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The present invention relates to an ultrasound imaging system
Q1) Appl. No.: 14/765,356 (100) comprising: an ultrasound probe (10) that comprises a
single element ultrasound transducer (16) for transmitting an
(22) PCT Filed: Jan. 21. 2014 receiving ultrasound signals; a movement sensor (18) for
’ sensing a displacement-over-time signal x(t) of a displace-
(86) PCT No.: PCT/IB2014/058419 ment (x) of the ultrasound probe (10) relative to an examina-
tion object (24) during signal acquisition; an image acquisi-
§ 371 (c)(1), tion hardware (26) that is configured to reconstruct an
(2) Date: Aug. 3, 2015 M-mode ultrasound image from the received ultrasound sig-
nals, said reconstructed M-mode ultrasound image being a
Lo two-dimensional image I(t,y) comprising multiple one-di-
Related U.S. Application Data mensional depth signals of substantially constant depth (y) in
(60) Provisional application No. 61/763,069, filed on Feb. ~ the examination object (24) illustrated over time (t), wherein
11, 2013. the image acquisition hardware (26) is further configured to
map said M-mode ultra-sound image I(t,y) to a two-dimen-
sional second image I(x,y) comprising the depth signals illus-
Publication Classification trated over the displacement (x) by using the displacement-
over-time signal x(t) that is sensed with the movement sensor
(51) Imt.ClL (18); and an image analysis unit (48) that is configured to
A61B 8/08 (2006.01) analyse said second image and to detect at least one tissue
A61B 8/00 (2006.01) layer boundary of the examination object (24) in said second
AG6IB 8/14 (2006.01) image.
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ULTRASOUND IMAGING SYSTEM AND
METHOD

FIELD OF THE INVENTION

[0001] The present invention relates to an ultrasound imag-
ing system. The present invention particularly relates to an
ultrasound imaging system for detecting tissue layer bound-
aries within an examination object. Further, the present inven-
tion relates to a method for detecting at least one tissue layer
boundary of an examination object. Still further, the present
invention relates to a corresponding computer program for
implementing the method.

BACKGROUND OF THE INVENTION

[0002] In the field of performance sports, personal fitness
and health care appliances it is desirable to get insight into a
body’s proportional composition of different tissue types. For
this purpose it is necessary to distinguish several main tissues
from each other. The most important tissues to detect from a
health perspective are: fat mass and fat-free mass, lean body
mass and muscle mass and a further discrimination of subcu-
taneous adipose tissue (SAT) and visceral adipose tissue
(VAT). The composition and size of these tissue types are
good indicators for the physical fitness of a user.

[0003] Low levels of physical activity and bad dietary hab-
its can lead to poor physical fitness and in the long run result
in lifestyle-related diseases such as diabetes, hypertension,
dyslipidemia, polycystic ovary syndrome, reproductive
abnormalities, sexual dysfunction, heart disease and meta-
bolic syndrome. Medical professionals have to increasingly
deal with these diseases. Having a method for quickly and
reliably assessing a patient’s level of physical fitness can help
the professional to assess to what extent the physical fitness
may be impacting the patient’s health. Moreover, medically
prescribed exercise intervention with fitness level and disease
monitoring could be used to improve the patient’s health and
also document the effectiveness of the treatment. The devel-
opment of consumer-related health care appliances that may
be also used in the home environment would improve the
situation, since the patients could then easily examine them-
selves without the additional help of a doctor.

[0004] Many of the commonly used solutions for detecting
tissue layers in body tissues use modalities that are too com-
plex to be used in a home setting. Examples are: MRI scan,
underwater weighting and skinfold measurements that
require proper training to be meaningful. Other state of the art
modalities are too inconsistent to provide meaningful data,
such as e.g. bioelectrical impedance, which is very sensitive
to the varying amount of water in the body. Furthermore,
these techniques are only capable of determining total mass
of the selected tissue and do not provide insight into thick-
nesses of certain tissues.

[0005] Again other techniques involve measurements with
multi-beam or multi-focus ultrasound devices. This however
involves heavy processing and costly hardware, which makes
those kinds of appliances not useful for the home use.
[0006] An ultrasound imaging apparatus for body compo-
sition assessment is, for example, disclosed in U.S. Pat. No.
5,941,825. The method disclosed therein proposes to measure
body fat by transmitting A-mode ultrasound pulses into the
body, measuring at least one reflective distance, selecting the
at least one reflective distance, which has the shortest dis-
tance, to indicate the distance between the inner and outer
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border of subcutaneous fat tissue. Selecting the at least one
reflective distance corrects for an ultrasound transmission
parallax. Tt is asserted that this allows for a convenient mea-
surement of a layer thickness in the examination object. Tis-
suie layer detection using one-dimensional A-line ultrasound
signals has however shown to be relatively imprecise.
A-mode ultrasound signals are very sensitive to data noises
and less reliable and consistent compared to a two-dimen-
sional ultrasound-based detection.

[0007] These problems are according to most prior art
devices overcome by using complex transducer probes that
include a plurality of transducer elements arranged in a trans-
ducer array, which allow to image the inside of the body in a
B-mode ultrasound image. Compared to A-mode ultrasound
imaging techniques as used in U.S. Pat. No. 5,941,825, these
two-dimensional B-mode ultrasound images enable to detect
the tissue layers with an increased precision. On the other
hand, such complex multi-element transducer arrays are very
cost-intensive and therefore do not seem to be meaningful to
be used in a home environment for the private use.

SUMMARY OF THE INVENTION

[0008] It is an object of the present invention to provide a
device for ultrasound imaging that particularly allows a pre-
cise, reliable, fast and cost-effective measurement of tissue
layer boundaries within an examination object. Preferably,
said device shall be configured to be easily and conveniently
operated in a home setting. It is furthermore an object of the
present invention to provide a corresponding method for
detecting at least one tissue layer boundary of an examination
object.

[0009] According to a first aspect of the present invention,
an ultrasound imaging system is presented that comprises:
[0010] anultrasound probe that comprises a single element
ultrasound transducer for transmitting and receiving ultra-
sound signals;

[0011] a movement sensor for sensing a displacement-
over-time signal x(t) of a displacement of the ultrasound
probe relative to an examination object during signal acqui-
sition;

[0012] an image acquisition hardware that is configured to
reconstruct an M-mode ultrasound image from the received
ultrasound signals, said reconstructed M-mode ultrasound
image being a two-dimensional image I(t,y) comprising mul-
tiple one-dimensional depth signals of substantially constant
depth in the examination object illustrated over time, wherein
the image acquisition hardware is further configured to map
said M-mode ultrasound image I(t,y) to a two-dimensional
second image I(x,y) comprising the depth signals illustrated
over the displacement by using the displacement-over-time
signal x(t) that is sensed with the movement sensor; and
[0013] an image analysis unit that is configured to analyse
said second image I(x,y) and to detect at least one tissue layer
boundary of the examination object in said second image
1(x.y).

[0014] According to a second aspect of the present inven-
tion, a method for detecting at least one tissue layer boundary
of an examination object is presented, wherein said method
comprises the steps of:

[0015] receiving ultrasound signals of a single element
ultrasound transducer;

[0016] sensing a displacement-over-time signal x(t) of a
displacement of the ultrasound transducer relative to the
examination object;
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[0017] reconstructing an M-mode ultrasound image from
the received ultrasound signals, said reconstructed M-mode
ultrasound image being a two-dimensional image I(t,y) com-
prising multiple one-dimensional depth signals of substan-
tially constant depth in the examination object illustrated over
time,

[0018] mapping said M-mode ultrasound image 1(t,y) to a
two-dimensional second image 1(x,y) comprising the depth
signals illustrated over the displacement by using the sensed
displacement-over-time signal x(t); and

[0019] analysing said second image and detecting at least
one tissue layer boundary of the examination object in said
second image.

[0020] The present invention is based on the idea to provide
an ultrasound imaging device that is as cost-effective and as
fast as e.g. the skinfold method, but is also highly reliable and
consistent in its measurements. This is achieved by using a
single element ultrasound transducer that may be integrated
in a hand-held device, so that the ultrasound probe may be
mechanically (e.g. by hand) moved over a top surface of the
examination object. During this movement the included
movement sensor senses the displacement of the ultrasound
probe relative to the examination object over time. Even
though only a single element ultrasound transducer is pro-
vided, the presented ultrasound imaging system still allows to
reconstruct a two-dimensional image. The presented ultra-
sound imaging system therefore enables to image a two-
dimensional area of the body, so that compared to an on-the-
spot measurement, the properties and the thickness of a tissue
layer may not only be examined at a distinctive location, but
over a whole two-dimensional area of the body. This enables
to also examine the spatial development of different tissue
layers within the body.

[0021] The presented ultrasound imaging system thereto
applies an M-mode ultrasound imaging technique, wherein
ultrasound pulses are emitted in quick succession over time.
During the movement of the ultrasound probe the M-mode
image is generated as a composite image of different A-line
signals recorded at multiple scan lines with a temporal sam-
pling rate 1/T. This results in a two-dimensional image I(t,y),
wherein each of the multiple one-dimensional depth image
signal are plotted on the y-axis over the time t on the horizon-
tal axis.

[0022] Incontrastto “regular” M-mode ultrasound imaging
devices, which reconstruct atwo-dimensional image showing
the depth signal at a distinctive, still-standing point of the
body over time, a two-dimensional area scan is reconstructed.
This is done as follows: The received two-dimensional depth-
over-time M-mode image I(t,y) is mapped to a second depth-
over-displacement image I(x,y). This mapping from a two-
dimensional I(ty) image to a two-dimensional I(x,y) image
(herein denoted as second image) may be accomplished by
taking the displacement-over-time information x(t) into
account that is sensed with the integrated movement sensor.
In this way the resulting second image shows an image of a
two-dimensional area of the examination object similar as in
a B-mode image.

[0023] In contrast to a B-mode ultrasound image, which is
usually generated with a plurality of transducer elements
arranged in a transducer array, the presented imaging system
allows to produce a comparable two-dimensional image with
only oneultrasound transducer element. Using only oneultra-
sound transducer element of course enables to realize a com-
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paratively cost-efficient overall device. The presented ultra-
sound imaging system is therefore also suitable for a home
setting.

[0024] Compared to a very simple A-mode ultrasound
imaging device as exemplarily disclosed in U.S. Pat. No.
5,941,825, the presented ultrasound imaging system allows to
image the tissue layers and their boundaries over a two-
dimensional area instead of only performing an on-the-spot
measurement. This significantly increases the reliability of
the system and allows to perform very detailed measurements
even though only a single element ultrasound transducer is
used. Compared to on-the-spot measurements, scanning with
the presented ultrasound imaging system allows to measure a
volume of body tissue (e.g. fat) under the skin and also
enables to e.g. calculate the percentage of fat compared to
fat-free tissue.

[0025] The atleast one tissue layer boundary of the exami-
nation object is according to the present invention detected in
said second image by applying image analysis techniques, as
will be explained further below. This is usually done within
the integrated image analysis unit. The image analysis unit
may either be hardware or software implemented. By analyz-
ing the second image, the image analysis unit allows to detect
at least one tissue layer boundary, preferably a plurality of
tissue layer boundaries, so that the thickness of each different
tissue layer may be determined by determining the distances
between each of the plurality of detected tissue layer bound-
aries.

[0026] Since the presented ultrasound imaging system is
used in the M-mode and maps this M-mode ultrasound image
to a two-dimensional depth-over-displacement image, sev-
eral images may be taken at the same displacement position x.
M-mode ultrasound images are usually ultrasound videos
(frames illustrated over time). If the ultrasound probe is not
moved, the produced M-mode image will therefore show a
sequence of several depth imaging signals over time which
are recorded at one and the same position of the body. Since
the presented ultrasound imaging system preferably applies a
one-to-one (bijective) mapping, wherein a single depth signal
is mapped to a single displacement position, this issue should
be overcome.

[0027] According to an embodiment of the present inven-
tion, the image acquisition hardwate is configured to select a
processed depth signal for a given displacement position if a
plurality of depth signals are received at said displacement
position, by averaging said plurality of depth signals or select-
ing one of the plurality of depth signals that has a highest
signal-to-noise ratio, in order to use the selected processed
depth signal for mapping said M-mode ultrasound image
1(t,y) to the two-dimensional second image I(x,y).

[0028] Accordingly, if several depth signals are received on
one and the same location of the body, these depth signals are
preferably averaged or summed during the mapping. Alter-
natively, the depth signal with the highest signal-to-noise
ratio 1s selected for the above-described mapping.

[0029] According to an embodiment, the ultrasound imag-
ing system further comprises at least one pressure sensor for
sensing a pressure with which the ultrasound probe is pressed
against a surface of the examination object.

[0030] Such apressure sensor especially has the advantage
that differences in the ultrasound image resulting from dif-
ferent applied pressures may be accounted for. The pressure
sensor may also be coupled with a visual, audible and/or
tactile feedback unit for providing a feedback to the user
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about the pressure measured with the at least one pressure
sensor. In this case, the user may receive an indication if the
applied pressure is too high or too low. An audible warning
signal may, for example, be generated if the user presses the
ultrasound probe against the examination object with a too
high pressure that could negatively interfere the measure-
ments. Alternatively, a green light may be provided on the
ultrasound probe that turns into a red light if the applied
pressure is too high. Such anembodiment is especially advan-
tageous to assist inexperienced users.

[0031] In a further preferred embodiment, the ultrasound
probe of the ultrasound imaging system comprises a plurality
of pressure sensors. This allows to also sense an orientation of
the ultrasound probe relative to the examination object. Since
the ultrasound imaging system acquires M-mode ultrasound
imaging signals and transfers these signals to the above-
mentioned second I(x,y) image, it is of utmost importance
that the ultrasound probe is arranged substantially perpen-
dicular with respect to the top surface of the examination
object. Several pressure sensors that may be spatially distrib-
uted over the head of the ultrasound probe may account for
this. The pressure sensors may, for example, be arranged at
distinctive points of the ultrasound probe which together form
an imaginary triangle. If all pressures that are sensed with
each of the pressure sensors equal each other, this is an indi-
cator that the ultrasound probe is arranged substantially or
exactly perpendicular to the examination object. Through the
above-mentioned feedback unit a feedback may also be pro-
vided to the user if this is not the case. The user may then
correct the orientation of the ultrasound probe relative to the
examination object.

[0032] Forthe above-mentioned image mapping it is also of
importance that the user preferably moves the transducer
probe along a substantially straight line. This may be detected
by the above-mentioned movement sensor. According to an
embodiment, a plurality of movement sensors, e.g. three
movement sensors, may be provided to increase the accuracy
of this measurement. This would also allow to sense the
displacement of the ultrasound probe in all three spatial
dimensions. The above-mentioned feedback unit could also
provide a feedback to the user if the ultrasound probe is not
correctly moved, i.e. not along a substantially straight line.
[0033] In order to detect the tissue layer boundaries within
the examination object, the ultrasound imaging system
according to the present invention, i.e. the image analysis
unit, applies several image analysis and image enhancement
techniques. A tissue layer boundary is therein modelled as a
connective and/or continuous edge within the ultrasound
image.

[0034] According to a preferred embodiment, the image
analysis unit comprises an edge detector that is configured to
detect a plurality of edge points which belong to the at least
one tissue layer boundary of the examination object by ana-
lyzing a derivative of the depth signal in depth direction in
said second image.

[0035] This edge detector may be software-implemented.
A canny edge detector may e.g. be applied to detect a set of
edge points within the second I(x,y) image. Since tissue
boundaries usually space horizontally across the ultrasound
image, only the derivative in depth-direction (y) is considered
in the edge detector. The loose set of edge points obtained
using this edge detection may then be merged into groups.
[0036] According to an embodiment, the image analysis
unit may be configured to compare a length of a detected edge
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comprising a plurality of detected edge points with a mini-
mum threshold length value. This comparison allows to dis-
card edge points that do most probably not belong to a tissue
layer boundary but to other artefacts within the I(x,y) image
that are detected by the edge detector. The image analysis unit
may be configured to only further process detected edges if
their length is above said minimum threshold length value.
All others will not be processed further.

[0037] Inorder to avoid false detections due to noises in the
raw image data, some image enhancement techniques may be
applied.

[0038] According to an embodiment of the present inven-
tion, the image analysis unit may comprise a filter for filtering
said second image using a Gaussian filter. This may smooth
the received ultrasound image. The Gaussian smoothing
applied in the raw image data could, however, cause the
detected edges to shift away from the true tissue layer bound-
aries. To address this, the accuracy of the edges may be
increased by lowering the value of the variance of the Gaus-
sian filter step by step.

[0039] According to a preferred embodiment of the present
invention, the filter is configured to vary the variance of the
Gaussian filter while the edge detector detects the plurality of
edge points. This means that at each step of lowering the
variance, edge detection is performed by the edge detector
and thereby a new set of edge points is produced at a lower
variance. The neighborhood of each edge point among the old
edge point candidates is now searched whether a neighboring
edge point is found that could belong to the same tissue layer
boundary. If this is the case, then the old edge point is replaced
by the new edge point at the lower variance. In the next step,
the image analysis unit may be configured to further decrease
the variance of the Gaussian filter and for each detected edge
point it is investigated again if there is an adjacent edge point
that could belong to the same tissue layer boundary. In this
way, the edge points detected by the edge detector are merged
together step by step to a continuous edge that indicates the at
least one tissue layer boundary within said second I(x,y)
image.

[0040] According to an embodiment of the present inven-
tion, the image analysis unit is configured to merge a number
of the detected plurality of edge points, which satisfy a con-
tinuity criterion, to at least one continuous edge that at least
partly represents the at least one tissue layer boundary. Said
continuity criterion may include a length, a depth and a gra-
dient of the at least one continuous edge. This continuity
criterion may be modelled as a cost function, based on which
a global minimization can be performed to derive the at least
one tissue layer boundary based on the detected edge points.
[0041] According to an embodiment of the present inven-
tion, a kth of the at least one continuous edge C(k) is defined
as a set of K, ™ edge points (x,%, y,%’) which are continuous
with respect to a displacement axis (x) in the second image,
wherein a length C;(k) of the at least one continuous edge
C(k) is defined as C, (k)=K,“, a depth C,(k) of the at least
one continuous edge C(k) is defined as

P
1S,
Coty = —5 > A",
Ki

and a gradient C (k) of the at least one continuous edge (k) is
defined as
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and wherein the continuity criterionis defined as: C(k)=w,C,
®)+wCpk)+w;Cs(k), with w;, w,, and w; being weight-
ing factors.

[0042] The above-mentioned global minimization allows
to model the tissue layer boundaries based on the plurality of
edge points that have been detected with the edge detector.
The resulting continuous edges that are processed by means
of the image analysis unit may sometimes be a segment of the
true tissue boundary. Gaps may thus occur between the dif-
ferent detected continuous edges. If no edge points are
detected by the edge detector in these gaps, the image analysis
unit may be configured to apply an interpolation in order to
model the tissue layer boundary in these empty gaps.

[0043] According to an embodiment, the image analysis
unit is configured to interpolate connection points between
different continuous edges if it is detected that said different
continuous edges belong to the at least one tissue layer bound-
ary. This interpolation may either be a linear or quadratic
interpolation or an interpolation of higher order.

[0044] In order to improve the detection of the tissue layer
boundaries, the image analysis unit is according to an
embodiment of the present invention configured to take body
site characteristics into account for improving the detection
of the at least one tissue layer boundary.

[0045] If the at least one tissue layer boundary is finally
detected within the I(x,y) image, the image analysis unit may
be configured to calculate a thickness of the at least one tissue
layer based on the at least one detected tissue layer boundary.
[0046] As already mentioned before, the presented ultra-
sound imaging system enables to receive a two-dimensional
area scan of the examination object. It is thus possible to
calculate the thickness of the at least one tissue layer not only
at one distinctive spot of the body, but also to calculate the
variations of the thickness of the at least one tissue layer
throughout the scanned area.

[0047] It shall be pointed out again that the present inven-
tion does not only relate to the ultrasound imaging system but
also to the above-mentioned method for detecting at least one
tissue layer boundary of an examination object. It shall be
understood that the claimed method has similar and/or iden-
tical preferred embodiments as the claimed ultrasound imag-
ing system and as defined in the dependent claims.

[0048] According to an embodiment, the claimed method
comprises the step of selecting a processed depth signal for a
given displacement position if a plurality of depth signals are
received at said given displacement position, by averaging
said plurality of depth signals or selecting one of the plurality
of depth signals that has a highest signal-to-noise ratio, in
order to use the selected processed depth signal for mapping
said M-mode ultrasound image to the two-dimensional sec-
ond image.

[0049] According to a further embodiment, the claimed
method comprises the step of sensing a pressure with which
the ultrasound probe is pressed against the surface of the
examination object.

[0050] According to a further embodiment, the claimed
method comprises the step of sensing an orientation of the
ultrasound probe relative to a surface of the examination
object.
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[0051] According to a further embodiment, the claimed
method comprises the step of detecting a plurality of edge
points belonging to the at least one tissue layer boundary of
the examination object by analyzing a derivative of the depth
signals in depth direction in said image.

[0052] According to a further embodiment, the claimed
method comprises the step of filtering said second image
using a Gaussian filter.

[0053] According to a further embodiment, said claimed
method comprises the step of varying a variance of the Gaus-
sian filter while the edge detector detects the plurality of edge
points.

[0054] According to a further embodiment, the claimed
method comprises the step of merging a number of the
detected plurality of edge points, which satisfy a continuity
criterion, to at least one continuous edge that at least partly
represents the at least one tissue layer boundary.

[0055] According to a further embodiment of the claimed
method, said continuity criterion includes a length, a depth
and a gradient of the at least one continuous edge. The con-
tinuity criterion may be the same as referred to above with
respect to the claimed ultrasound imaging system.

[0056] According to a further embodiment, the claimed
method may comprise the step of interpolating connection
points between different continuous edges ifitis detected that
said different continuous edges belong to the at least one
tissue layer boundary.

[0057] According to further embodiment, the claimed
method comprises the step of calculating a thickness of the at
least one tissue layer based on the at least one detected tissue
layer boundary.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ment(s) described hereinafter. In the following drawings
[0059] FIG. 1 illustrates different views of an ultrasound
probe of an ultrasound imaging system according to an
embodiment of the present invention;

[0060] FIG. 2 schematically illustrates an application of the
ultrasound imaging system according to an embodiment of
the present invention;

[0061] FIG. 3 schematically illustrates a cross section of a
human arm;
[0062] FIG. 4 shows a schematic block diagram of the

ultrasound imaging system according to an embodiment of
the present invention;

[0063] FIG. 5 shows several ultrasound images received
with the ultrasound imaging system in order to illustrate
consecutive steps of a tissue layer segmentation performed
with the ultrasound imaging system; and

[0064] FIG. 6 illustrates an example of a finally processed
ultrasound image, in which tissue boundary layers have been
detected.

[0065] FIG. 7 illustrates a block diagram summarizing the
presented method for detecting at least one tissue layer
boundary.

DETAILED DESCRIPTION OF THE INVENTION

[0066] FIG. 1shows anembodiment of an ultrasound probe
10 of the ultrasound imaging system 100 in two different
perspectives. The ultrasound probe 10 is in FIG. 1A shown in
its entirety. F1G. 1B shows the head of the ultrasound probe 10
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from below. The ultrasound probe 10 comprises a handle 12
and a probe head 14. The probe head 14 in this case has a
substantially circular shape. The shape of the probe head 14
may, however, deviate from the illustrated shape without
leaving the scope of the invention.

[0067] The probe head 14 comprises an ultrasound trans-
ducer element 16, a movement sensor 18 and a pressure
sensor 20. The ultrasound transducer element 16 is according
to the present invention preferably realized as a single ele-
ment ultrasound transducer 16. This single element ultra-
sound transducer 16 transmits and receives ultrasound sig-
nals. An actuation button 22 may be integrated in the handle
12. This actuation button 22 enables to start and stop the
signal acquisition.

[0068] The movement sensor 18 is used to detect a dis-
placement of the ultrasound probe 10 relative to an examina-
tion object 24 during signal acquisition. This movement sen-
sor 18 is preferably realized as an optical sensor. The optical
sensor may, for example, be a similar sensor as the displace-
ment sensors that are used in computer mice. According to an
embodiment, the ultrasound probe 10 may feature a plurality
of such movement sensors 18. This allows to even more
accurately detect the displacement of the ultrasound probe 10
relative to the examination object 24. The movement sensor
18 is preferably configured to detect a displacement of the
ultrasound probe 10 relative to the examination object 24 in
all three spatial dimensions.

[0069] The integrated pressure sensor 20 is configured to
sense a pressure with which the ultrasound probe 10 is
pressed against the examination object 24. This facilitates to
standardize the pressure that is applied between the ultra-
sound probe 10 and the examination object 24. According to
an embodiment, the ultrasound probe 10 comprises a plurality
of pressure sensors 20. In case of a provision of at least two
pressure sensors 20 this also enables to detect whether the
ultrasound probe 10 is arranged correctly (e.g. perpendicu-
larly) relative to the examination object 24.

[0070] FIG. 2 shows a schematic illustration of the whole
ultrasound imaging system 100 according to an embodiment
of the present invention. The ultrasound imaging system 100
is applied to inspect a volume of an anatomical site, in par-
ticular an anatomical site of an examination object 24 (e.g. a
patient 24). The ultrasound imaging system 100 comprises
the ultrasound probe 10 that may be hand-held by the user of
the system, for example medical staff or a doctor. The pre-
sented ultrasound imaging system 100 is designed to be easy
in use, such that also private persons may apply the system
100.

[0071] The ultrasound imaging system 100 further com-
prises a controlling unit 26 that controls the provision of an
ultrasound image via the ultrasound imaging system 100. As
will be explained below in further detail, the controlling unit
26 controls not only the acquisition of data via the ultrasound
transducer element 16 of the ultrasound probe 10, but also
signal and image processing that form the resulting ultra-
sound images out of the echoes of the ultrasound beams
received by the ultrasound transducer 16.

[0072] The ultrasound imaging system 100 further com-
prises a display 28 for displaying the received ultrasound
images to the user. Still further, an input device 30 may be
provided that, for example, comprises keys or a keyboard 32
and further inputting devices, for example a trackball 34. The
input device 30 may either be connected to the display 28 or
directly to the controlling unit 26.
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[0073] Tt shall be noted that FIG. 2 is only a schematic
illustration. Appliances in practice may deviate from the con-
crete design shown in FIG. 2 without leaving the scope of the
invention. The ultrasound probe 10 and the controlling unit 26
could also be configured as one piece, with our without a
display/screen 28, using either a wireless or USB connection
to transfer data to a computer for post-processing and calcu-
lation purposes. The controlling unit 26 may also be realized
as a hand-held device.

[0074] The presented ultrasound imaging system is prefer-
ably applied for the detection of tissue layers within the
examination object 24 by means of ultrasound. As illustrated
in FIG. 2, the ultrasound imaging system 100 may, for
example, be applied for detecting the different tissue layers
within an arm of the patient. FIG. 3 schematically illustrates
a cross section through a human arm. The presented ultra-
sound imaging system 100 may exemplarily be used to image
and distinguish between the different tissue layers in the arm,
e.g. the skin layer 35, the subcutaneous fat layer 36, the
muscle layer 37 and the bone 38.

[0075] In order to image and detect the above-mentioned
tissue layers, an ultrasound scan is according to the present
invention preferably performed by moving the ultrasound
probe 10 over a top surface of the examination object 24.
During this movement the ultrasound transducer 16 transmits
and receives ultrasound signals. As it will be explained further
below in detail, an M-mode (motion mode) ultrasound image
is thereby generated that is mapped into a two-dimensional
area scan image using the displacement information gained
with the at least one movement sensor 18. Image analysis and
enhancement techniques are then applied in order to detect
the different tissue layer boundaries within the processed
image. Compared to on-the-spot measurements, this scan-
ning procedure allows to measure the overall volume of body
tissue (e.g. fat) under the skin and not only the thickness of
said tissue at only one distinctive point.

[0076] FIG. 4 shows a schematic block diagram of'an ultra-
sound imaging system 100 according to an embodiment of
the present invention. It shall be noted that this block diagram
is used to illustrate the general concept and design of such an
ultrasound system. In practice, the ultrasound imaging sys-
tem 100 according to the present invention may slightly devi-
ate from the design of this block diagram.

[0077] As already laid out above, the ultrasound imaging
system 100 comprises the ultrasound probe (PR) 10, the
controlling unit (CU) 26, the display (DI) 28 and the input
device (ID) 30. The ultrasound probe 10 further comprises the
single element ultrasound transducer (TR) 16 for transmitting
and receiving ultrasound signals. It further comprises the
movement sensor (MO) 18 for sensing the displacement of
the ultrasound probe 10 relative to the examination object 24
during signal acquisition. The movement sensor 18 produces
a displacement-over-time signal x(t).

[0078] In general, the controlling unit 26 may comprise a
central processing unit that may include analog and/or digital
electronic circuits, a processor, microprocessor or the like to
coordinate the whole image acquisition and provision. Fur-
ther, the controlling unit 26 comprises a herein called image
acquisition controller (CON) 40. However, it has to be under-
stood that the image acquisition controller 40 does not need to
be a separate entity or unit within the ultrasound imaging
system 100. It can be a part of the controlling unit 26 and
generally be hardware or software implemented. The current
distinction is made for illustrative purposes only. Further, it
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shall be noted that the controlling unit 26 is herein also
referred to as image acquisition hardware 26.

[0079] The image acquisition controller 40 as a part of the
controlling unit/image acquisition hardware 26 controls a
beam former (BF) 42 and by this, what images of the exami-
nation object 24 are taken and how these images are taken.
The beam former 42 generates voltages that drive the single
element ultrasound transducer 16. It may further amplify,
filter and digitize the echo voltage stream returned by the
transducer element 16.

[0080] Further, the image acquisition controller 40 may
determine general scanning strategies. Such general strate-
gies may include a desired acquisition rate, lateral extent of
the volume, an elevation extent of the volume, maximum and
minimum line densities, scanning line times and line density
itself. The beam former 42 further receives the ultrasound
signals from the transducer element 16 and forwards them as
image signals.

[0081] Further, the ultrasound imaging system 100 com-
prises a signal processor (SP) 44 that receives said image
signals. The signal processor 44 is generally provided for
analog-to-digital converting, digital filtering, for example,
bandpass filtering, as well as the detection and compression,
for example a dynamic range reduction, of the received ultra-
sound echoes or image signals. The signal processor 44 for-
wards image data.

[0082] Further, the ultrasound imaging system 100 com-
prises an image processor (IP) 46 that converts image data
received from the signal processor 44 into display data finally
shown in the display 28. In particular, the image processor 46
receives the image data, pre-processes the image data and
may store it in an image memory (not explicitly shown).
These image data are then further post-processed to provide
images most convenient to the user via the display 28.
[0083] Further, the ultrasound imaging system 100 com-
prises an image analysis unit (IA) 48 for analzying the recon-
structed ultrasound images. Said image analysis unit 48 is
either software or hardware implemented and may also be
integrated in one of the other components of the controlling
unit/image acquisition hardware 26.

[0084] Inthecurrentcase e.g. the image processor 46 forms
a M-mode image and transfers this M-mode image into a
two-dimensional area scan image I(x,y), which illustrates the
depth image signals illustrated over the displacement x of the
transducer probe 10. The latter mentioned I(x,y) image is
herein also denoted as second image. This transformation
shall be shortly explained in the following:

[0085] Thesingle element ultrasound transducer 16 is oper-
ated in an M-mode. The raw M-mode image that is recon-
structed in the image processor 46 of the image acquisition
hardware 26 is a composite image of A-line signals that are
recorded at multiple scan lines with a temporal sampling rate
of 1/T. The M-mode image is a two-dimensional image I(t,y)
that comprises multiple one-dimensional depth signals of
substantially constant depth y (on the vertical axis) over time
t on the horizontal axis. These M-mode ultrasound images
may be also referred to as an ultrasound video. In the image
processor 46 these M-mode ultrasound images I(t,y) are
mapped to a two-dimensional second image I(x,y) that com-
prises the depth signals y illustrated over the displacement x.
With the displacement sensing x(t) from the movement sen-
sor, the time t can be mapped to the displacement x. Incase the
image processor 46 receives multiple A-line signals at the
same displacement position X, the image processor 46 is
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configured to either average or sum said plurality of A-line
signals or to select one of said plurality of A-line signals that
has a highest signal to noise ratio. This guarantees a distinct
one-to-one mapping. The resulting second image looks simi-
lar as a B-mode image that has been taken with a multiple
element transducer array, even though according to the
present invention only a single transducer element 16 is used.
In contrast to a B-mode image the resulting second image
does not have the typical cone shape, but a rectangular shape
(displacement on the horizontal axis and depth on the vertical
axis). This also facilitates the following measurements for
detecting the thickness of a tissue layer.

[0086] Compared to B-mode images, M-mode images
show structures with less detail and have a lower signal-to-
noise ratio making the interpretation of these images more
difficult. To increase the contrast, the image processor 46 may
be configured to apply image enhancement techniques. The
image processor 46 may, for example, be configured to map
the pixel intensities to new values such that e.g. only 1% of
data is saturated at low and high intensities.

[0087] The resulting so-called second I(x,y) images may
then be further processed within the image analysis unit 48.
This image analysis unit 48 is configured to detect a set of
edge points in the ultrasound image (see FIG. 5A). The plu-
rality of edge points may be detected by using an edge detec-
tor, such as e.g. a canny edge detector. This edge detector may
be configured to analyze a derivative of the depth signal in the
depth direction y in said second image I(x,y). To avoid false
detections due to noises in the image, the image analysis umt
48 may be configured to smooth the image with a Gaussian
filter.

[0088] The image analysis unit 48 may be furthermore
configured to merge a number of the detected plurality of
edge points into groups (see FIG. 5B). Short edges 50 which
are below a minimum threshold length may be discarded by
the image analysis unit 48 (compare FIGS. 5A and 5B).

[0089] In order to model a continuous edge that represents
the at least one tissue boundary layer 52, the image analysis
unit 48 may be configured to apply a global minimization
based on cost function values. This cost function may be
herein also denoted as continuity criterion that includes a
length, a depth and a gradient of the at least one continuous
edge.

[0090] Consider a set of K edges. Fach edge is a group of
merged edge points that have been found by the edge detector
(canny edge detection). A kth of the at least one continuous
edge C(k) is defined as a set of K ,® edge points (x, %, y,*©)
which are continuous with respect to a displacement axis (x)
in the second image, wherein a length C, (k) of the at least one
continuous edge C(k) is defined as C, (k)=K,, a depth C,(k)
of the at least one continuous edge C(k) is defined as
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and a gradient C (k) of the at least one continuous edge (k) is
defined as
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and wherein the continuity criterionis defined as: C(k)=w,C,
®)+w,C )+wC4k), with w,, w,, and w; being weight-
ing factors.

[0091] The edge chosen by the global minimization is
sometimes a segment of the true tissue boundary (see FIG.
5C). The image analysis unit 48 then searches to find other
edges satisfying the continuity criterion. If such an edge is
found that does not overlap with the chosen edge, the con-
nection of these two edges is merged. The image analysis unit
48 thereto interpolates connection points between the differ-
ent continuous edges by either a linear or a quadratic inter-
polation or an interpolation of higher order. This search and
interpolation is continued until no more adjacent edges are
found that can be connected to the chosen edge. Gaps at both
ends of the resulting edge are then continued by keeping
respectively the first or the last depth value (see FIG. 5D).
Applying the above-mentioned Gaussian filter to the image
can cause the detected edges to shift away from the true tissue
layer boundary 52. To address this, the image analysis unit 48
may be configured to increase the accuracy of the edges by
lowering the value of the variance of the Gaussian filter step
by step. At each step edge detection is performed, producing
a new set of edge points at a lower variance. The neighbor-
hood of each point among the old edge point candidates is
now searched whether an edge point is available. If this is the
case, then this point is replaced with the new edge point at the
lower variance. In the next step, the variance is further
decreased and for each edge point it is again investigated if
there is an adjacent edge point in the new set (see FIG. 5E).
Finally, an Active Contour Model may be adopted to refine
the boundary of the tissue layer (see FIG. 5F). Tissue bound-
aries can furthermore be enhanced by taking into account the
spectrum properties.

[0092] The thickness and density of the tissue layers vary
between different body sites (and different people). This is
due to the fact that tissue matter has varying reflection coef-
ficients, which is caused by factors such as different align-
ment angles of muscle fiber or tissue depth, resulting in vary-
ing visibility of each layers for different body sites. For
example, a biceps trajectory is usually characterized by a
weak fascia but strong bone boundary, whereas for the calf
trajectory a strong inter-muscle boundary can be seen under-
neath the fascia due to the human anatomy of two layers of
calf muscles stacked on top of each other. The above-men-
tioned tissue layer detection may thus be modified by taking
into account the body site characteristics for improved accu-
racy. The body site information can either be manually
selected by the user or automatically detected in the image
analysis unit 48.

[0093] An example of a finally reconstructed ultrasound
image with the detected modeled tissue layer boundaries 52 is
illustrated in FIG. 6. The upper image illustrated in FIG. 6
shows the I(x,y) image that is herein denoted as second
image. The detected layer boundaries therein are the lower
boundary 52' of the muscle layer, the boundary 52" between
the muscle layer and the subcutaneous adipose tissue layer
and the boundary 52" between the subcutaneous adipose
tissue layer and the skin. The illustrated image shows again
that it is possible to image the different thicknesses of the
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tissue layers over the whole scanning region. This is, com-
pared to an on-the-spot measurement in which the thickness
of the layers may be only measured on one spot, a significant
advantage. Bearing in mind that this image is generated with
only a single element ultrasound transducer 16, the present
invention enables to accurately determine the thickness layers
with a comparatively simple and cheap ultrasound imaging
device.

[0094] The lower image in FIG. 6 illustrates the pressure
that is measured with the above-mentioned pressure sensor
20. In this case three pressure sensors 20 are arranged on
different points of the transducer probe head 14. As it can be
seen, the pressures measured with these three pressure sen-
sors are, especially in the first part of the image, fairly con-
stant. This is an indicator that the ultrasound probe 10 was
arranged almost perpendicular to the top surface of the exami-
nation object 24.

[0095] FIG. 7 shows a block diagram summarizing the
presented method for detecting at least one tissue layer
boundary 52. In a first step 101, ultrasound signals of a single
element transducer are received. These ultrasound signals
may be either measured in real time or taken from a memory
and processed on an external device. In the next step 102, a
displacement-over-time signal x(t) of a displacement x of the
ultrasound transducer 10 relative to the examination object 24
is sensed. These displacement signals are preferably sensed
concurrently with the ultrasound acquisition. Both steps 101,
102 are preferably performed automatically, e.g. by a com-
puter supported ultrasound imaging system. In the third step
103, an M-mode ultrasound image is reconstructed from the
received ultrasound signals. Said reconstructed M-mode
ultrasound image 1s a two-dimensional image I(t,y) compris-
ing multiple depth signals of substantially constant depths y
in the examination object 24 illustrated over time t. In the
following step 104, said M-mode ultrasound image I(t,y) is
mapped to a two-dimensional second image I(x,y) compris-
ing the depth signals illustrated over the displacement x by
using the sensed displacement over time signal x(t). Finally,
said second image I(x,y) is analyzed and at least one tissue
layer boundary 52 of the examination object 24 is detected
and identified in said second image (step 105).

[0096] While the invention has been illustrated and
described in detail in the drawings and foregoing description,
such illustration and description are to be considered illustra-
tive or exemplary and not restrictive; the invention is not
limited to the disclosed embodiments. Other variations to the
disclosed embodiments can be understood and effected by
those skilled in the art in practicing the claimed invention,
from a study of the drawings, the disclosure, and the
appended claims.

[0097] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality. A single element or other
unit may fulfill the functions of several items recited in the
claims. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

[0098] A computer program may be stored/distributed ona
suitable medium, such as an optical storage medium or a
solid-state medium supplied together with or as part of other
hardware, but may also be distributed in other forms, such as
via the Internet or other wired or wireless telecommunication
systems.
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[0099] Any reference signs in the claims should not be
construed as limiting the scope.

1. An ultrasound imaging system comprising:

an ultrasound probe that comprises a single element ultra-
sound transducer for transmitting and receiving ultra-
sound signals;

a movement sensor for sensing a displacement-over-time
signal x(t) of a displacement (x) of the ultrasound probe
relative to an examination object during signal acquisi-
tion;

an image acquisition hardware that is configured to recon-
struct an M-mode ultrasound image from the received
ultrasound signals, said reconstructed M-mode ultra-
sound image being a two-dimensional image I(t,y) com-
prising multiple one-dimensional depth signals of sub-
stantially constant depth (y) in the examination object
illustrated over time (t), wherein the image acquisition
hardware is further configured to map said M-mode
ultrasound image 1(t,y) to a two-dimensional second
image I(x,y) comprising the depth signals illustrated
over the displacement (x) by using the displacement-
over-time signal x(t) that is sensed with the movement
sensor, wherein if a plurality of depth signals are
received at a given displacement position (x), the image
acquisition hardware is configured to select a processed
depth signal for said given displacement position (x) by
averaging said plurality of depth signals or selecting one
of the plurality of depth signals that has a highest signal-
to-noise ratio, and to use the selected processed depth
signal for mapping said M-mode ultrasound image I(t,y)
to the two-dimensional second image I(x,y); and

an image analysis unit that is configured to analyse said
second image and to detect at least one tissue layer
boundary of the examination object in said second
image.

2. (canceled)

3. An ultrasound imaging system according to claim 1,
further comprising at least one pressure sensor for sensing a
pressure with which the ultrasound probe is pressed against a
surface of the examination object.

4. An ultrasound imaging system according to claim 1,
further comprising multiple pressure sensors for sensing an
orientation of the ultrasound probe relative to a surface of the
examination object.

5. An ultrasound imaging system according to claim 1,
wherein the image analysis unit comprises an edge detector
that is configured to detect a plurality of edge points belong-
ing to the at least one tissue layer boundary of the examination
object by analysing a derivative of the depth signals in depth
direction () in said second image.

6. An ultrasound imaging system according to claim 1,
wherein the image analysis unit comprises a filter for filtering
said second image using a Gaussian filter.

7. An ultrasound imaging system according to claim 6,
wherein the filter is configured to vary a variance of the
Gaussian filter while the edge detector detects the plurality of
edge points.

8. An ultrasound imaging system according to claim 5,
wherein the image analysis unit is configured to merge a
number of the detected plurality of edge points, which satisfy
a continuity criterion, to at least one continuous edge that at
least partly represents the at least one tissue layer boundary.
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9. An ultrasound imaging system according to claim 8,
wherein said continuity criterion includes a length, a depth
and a gradient of the at least one continuous edge. kth

10. An ultrasound imaging system according to claim 8,
wherein a kth of the at least one continuous edge C(k) is
defined as a set of K,'® edge points (x,%, y,*’ which are
continuous with respect to a displacement axis (x) in the
second image, wherein a length C; (k)of the at least one con-
tinuous edge C(k) is defined as C,(k)=k, @, a depth C (k) of
the at least one continuous edge C(k) is defined as Cp(k)=1/
K, @z, %"y ® and a gradient of the at least one continuous
edge (k) is defined as Co(k)=1/K,®%,_,“"1Gx,®, y,®)I,
and wherein the continuity criterion is defined as: C(k)=w,C,
K)+wCpk)+w Csk), with w,, w,, and w; being weight-
ing factors.

11. An ultrasound imaging system according to claim 8,
wherein the image analysis unit is configured to interpolate
connection points between different continuous edges if it is
detected that said different continuous edges belong to the at
least one tissue layer boundary.

12. An ultrasound imaging system according to claim 1,
wherein the image analysis unit is configured to take body site
characteristics into account for improving the detection of the
at least one tissue layer boundary.

13. An ultrasound imaging system according to claim 1,
wherein the image analysis unit is configured to calculate a
thickness of at least one tissue layer based on the at least one
detected tissue layer boundary.

14. A method for detecting at least one tissue layer bound-
ary of an examination object, comprising the steps of:

receiving ultrasound signals of a single element ultrasound

transducer;

sensing a displacement-over-time signal x(t) of a displace-

ment (x) of the ultrasound transducer relative to an
examination object;
reconstructing an M-mode ultrasound image from the
received ultrasound signals, said reconstructed M-mode
ultrasound image being a two-dimensional image I(t,y)
comprising multiple one-dimensional depth signals of
substantially constant depth (y) in the examination
object illustrated over time (t),

mapping said M-mode ultrasound image I(t,y) to a two-
dimensional second image I(x,y) comprising the depth
signals illustrated over the displacement (x) by using the
sensed displacement-over-time signal x(t) wherein, if a
plurality of depth signals are received at a given dis-
placement position (x), a processed depth signal is
selected for said given displacement position (x) by
averaging said plurality of depth signals or selecting one
of the of depth signals that has a highest signal-to-noise
ratio, and the selected processed depth signal is used for
mapping said M-mode ultrasound image I(t,y) to the
two-dimensional second image 1(x,y); and

analysing said second image and detecting at least one

tissue layer boundary of the examination object in said
second image.

15. Computer program comprising program code means
for causing a computer to carry out the steps of the method as
claimed in claim 14 when said computer program is carried
out on a computer.



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)
S 3T H (B FIR) A (F)

FRI& B A

RHA

L5
S\EReERE

BE@®F)

BERBRARRRAGEL TSR —HEFRERS (100 ) , HA m
, HOEs N B REEES ( 16 ) AT A%E
WHWBEESEa&RBER (18 ) , ATRMEBAEHEL ( 10 ) EXIFR hl 1[24)[1

& oBFHEL (10)

BRHUE (x ) W EIBESX (t) ESREBRENYE ( 24 ) ;BE ]0“0
REEH (26 ) , REEHNNSRHBEESEEMERBSES , 7 J
BERNMERBEEGE LB (t,y) SEENE (t) PREGY
RENR (24 ) PHERMEERE (v) WS —LREES | 2hE | ,
BREF (26 ) H—SHRENBIEANE (x ) SHAMERE mnmr%m
FEG (t,y) RETISEELS (x) L RENREESN S5 —H
Bl (x,y). HEMESX (t) SEFmREaLEES (H 18 1Y ) Bl F1E
ESHRT (48 ) | HEEEN SHARE=AERUTEE—BE
PHRENRWES —MIRRDR (24 ) . 'm r

BERGREMS E

US20150374343A1 NI (AE)E

US14/765356 RiEH

ERKF BB FROBRAF

ERTCRAEN.V.

ERTERAEN.V.

SHAN CAIFENG
ZUO FEI

SHAN, CAIFENG
ZUO, FEI

A61B8/08 A61B8/00 A61B8/14

patsnap

2015-12-31

2014-01

-21

A61B8/0858 A61B8/4254 A61B8/429 A61B8/4444 A61B8/5207 A61B8/5223 A61B5/4872 A61B8/4483

A61B8/14 A61B8/5246

61/763069 2013-02-11 US

Espacenet USPTO

ol

ll

|

e

——

i

sy

g

D
c

I

1 examina-

M


https://share-analytics.zhihuiya.com/view/20aa6ee8-e216-4d4a-a358-6b369fa372eb
https://worldwide.espacenet.com/patent/search/family/050114444/publication/US2015374343A1?q=US2015374343A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150374343%22.PGNR.&OS=DN/20150374343&RS=DN/20150374343

