the length from D+a to D. In this case, the distortion € of the
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upper surface 100a of the bar 100 is equal to a ratio of
contraction a to original length D+a, i.e., e=a/(D+a.).

[0035] In general, when a load is applied on an upper sur-
face of a bar member, the upper surface of the bar member
contracts while a lower surface expands. On the other hand,
an intermediate portion of the bar member does not cause any
change in the length. The portion causing no change in the
length is referred to as neutral axis (indicated by 1005 in FIG.
5B). The position of the neutral axis 1005 varies depending on
a cross-sectional shape of the member. If the cross-sectional
shape is a circle, the neutral axis agrees with a line passing the
center of this circle.

[0036] No expansion/contraction of the member is caused
on the neutral axis 1005. The length of the neutral axis 1005
is equal to the length of the upper surface 100a of the bar 100
in a no-load state. Accordingly, the distortion € (e=c/D) can
be obtained based on the length of the neutral axis 1005 and
a length of the upper surface 100a of the bar 100 in a state
where a load is applied to the bar 100. Thus, the present
embodiment calculates the distortion € of a bone in a loaded
state according to this principle.

[0037] An exemplary method for calculating the distortion
€ of a thighbone having a substantially circular cross section
is described below. FIG. 6 illustrates a deformed thighbone in
a state where a load is applied thereoto. The calculation of
distortion € includes transmitting ultrasonic beams on a sut-
face of this bone, calculating the position of each tracking
point on the bone surface based on each obtained echo signal,
and interpolating the positions of the obtained tracking points
to form an interpolated line 52a representing a bone surface
shape (i.e., a bold line in FIG. 6).

[0038] In this example, the length L of the measurement
range of the ultrasound diagnostic apparatus and a deflection
h of the bone are sufficiently short compared to the entire
length of the bone. Accordingly, a deflection shape of the
bone in a measurement range can be presumed as an arc
having a constant radius of curvature.

[0039] If x represents the length of a bone surface in the
measurement range (i.e., the length of interpolated line 52q)
and x+dx represents the length of the bone along the neutral
axis (indicated by an alternate long and short dash line in FIG.
6), the distortion € can be expressed using the following
formula 1.

e=dx/(x+dx) formula 1

[0040] As a deflected bone can be presumed to have an arc
shape, two items dx and x+dx in formula 1 can be converted
into a formula for an arc. Namely, if “r” represents the radius
of an arc representing a bone surface (i.e., interpolated line:
bold line) and “r+dr” represents the radius of an arc repre-
senting a bone neutral axis 526 (i.e., bold alternate long and
short dash line), relationships dx=r-K and x+dx=(r+dr)-K are
obtained with a definition K=27-0/360°. If these relationships
are used to rewrite the formula 1, the following formula 2 can
be obtained.

e=r/(r+dr)

[0041] Furthermore, if the cross-sectional shape of a bone
is substantially a circle, the neutral axis 52& agrees with the
central point of a circle. Accordingly, if ¢ represents an outer
diameter of the bone, the following formula 3 can be
obtained.

formula 2

dr=¢/2

formula 3
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[0042] Furthermore, the following formula 4 can be
derived from a right triangle indicated by a dotted line in FIG.
6 according to the Pythagorean theorem.

rZ:{ (LR2Y+(r=hY B
r=(L2+412)/8h

[0043] Then, the following formula 5 can be obtained from
the above-described formulas 2, 3, and 4.

formula 4

e=rlr+dr formula 5

= 4ho{(L? + 41 +4ho)

[0044] Inthe formula 5, a right side is composed of known
values. Namely, the deflection h and the measurement range
length I can be obtained from the interpolated line. The bone
outer diameter ¢ can be designated beforehand by a user.
Thus, the distortion € can be calculated based on known
values according to the formula 5.

[0045] According to the above-described conventional
technique, an index evaluating the bone dynamic character-
istics is a ratio (h/L) of the deflection h to the measurement
range length L. The ratio b/I. does not include any factor
relating to differences of individual bones, such as thickness
of bone. Therefore, the ratio /L cannot be directly used in the
comparison between a measurement result of a diagnosis
object and the measurement result of another object which
has a different bone thickness. As a result, for example, if the
data of a healthy bone having the same thickness is unavail-
able, the conventional apparatus cannot accurately diagnose
the cured state of a fractured bone or cannot detect bone
diseases (e.g., faulty union or osteomalacia).

[0046] On the other hand, the distortion € obtained by the
present embodiment is a diagnosis index reflecting the bone
thickness, 1.e., outer diameter ¢, as is apparent from the for-
mula 5. Therefore, the distortion € (i.e., measurement result)
of a diagnosis object can be accurately compared with the
measurement result of other object which has a different bone
thickness. As a result, the present embodiment can facilitate
diagnosing the cured state of a fractured bone or bone dis-
eases.

[0047] Although the above embodiment has been described
with reference to a thighbone having a circular cross section,
the present embodiment can be applied to any other bones,
such as a shinbone having a triangular cross section. It is
however desirable to change the value of dr according to a
cross-sectional shape of each bone. For example, ifa bone has
a circular cross section as illustrated in FIG. 7A, the neutral
axis 52b passes the center of the circle. If the cross section of
a bone is substantially a right triangle as illustrated in FIG.
7B, the neutral axis 525 passes a 2/3 point of a perpendicular
extending from a vertex of the triangle to which a load is
applied. If a bone has such a triangular cross-sectional shape,
dr is replaced with 2/3¢ (i.e., dr=2/3¢), and the distortion € is
equal to 16h¢/(3L*+12h*+16h¢). In this manner, reliability of
a calculated distortion value can be improved by adequately
changing the calculation formula of the distortion € according
to a cross-sectional shape of each bone.

[0048] Next, an exemplary diagnosis using the distortion €
1s described below. An exemplary diagnosis using the distor-
tion € is, for example, a diagnosis for detecting the cured state
of a fractured bone. The diagnosis of a fractured bone (in the



US 2009/0043207 A1l

degree of bone union) includes measuring a distortion of a
fractured bone periodically (e.g., once every two weeks), and
comparing the measured distortion with a reference distortion
(e.g., a distortion of a healthy bone having not been frac-
tured). The diagnosis further includes determining that a
diagnosed bone is sufficiently cured if the distortion of the
fractured bone (i.e., diagnosis object) is substantially the
same as the reference distortion. The distortion obtained in
the present embodiment is a value reflecting the thickness of
a bone. Therefore, the present embodiment can perform a
proper diagnosis of a fractured bone even if the fractured bone
(i.e., diagnosis object) has a thickness different from that ofa
healthy bone (serving as a reference distortion). As a result,
the present embodiment does not require many reference
values to be prepared for the comparison with various distor-
tion values of fractured bones which are different in the thick-
ness. Thus, the present embodiment enables a user to easily
diagnose the cured state of a fractured bone.

[0049] Furthermore, the present embodiment enables a
user to check a curing speed of each measurement target
based on temporal changes of distortion in comparison with
the data of another measurement target. The comparison of
curing speeds between plural measurement targets may lead
to early detection of various diseases which may delay the
union of a fractured bone.

[0050] As described above, the present embodiment calcu-
lates the distortion e considering individual differences, such
as differences in thickness, between individual bones. The
distortion € calculated by the present embodiment can be used
to compare two measurement targets which are different in
the thickness of bone. Thus, the present embodiment can
properly evaluate the bone dynamic characteristics. Further-
more, the present embodiment can improve the reliability of
distortion € (i.e., evaluation index) by taking a cross-sectional
shape of the bone into consideration.
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[0051] Although the preferred embodiments of the present
invention have been described using specific terms, such
description is for illustrative purposes only, and it is to be
understood that modifications and variations may be made
without departing from the spirit or scope of the appended
claims.

What is claimed is:

1. An ultrasound diagnostic apparatus capable of transmit-
ting an ultrasonic beam to a bone of a diagnosis object and
diagnosing dynamic characteristics of the bone, comprising:

a position data acquirement unit configured to acquire

position data of a bone surface in a state where an exter-
nal load is applied to the bone, based on an echo signal
obtained from an ultrasonic beam transmitted to the
bone surface of a target body;

a storage unit configured to store bone shape data including

bone thickness information; and

a calculation unit configured to calculate a distortion rep-

resenting a change rate in an axial length of the bone,
based on the position data of the bone surface and the
bone shape data.

2. The ultrasound diagnostic apparatus according to claim
1, wherein the change rate in the axial length of the bone is
equal to a ratio of the radius of an arc representing the bone
surface to the radius of an arc representing a neutral axis ofthe
bone, in the state where the external load is applied to the
bone.

3. The ultrasound diagnostic apparatus according to claim
2, wherein the bone shape data includes sectional shape infor-
mation of the bone, and a method for calculating the arc radius
representing the neutral axis is variable depending on the
sectional shape information of the bone.

4. The ultrasound diagnostic apparatus according to claim
3, wherein a bone type of the diagnosis object is treated as the
sectional shape information of the bone includes.
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