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(57) ABSTRACT

A hand-held medical ultrasound apparatus (10) comprises an
ultrasound transducer (1) for emitting ultrasound, a reflector
(2) for reflecting at least a portion of the emitted ultrasound,
and an indicator (21,22,311,312) enabling the indication of
a relative position and/or orientation between the transducer
(1) and the reflector (1).
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HAND-HELD MEDICAL APPARATUS AND
MEDICAL ULTRASOUND SYSTEM

TECHNICAL FIELD

[0001] The invention is related to a hand-held medical
ultrasound apparatus, and to a medical ultrasound system.

BACKGROUND ART

[0002] Tumors and certain other anomalies in breast tissue
are not always detectable in conventional B-mode ultra-
sound systems. However, these pathologies may present
high contrast regarding other ultrasound characteristics,
such as ultrasound propagation speed and attenuation. Simi-
larly to X-ray Computed Tomography (CT), in order to
obtain spatially-resolved images of these parameters, ultra-
sound waves are transmitted and recorded at multiple angu-
lar directions. This presently requires high-end application-
specific Ultrasound Computed Tomography (USCT)
equipment, based on a large number of stationary ultrasound
sensors positioned around the breast, see “Breast density
measurements with ultrasound tomography: A comparison
with film and digital mammography”, Duric et al., Med.
Phys. 40(1), January 2013, or by mechanically rotating
ultrasound sensors around the breast, see “Imaging of Sound
Speed Using Reflection Ultrasound Tomography”, Nebeker
et al. Ultrasound Med 2012, 31, pages 1389-1404, both of
which systems require the immersion of the breast in a water
tank and the scanning with a bulky custom-made ultrasound
system. Though accurate results, such systems are burden-
some in daily clinical use, require additional space in the
clinics and specialized personnel to perform, and are typi-
cally costly which can only be used for the given specific
purpose.

[0003] Extensions of current X-ray mammography sys-
tems for ultrasound sound-speed and attenuation imaging
have been investigated, for example see “Limited-angle
ultrasonic transmission tomography of the compressed
female breast. Krueger et al. IEEE Ultrasonics Symposium
1998, pages 1345-1348”. In this case, the breast is fully
compressed between two stationary compression plates, and
ultrasound transducers are positioned over and/or below the
compression plates. In other embodiments, one of the plates
is eliminated and the breast is compressed between a trans-
ducer and a stationary plate, see for example “Reconstruc-
tion of ultrasonic sound velocity and attenuation coefficient
using linear arrays: clinical assessment. Chang et al. 2007
1681-1687". The compression of the breast according to
these setups results into a painful diagnosis procedure,
similarly to X-ray mammography. It also reduces flexibility,
since the ultrasound transducers are either fixed or restricted
to move parallel to the compression plates, having only
access to coronal planes. Small-sized breast and ultrasound
imaging near the chest wall can also prove unfeasible. With
respect to USCT equipment, the mammography setup
allows only for transmitting and recording through a limited
set of angular directions, which leads to strong artifacts in
the obtained ultrasound images if the positions and geometry
of the anomalies (e.g. tumors) are not known a priori.
Moreover, small air gaps are difficult to avoid between the
compression plates and the breast, and induce strong arti-
facts in the ultrasound images. As a consequence, the quality
of the diagnoses obtained with these systems is presently
poor and none have therefore reached to a commercial
implementation level.
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DISCLOSURE OF THE INVENTION

[0004] The problem to be solved by the present invention
is therefore to enable a widespread use of ultrasound com-
puted tomography (USCT).

[0005] This problem is solved by a hand-held medical
ultrasound apparatus, comprising an ultrasound transducer
for emitting ultrasound, a reflector for reflecting at least a
portion of the emitted ultrasound, and, preferably, an indi-
cator enabling the indication of a relative position and/or
orientation between the transducer and the reflector.

[0006] The apparatus not necessarily encompasses a full
scale ultrasound computed tomography system, however,
the apparatus can be part of and/or connected to such a
tomographic unit of such system.

[0007] The ultrasound apparatus is a medical apparatus
which implies that its use is in a medical context: The
apparatus may be used for one or more of medical screening,
diagnosis, staging (e.g. of cancer), preoperative planning,
intra-operative guidance, and post-operative follow-up.
[0008] Hand-held in this context is meant to be portable,
or mobile. The apparatus can be held by a sonographer such
as a doctor or a nurse during inspecting a patient. Hence, its
weight and its extension are dimensioned to apply the
apparatus at any place without being bound to a stationary
set-up for the transducer.

[0009] The ultrasound transducer comprises at least an
element for emitting ultrasound, preferably at some fre-
quency in a range between 1 MHz and 40 MHz, and more
preferably in a range between 3 MHz and 14 MHz. The
ultrasound transducer preferably converts electrical signals
into ultrasound waves, e.g. by means of a piezoelectric
converter as such element. In a very preferred embodiment,
the ultrasound transducer also comprises at least one
receiver element, and preferably more, for receiving ultra-
sound waves, and in particular for receiving reflected ultra-
sound waves as will be explained below, and for converting
the received ultrasound waves into electrical signals.
[0010] The apparatus further comprises a reflector for
reflecting ultrasound waves emitted by the transducer and
travelling through the inspected tissue. Hence, the reflector
is of ultrasound reflective property, which may be achieved
by choosing the reflector at a different acoustic impedance
than the tissue or by applying a material in or on the reflector
that is reflective for ultrasound, such as metal (e.g. alu-
minium, steel), polymers/plastics (e.g. PMMA, Polycarbon-
ate, ABS, rubber, silicone), entrapped air or fluid layers,
glass, ceramics, mineral aggregates and other composites or
metamaterials.

[0011] In operation, it is preferably envisaged that the
body tissue to be examined, which preferably is the female
breast, is arranged between the transducer and the reflector.
It is preferred that the reflector and the transducer are
arranged with respect to each other such that the reflector is
exposed at least to a part of the ultrasound emitted by the
transducer after travelling through the tissue. Preferably, the
transducer and the reflector are arranged opposite to each
other with the reflector facing directly to or roughly toward
the transducer.

[0012] Ultrasound waves are sequentially transmitted
from the one or more emitting elements, transmitted through
the breast target, reflected and/or scattered at the reflector
plate and re-acquired by one or more of the receiving
elements. This allows for the measurement of ultrasound
parameters, in particular ultrasound propagation speed and/
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or ultrasound attenuation along different angular directions,
and allows for the reconstruction of an USCT image in a
tomographic unit that the apparatus is connected to. The
tomographic unit is understood to convert the signals pro-
vided by the apparatus into images to be displayed to the
sonographer, for example.

[0013] The indicator of the apparatus, if any, enables the
indication of a relative position and/or orientation between
the transducer and the reflector. It is not required to always
indicate both the position and the orientation, wherein the
position preferably refers to a distance between the trans-
ducer and the reflector while the orientation refers to an
angle between the transducer and the reflector. One of these
two measures may be sufficient, in particular when e.g. the
other measure is predefined anyway, e.g. by way of the
arrangement of the transducer and the reflector in the appa-
ratus. The indicator not necessarily needs to show the
position and/or orientation at the apparatus itself; it may just
enable so. In one embodiment, there are provided means at
the apparatus itself to derive the positional and/or orientation
information in an ad hoc manner by the user. Such means
may preferably include a scale or other visual indicators
allowing to assess e.g. a distance between the transducer and
the reflector. In another embodiment, the apparatus may
contain a sensor for one or more of determining the position
and/or the orientation. Here, a corresponding sensor signal
may be evaluated and the position and/or orientation may be
determined in a remote unit such as a tomographic unit to
which the sensor signal may be transmitted. In a third
variant, the reflector itself may be prepared in a way to allow
the identification of the reflector-transducer position/orien-
tation in the image derived from the reflected ultrasound
received by the transducer and finally displayed on a display
of a tomographic unit.

[0014] Tt is preferred that the apparatus is used in Ultra-
sound Computed Tomography (USCT) in the medical
domain to detect tumorous inclusions in breast tissue, which
may not be visible in conventional B-mode images or may
be visible but may not be diagnosed or categorized in
B-mode images alone. Preferably, the apparatus is prepared
to allow a measurement of the speed of ultrasound on its way
from the transducer to the reflector and back to the trans-
ducer. By transmitting ultrasound waves through tissue
between the ultrasound transducer and a reflector of known
position and orientation and back through the tissue to the
transducer, an USCT image can be obtained. An ultrasound
parameter of the ultrasound wave can be computed depen-
dent on the length of the path the ultrasound travels, which
in the most simple case equals twice the distance between
the transducer and the reflector, and dependent on the time
taken for travelling this path, which is the time measured
between emitting an ultrasound pulse and receiving a
reflected portion of the ultrasound pulse. Hence, the present
apparatus preferably can be considered as a handheld exten-
sion of an USCT tomographic unit.

[0015] Preferably, the ultrasound parameter that is deter-
mined per cell can be one of speed of (ultra)sound, acoustic
attenuation, frequency dependent acoustic quantities, speed
of sound dispersion. Although the following embodiments
are mostly referred to the speed of sound determined as
ultrasound parameter, it is understood that in any of the
following embodiments, the speed of sound may be replaced
by acoustic attenuation as relevant ultrasound parameter, or
any of the other parameters as listed.
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[0016] The measured ultrasound parameters can be in turn
combined to estimate other tissue properties. such as for
instance the tissue temperature (e.g., during an ablation
treatment), or the mass density, or in general any property of
healthy or diseased tissue, which correlates with the mea-
sured ultrasound parameters. Repeated ultrasound measure-
ments can be used to monitor tissue changes in time.
[0017] The measured ultrasound parameters can as well be
determined in function of an external perturbation applied to
the tissue, such as a mechanical excitation (for instance, a
pre-compression or a vibration field, such as vocal fremitus),
or a temperature field (for instance, during an ablation
treatment), among others.

[0018] Preferably, the present ultrasound system compris-
ing the hand-held apparatus according to any of the embodi-
ments and a processing unit for determining the tomographic
image is embodied to identify ultrasound echos from the
reflector, and detect perturbations in the relevant acoustic
parameters, such as speed of sound or attenuation, intro-
duced by the presence of tissue heterogeneities such as
tumors.

[0019] For this purpose, the ultrasound transducer com-
prises a set of emitter elements and a set of receiver
elements. While the elements of the sets may be different
elements such that emitter elements only are capable of
emitting ultrasound while receiver elements only are capable
of receiving ultrasound, in a different embodiment a single
transducer element may be configured to emit and receive
ultrasound. Such transducer element is referred to act as
emitter element and as receiver element respectively. Each
set preferably comprises two or more elements, and prefer-
ably more than hundred elements.

[0020] Preferably, a combination of an emitter element
and a receiver element—also referred to as pair—is operated
at the same time, i.e. the processor triggers the respective
emitter element to emit an ultrasound wave, while the
receiver element receives the emitted and reflected ultra-
sound wave with a certain delay. On its trace, the ultrasound
wave travels from the emitter element through tissue
arranged between the transducer and the reflector, to the
reflector and back through the tissue to the receiver element,
thereby defining a ray path. At the receiver element, the
received reflected ultrasound wave is converted into an
electrical signal over time, also referred to as radio fre-
quency (RF) trace.

[0021] Accordingly, the time delay is measured in form of
a time difference between the time of emission of the
ultrasound wave from the emitter element, and the time of
receipt of the reflected ultrasound wave at the receiver
element. This time delay is also referred to as time of flight.
Given that various emitter-receiver element combinations
are triggered sequentially by the processor, it is preferred
that for each combination the corresponding RF trace is
recorded. Preferably, all possible emitter element-receiver
element combinations are triggered and define the set of
combinations. However, in a different embodiment, only a
selection out of all possible combinations is defined in the
set of combinations.

[0022] In a preferred embodiment, a single transducer
with N transducer elements is applied, and a “multi-static
matrix”, with RF traces, and/or corresponding time of flight
values for all possible NxN emitter element-receiver ele-
ment combinations is recorded. It is then preferred, that for
identifying a certain path p, an index for the transducer



US 2018/0263595 Al

emitter element e and the transducer receiver element r are
used, so that the time of flight t, and t, , are equivalent.

[0023] Other variations are possible: For instance, several
adjacent emitter elements may be fired simultaneously or
with an incremental time-delay, generating a so-called
“plane-wave” emission, to increase an acoustic intensity
level coupled into the measured tissue, and/or the RF traces
of several adjacent transducers may be averaged or com-
bined in any form to reduce noise. Hence, the preferred
starting point to the image reconstruction is a set of digitized
RF traces acquired by individual receiver elements upon
specific emitter firings, hence, each corresponding to an
emitter element-receiver element position pair. From this RF
trace matrix, a corresponding time of flight matrix t, may be
generated, e.g. by analyzing the RF traces. This processing
step is also referred to as delineation.

[0024] The ray path p is assumed to be in the plane defined
by the transducer and the reflector. The plane preferably is
discretized into cells traversed by a finite set of ray paths p
corresponding to different emitter element-receiver element
pairs. In operation, when tissue is arranged between the
transducer and the reflector, these cells reflect locations in
the tissue in the subject plane. This cell structure supports
the localization of portions of tissue that may be considered
as tumorous, which portions are also referred to inclusions.
The cell size is to be defined upfront and determines the
resolution of the image. The process of determining the
ultrasound parameter per cell based on the time of flight
values is also referred to as reconstruction. Finally, the
processor is configured to convert the ultrasound parameter
values as determined into the image that preferably is shown
to medical personnel on a screen of the system. The con-
version may include a coding of the ultrasound parameter
values into colors, for example, or into grey scales.

[0025] In one embodiment, with a known path length
L[m] per ray path p from the respective emitter element to
the reflector and back to the receiver element, time of flight
values Af —also refetred to as delays—are calculated in
function of, in this embodiment, speed of sound (SoS)
increments o,—also referred to as slowness increments, per
cell ¢, i.e.:

At,=Se_ (.0, p= ... P P=C )

[0026] This equation (1) illustrates the time of flight
values At, for a certain path p as a sum of individual speed
of sound values o per cell ¢, for the number of cells C that
are travelled along the subject path p with the portion of the
path length 1, _ per individual cell c.

[0027] The overall number of paths P preferably is equal
to or larger than the number of cells C for a determined
linear system. The system represented by equation (1) can be
expressed in matrix form for all paths p representing the
emitter element-receiver element combinations of the set
At=Lo, wherein the path lengths 1, . are assembled in matrix
L and represents geometric information that depends on the
setup of the transducer-reflector arrangement and the size
and shape of the cells, in particular their granularity/reso-
lution.

[0028] Finding o, which contains the slowness o_ values
per cell c, is the inverse problem. The resulting matrix o
hence represents the speed of sound distribution across the
cells c, i.e. for the virtual cells the tissue in the subject plane
is divided into, and in particular the cells ¢ that are affected
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by an inclusion given that the speed of sound in such cells
is different to the speed of sound in cells that cover non-
tumorous tissue.

[0029] It is preferred, that for identifying a cell ¢ in the
plane, Cartesian coordinates x and y are used, preferably in
an orientation with x parallel to a flat reflector, also referred
to as horizontal direction, and y orthogonal thereto, also
referred to as vertical direction. The indices i and j are then
respectively used to enumerate cells in x and y directions.
[0030] It is preferred that both the delays At,, and slow-
ness increments o, as written in equation (1), represent
perturbations caused by inclusions with respect to homoge-
neous tissue, that is, a tissue model in which no inclusions
are present. Preferably, a pre-step is then used to estimate the
average speed of sound v, out of the measured time of flight
matrix t,. At, then corresponds 1o the delays residuals after
subtracting from 1, the delays caused by the homogeneous
tissue, that is,

At=1,-% 1, /vy @

Details of v calculation for a particular embodiment of the
invention are later introduced in more detail in combination
with FIG. 8. Quantitative speed of sound images v[m,s] are
calculated from v and the slowness increments o [s/m] for
an individual cell ¢ addressed by coordinates x and y in the
plane

vy =va(l+oGy) ™! &)
[0031] This inverse problem is well-posed if complete
angular sets of ray paths p are available for each cell c. In
other words, a set of ray paths p is available, which trans-
verses every cell at all possible orientations [-180, 180] (o).
However, this may only be achieved with high-end Ultra-
sound Computed Tomography (USCT) equipment contain-
ing a 360° transducer, or a rotating transducers respectively.
However, with the hand-held embodiments of the apparatus
described herein, only a limited set of angular directions
may be covered by ray paths for a given orientation of the
apparatus, and hence, only a limited set of angular ray path
directions is available per cell.
[0032] This leads to two kinds of image distortion iden-
tified by the inventors:
[0033] a) Resolution loss along the missing angular direc-
tions: For instance, since ray paths parallel to the reflector
are missing, a very good resolution is provided in this
horizontal direction, but only a coarse resolution in vertical
direction.
[0034] b) Strong streaking artifacts: These are a conse-
quence of the steep transition at the limiting angular orien-
tations ¢=¢,,,. where no information exists for ¢=¢,, . +€,
where ¢ is arbitrarily small.
[0035] Therefore, it is desired to solve an incomplete
reconstruction problem according to equation (2), which is
inherently ill-posed. This means that the corresponding
mathematical equations cannot be solved uniquely. Several
potential solutions for the speed of sound matrix o, or more
general for the ultrasound parameter matrix, are possible.
However, in solving equation (2) it is preferred and desired
to find the solution amongst the set of possible solutions that
provides the best geometric delineation of inclusions, and
the best accuracy for the sound-speed values in the inclu-
sions. However, the set of possible solutions is not to be
determined: It is sufficient to determine the solution out of
the set of possible solutions without the need to know these
other possible solutions.
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[0036] Preferably, this optimization approach is imple-
mented by:
& = argmin{||Ar - Lo} “

wherein it is determined, for which specific speed of sound
values & out of the possible speed of sound values o the error
function At-L*0, and preferably the second norm thereof, is
minimized. Nevertheless, any norm can be used for this cost
term, such as 1-norm L,. However, in some scenarios the
solution for o in this numerically solved problem still may
result in low image quality, where low resolution in vertical
direction can be observed, while artifacts may impede the
identification and segmentation of tumors.

[0037] Therefore, it is preferred that mathematical regu-
larization is introduced to obtain numerically bounded solu-
tions, which allow for satisfactory reconstructions of the
position and geometry of one or more tumorous inclusions
in a homogeneous tissue background.

[0038] In a first embodiment, a regularizing assumption is
introduced for the smoothness of the SoS-image according
to:

Gy = argmin{||A7 — Lol + Al|Doll, } Q)
T

[0039] Accordingly, not only the error function At-L*0 is
minimized but a sum of the error function and an additional
term D*0. D is a gradient matrix introducing which cells are
adjacent to each other, and, correspondingly, D*o denotes
the gradient of the speed-of-sound o of adjacent cells in the
plane. The usage of the term D*o is based on the insight that
desired solutions of equation (2) show one or more closed
inclusion geometries in a homogeneous tissue background.
Hence, out of the set of possible SoS values solving the
equation (2), those are selected, that at least in combination
with minimizing the error function with piece-wise constant
cell values with sudden transitions where necessary.
[0040] However, in another embodiment, D can be any
other related property, such as curvature matrix (to regular-
ize 2/ order derivatives), DET/DCT to regularize frequency
components, or any wavelet transform, etc. Hence, the
ultrasound parameter values can be dependent on “other
linear combinations” D, such as curvature, discrete Fourier/
cosine transform, wavelet transform, of the ultrasound
parameter values, and thus their derivatives.

[0041] Ina preferred embodiment, |Dof|, minimizes a sum
of horizontal and vertical gradients of the reconstructed
image, and A is a constant.

[0042] The norm n of the smoothness term D*o critically
influences the reconstruction results. For example, if the
[2-norm (n=2), which is defined for an arbitrary vector x,,
as |Ix|,=X,(x,)?, is applied to D*o, a closed linear solution
(Tikhonov regularization) of equation (5) can be found, but
smooth gradients are favored with respect to sharp gradients.
Large jumps in the SoS values of adjacent cells, which may
contain different tissue, are penalized unnecessarily with the
L2-norm, creating unrealistically smoothed results.

[0043] However, if the L1-norm n=1 is used |[x||,=Z,|ix [l
which in the context of regularization is also referred to as
total variation (TV) regularization or compressive sensing,
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sharp and smooth gradients are equally weighted, which
leads to the reconstruction of piecewise homogeneous
regions. With n=1, equation (5) becomes a convex problem,
in particular a Second Order Cone Programming problem,
which preferably is iteratively solved, with optimization
methods such as the Interior Point Method and Alternating
Directions Method of Multipliers (ADMM).

[0044] According to various embodiments of the present
invention, the regularization term that preferably contributes
to the optimization can be calculated by one norm which
shows TV behavior, such as L1-norm (Eq. 6) or L2, 1-norms

(Bq 7):

HDclezi,/‘0i+1j‘ci,/‘+‘0i,/+1‘ci,/‘ (6)
HDOHLF\/ZU‘0i+1j—0ij‘2+ Oi,j+l_0i./"2 @)
[0045] Generally, in such grid-like organization of cells in

the plane, where cells are arranged next to each other in rows
in the horizontal direction as such forming columns of cells
in the vertical direction, each cell has at least one neighbor
in the horizontal direction and at least one neighbor in the
vertical direction. Hence, such regularization term intro-
duces directional gradients, and specifically gradients along
the x-axis and another gradient along the y-axis. The indices
iand j of each cell ¢ refers to a position along the x and the
y-axis respectively. The resulting SoS based image success-
fully filters out limited-angle artifacts and delineates closed
inclusion geometries. Accordingly, the amount of informa-
tion available in each angular direction is incorporated into
the smoothness reconstruction.

[0046] As laid out above, missing angular orientations
owed to the non-360° setup of the transducer lead to
distortion in the reconstructed SoS image. However, it is
known up-front which angular orientations are available for
each cell, since the wave propagation/ray paths are defined
by the hand-held apparatus, apart from small perturbations
introduced by tumorous inclusions. Hence, it is very pre-
ferred to weight the SoS gradient contributions in different
angular directions, and preferably according to the avail-
ability and/or impact of ray information in each of these
directions. The resulting regularization may be referred to as
“Anisotropically Weighted Spatial Regularization”. In a
specific embodiment, this concept is combined with the total
variation approach and is referred to, in the following, as
“Anisotropically Weighted Total Variation” (AWTV).
[0047] Hence, in a most basic form for two directions such
as the orthogonal directions x and y referred to above, a
constant K is introduced in the regularization term as weight,
which balances horizontal and vertical gradients according
to the available ray information in each direction:

HDO’HAWT,FZZ-’/-K\O’

[0048] This can similarly be achieved for equation 7 by
weighting axial components differently by parameter .
Note that non-axis-aligned weighting can also be achieved
by projecting derivative components in equations 6 and 7
onto tensors, although we herein prefer axis-aligned weight-
ing. The weight k can be tuned for each individual cell c.
However, in a preferred embodiment, a single value K is
defined for the full image, i.e. the same weight k is applied
to all gradients of the one axis while the weight 1-k is
applied to all gradients of the other axis y. Under the
assumption that k=0.5, the gradients along one of the
directions/axis are emphasized over the gradients along the
other direction/axis. In a very preferred embodiment, k=0.9.
[0049] In another embodiment, the gradient directions
used in the regularization is not limited to orthogonal

111,01 H(1-K) Oy 5, 1=0yl ®)
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directions. More than two gradient directions can be intro-
duced in the spatial regularization term, which then may be
referred to as “Multi-Angle AWTV” (MA-AWTV):

HDGHZ\/IAfAWTV;EiJEQZ{al,cQ, .. ajKalDeOl ®

where D 0=Do-e, is the directional derivative along the
unit vector with inclination .. Given the maximum available
angle

P, uar—are tan(0.5 W/d) (10)

in the hand-held apparatus with W being the width of a linear
array of transducer elements in the transducer and d being
the distance between the transducer and the reflector, the
gradient directions a for a total of N, different directions are
preferably chosen as follows:

{a} = {¢;, 180° - ¢i}, (1
I I 2
®i E{ ,¢mam,¢mm, ¢max}

and the weights k,, are preferably calculated with the fol-
lowing algorithm:

[0050] 1) Initialize weights k,={0};
[0051] 2) For each wave path p crossing cell c:
[0052] a. calculate the inclination of the wave path

¢==arc tan(0.5(x,-x,)/d), where x_.x, are the hori-
zontal positions of the corresponding emitter ele-
ment Tx and receiver element Rx of the combination,
and d is the reflector depth;

[0053] b. Increase the weight k, of the closest gra-
dient direction {a} with respect to ¢ by the geomet-
ric overlap of path p with cell c. If 1¢I>¢,,,,,, see
equation (10), do not increase K;

[0054]
[0055] Ifstep 3 is omitted, cell-specific K, values can also
be used. In a preferred embodiment, three gradient direc-
tions are used, preferably: [0, ¢,,,., =0,,..), Wherein 0° is
defined as first direction y along the y-axis, i.e. orthogonal
to the second direction along the x-axis defined by the
longitudinal extension of the reflector and/or the transducer.
9,... 1s defined in equation (10).

[0056] In a preferred embodiment, equation (5) specifi-
cally is embodied as:

3) Average {x,} over all cells.

& awry = argmin
[e

A - Lol + /12 VKo = oI+ (1 =Rl e — o 11
inf )

[0057] 1Ina different embodiment, equation (5) specifically
is embodied as:

Tawry =

argmin{llA[—Lo'lll +/12K|0';+1,j —op i+ (L =Kl jr — ol
(e

ij !
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[0058] And in a further embodiment, equation (5) specifi-
cally is embodied as:

(14)
Ka|Da o]

Gaa—awry = argming [|Az - Lal; +A
WA AWTY g;mn{| ey >

ij e=lap,ay..ay}

[0059] To keep the same regularization constant for equa-
tion (12) and equation (13), the weights are preferably
normalized such that Z_x =1.

[0060] It is also possible to use L.2,1-norm (Eq 7) for the
error function term, ||At-Lol|,;, or any other norm that
shows TV behavior.

[0061] In a preferred embodiment, the constant A, also
referred to as regularization constant, is set dependent on
one or more of an image resolution and an image aspect
ratio. The image aspect ratio is considered as ratio W/d with
W representing the longitudinal extension of the reflector
and/or transducer, and d representing the distance between
the transducer and the reflector. The image resolution may
be given by parameter h which denotes the height of a cell,
and preferably also the width of a cell in case of square cells.
In a preferred embodiment, which is later described in detail
according to FIGS. 10 and 11, the constant A in Eq 13 and
Eq 14 is set as follows:

. a Tw (15)
= Apf g\ @

wherein, in one particular example for a 128-element ultra-
sound array, with D=W=38E-3 m and h, ~300E-6 m, the
reference regularization constant is A,,~0.013 and the ref-
erence cell size h,QfZSOOE‘3 equals the array pitch (average
separation between transducer elements). An additional
advantage of using total variation in the solution term is that
» does not depend on the inclusion contrast max o, since
both the error function (cost) and spatial regularization terms
scale together.

[0062] 1In a preferred embodiment, the ultrasound param-
eter values are determined for several emitted ultrasound
frequencies allowing to reconstruct frequency-dependence
of such parameter. The measurement preferably would be
repeated while setting the emitter frequency to different
values in the ultrasound machine. This may allow for
non-linear SoS and attenuation reconstruction. Then, differ-
ent reconstructed parameters may, e.g. in their rate of change
per frequency, reveal information.

[0063] In a preferred embodiment, for a specific line of
cells, and most preferably for the lowest or the highest row
of cells in the horizontal direction x no regularization is
applied. Hence, the values for those cells are found based
solely on the error function according to equation (4) when
looking for the best speed of sound values for the cells of this
row. By such means baseline artifacts can be released: Small
DC components in the slowness distributions o may lead to
staircase artifacts in the vertical direction of the images
reconstructed with equation (12) or equation (13). These
artifacts can be minimized by defining a release line in the
image, i.e. a row of cells, for which no smoothness regu-
larization is applied. Typically this is performed for the
lowest horizontal line (j=1). The release line accumulates
DC components in o, which are then homogeneously dis-
tributed over the image. Equation (12) is then rewritten as:
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y= (16)

1J
argmi»{nAz— Lo+ ) oy =0l + (1=Kl o1 = 0
< i=1,j=2

1
Fawry =v+ WY oy
i=1

[0064] Moreover, in the edges of the reconstructed image
the gradients are not defined. Preferably, o, =0, 0, ;,,=0 is
set as boundary condition, which leads to a minimization of
the edge slowness values, and provides a good stability in
the reconstructions.

[0065] In an embodiment, prior information may be avail-
able with respect to the tissue to be examined. In such
scenario, constant SoS values may be assigned for some
regions of the reconstructed image. For instance, given
breast tissue, a constant sound speed value each may be
assigned one or more of cystic regions or fat layers. Prior
information preferably referring to a region in the tissue may
be introduced with the following preferred algorithm:

[0066] 1) Error function |At-Loi|,,

[0067] a) Group all o values belonging to the same
region prior information is available for region into
a single value;

[0068] b) Sum all columns of L corresponding to the
grouped o values;

[0069] 2) Regularization term ||Daf|,,

[0070] a) Group all o values belonging to the same
region prior information is available for into a single
value;

[0071] b) Sum all columns of D corresponding to the
grouped o values.

[0072] In this embodiment, a region comprising multiple
cells in the plane is treated uniformly and is assigned the
known speed of sound value. Such a grouped o region
shows longer associated relative path lengths 1, in L.
Consequently, an error weighting of the grouped region
preferably is proportional to their surface.

[0073] Since the gradient matrix D preferably contains
differences of the form [+1, -1] for adjacent cells, regular-
ization constraints corresponding to grouped o values will
vanish. However, the edges of the prior known regions
preferably will preserve the regularization constraints.

[0074] Total variation, as L1 norm used in embodiments of
the reconstruction of the image, in particular performs well
in reconstructing piecewise constant image regions such as
inclusions, as typical for tumors and their surroundings.
However, in some scenarios, it may be required to recon-
struct smooth SoS regions. In these cases, the above total
variation may show staircase artifacts. A possibility to
alleviate these effects is to consider higher order differences
in the smoothness regularization. A particular example is
Total Generalized Variation:

D0y = min|De =il + 1Dy = DV } an

which balances between the first and second derivatives of
the function. Accordingly, in another embodiment, the pro-
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cessor is configured to determine the speed of sound values
by minimizing according to the following function:

18)
1Dl iy wry = ming 3 k(i1 =) =il +
v

[(L=&)j j1 = 01 ) = val + |DV—DVT||1}

[0075] The reconstruction of the image relies on the time
of flight values t,, identified in the measured RF traces. First,
the time of flight values t, preferably are to be identified in
the echo/RF trace received at the receiver element, prior to
the tomographic reconstruction of a spatially-resolved
image, in which the cumulative path perturbations are recon-
structed in/projected to tissue coordinates. Such preprocess-
ing is also referred to as delineation which is independent
from the reconstruction. While image improvements includ-
ing better tumor delineation and quantitative SoS recon-
struction are achieved in the reconstruction step, in the
delineation step is to provide suitable input data in an
automatic fashion for the reconstruction step.

[0076] Typically, the RF trace received at the receiver
element is a modulated ultrasound waveform with an oscil-
latory pressure pattern. The recorded RF trace shows mul-
tiple local maxima rather than a single pulse corresponding
to the pulse triggered at the emitter element. The local
maxima in addition show varying amplitudes depending on
the ray path. Simply picking a maximum peak in each
recorded RF trace yields incorrect time of flight values, since
different peaks may be selected for different emitter ele-
ment-receiver element pairs.

[0077] In a preferred embodiment of the invention, the
processor is configured to simultaneously evaluate the
recorded RF traces of all emitter-receiver element combi-
nations to delineate the reflector echoes/RF traces for pro-
viding the time of flight matrix At which is also referred to
as delay matrix. This step preferably is performed with a
global optimization approach that minimizes an energy
function and provides the optimum time of flight values in
At. Regularization can be incorporated into this energy
fanction, for instance in terms of delay continuity between
adjacent emitter-receiver pairs, and/or constraints with
respect to allowed reflector positions and orientations.
[0078] In one embodiment, the processor only simultane-
ously considers the full RF traces dataset—i.e. the digitized
electrical signals over time for each receiver element. This
means that the RF traces/signals are recorded prior to being
analyzed given that the simultaneous analysis of all the RF
traces with the same time basis is expected to result in an
improved quantification of time of flight values for the delay
At matrix.

[0079] In a preferred embodiment thereof the processor is
configured to detect oscillatory patterns in the RF traces.
This detection is run simultaneously on all the RF traces.
The detection includes the generation of a global cost matrix
C(l, t,), which is cumulatively built along successive RF
traces 1 (adjacent emitter-receiver pairs) for a list of N timing
candidates t=t°, t! . . .t/ ie., a list of possible time
samples/events in the current RF trace 1 that may represent
the pulse emitted by the emitter element, amongst which
samples the best candidate is identified. Trace identifier 1 is
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equal to previously used trace identifier p. Preferably, a
memory mattix M(1, t,) records discrete timing decisions for
each RF trace and candidates therein. An optimum reflector
timing is then found, e.g. based on Dynamic Programming
(DP), by minimizing the cumulative cost, and following
M(, t,) backwards the optimum reflector delineation T(I):

( i, ) ] ~ (minfl—l {CU-L )+ Al )} + fol@) (19)
ML)\ argming {CU -1, 1500) + filt, 11}

T(l):{argman(l,t,), I=L, MUI+1,T(d+1), I=1..L-1
i

[0080] with f; and f, being non-linear functions that incor-
porate time of flight for current t; and neighboring t,;, RF
traces. A general formulation of equation (19) introduces
regularization into the reflector timing problem, enabling the
natural incorporation of available prior information such as
one or more of oscillatory pattern, smoothness, multiple
echoes, path geometry into the optimization. Hence, in this
embodiment, the delays of the reflector ultrasound echoes
are not sequentially identified in individual RF traces cor-
responding to single emitter-receiver combinations, but opti-
mized based on a global cost function, which simultaneously
incorporates the information of all recorded RF traces. Such
cost can also be minimized using discrete and graph-based
optimization techniques well-known to those skilled in the
art, such as graph-cuts, Markov-random Fields, and Condi-
tional Random Fields. In one embodiment of the invention,
the optimum reflector delineation T(1) is equal to the previ-
ously defined time-of-flight matrix t,. In another embodi-
ment, the reflector geometry and the average speed of sound
in tissue vy, are introduced into the cost function as known
parameters or optimization variables, such that the optimum
reflector delineation T(1) is then equivalent to the previously
defined delay residuals At,,.

[0081] The described embodiments referring to the delin-
eation step, and specifically to the identification of time of
flight values from the corresponding RF traces can also be
applied to arbitrary transformations of the RF traces, for
instance the output of a correlator or the derivative of the
signal envelope.

[0082] The ultrasound parameter that is determined per
cell can be one of:

[0083] speed of (ultra)sound,
[0084] acoustic attenuation;
[0085] frequency dependent acoustic quantities;
[0086] speed of sound dispersion.
[0087] In one embodiment, the tomographic image recon-

struction is based on acoustic attenuation. The acoustic
attenuation o (dB/cm) describes the loss of signal amplitude
due to absorption and scattering in tissue in between the
transducer and the reflector. Attenuation measurements can
be performed as follows with any embodiments of the
apparatus and the method. In case an initial reflector delin-
eation is defined, the delay t,, is known for each path p, and
a signal amplitude a, can be extracted from the signals
supplied by the receiver element at t,,.

[0088] Hence, in these embodiments, instead of the time-
of-flight value, the RF wave amplitude at (around) the
waveform samples corresponding to the measured delay
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values is identified instead which can also be corrected/
scaled based on transducer and/or reflector incidence angles.

[0089] A pre-step is then used to estimate average tissue
acoustic attenuation o,z from the measured amplitudes a,,
based on a homogenous tissue model. The residual ampli-
tudes in log scale log Aa, represent perturbations caused by
inclusions with respect to homogenous tissue, and can be
used to reconstruct acoustic attenuation distributions. All
image reconstruction methods described in connection with
speed of sound can be applied.

[0090] In aparticular embodiment of the invention, which
is later detailed in FIG. 8, considering the first echo trans-
mitted between a transducer and a planar reflector, and
assuming imperfect coupling between transducer elements,
tissue and reflector, the average acoustic attenuation of the
tissue o can be described by:

80, =SSR, XD(-Cpd. )

d,

er

V44~ Pdsin?O(5, £, ~P)-2sin(20)d(E 45, (20)

where S, and S, are the sensitivities of the emitter e and
receiver r elements depending on the signal coupling at their
position, R, , is the reflection coefficient given e and r, o3 the
average acoustic attenuation in tissue and d,, the path
lengths as will be introduced in more detail in combination
with FIG. 8. The term R, =R, .2 +R”.,/» can be split into
its symmetric R® component that depends on the incident
reflector position-coupling term, and its asymmetric com-
ponent R* depending on the incident angle-reflection term.
The component R can be fit or estimated from a physical
model under consideration of d, .

[0091] Accordingly, equation (20) can be rewritten in
logarithmic scale:

log a,,=log S.+log S,+log K" ., yotlog R 50~
a4, log(exp(1)) (21

[0092] Equation (21) leads to an optimization problem,
which can be solved with the previously described methods.
Particularly, if d,, are available, equation 21 can be cast as
an overdetermined linear system of NxN equations based on
N emitter-receiver pairs, and up to 4N+1 unknowns (log S,
log S,, log R® (.., log R?,_,,5), which can be solved, for
instance, with Least-Squares. Additional simplifying
assumptions can be introduced to reduce the number of
unknowns. Once an estimate for the average acoustic attenu-
ation in tissue oz is obtained, residual amplitudes in log
scale log Aa,; can be used to reconstruct acoustic attenuation
distributions. All image reconstruction methods described in
connection with speed of sound can be applied.

[0093] In another embodiment, the tomographic image
reconstruction is based on frequency dependent acoustic
quantities. Given an initial reflector delineation, where the
ultrasound echo delay t,,. is known for each element of the
emit-receive pair, the ultrasound reflector echo signal s, (1)
in function of time t can be extracted for each RF line
RF,,(t):

oy 0)-RE, =1, (0 (22)

e\

where w(t) is a windowing function of a given duration T,
for instance a rectangular function w(t)=rect((t-T/2)/T).
Other windowing functions, e.g. Hanning, Gaussian, etc.
may be used in order to reduce edge discontinuities. The
recorded s, (t) are then expressed in the frequency domain
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f for instance, with a Fourier, cosine or wavelet transform,
with separate amplitude a, (f) and phase ¢, (f) components:

5o =0, (Hexp(=i, () @3)

[0094] In another embodiment, the tomographic image
reconstruction is based on_speed of sound dispersion x (f),
where vg(D)=vz(1+x.(f)) can be then directly calculated
from the phase ¢, (f) by rewriting equation (2) as:

eolf) = ter + ”’;;(f) 8 = (L2 Ml f)
[0095] Once the average SoS dispersion in tissue x (f) has

been fitted with equation (24), the residuals of the delays
At, (f) are used to reconstruct frequency-dependent SoS
images o(f). All image reconstruction methods described in
connection with sound of speed determination can be
applied. Similarly, a frequency-dependent attenuation can be
measured by replacing a, .. in equation (21) with a, (f). Then
the average a,(f) can be estimated. Similarly, the residuals
log Aa, (1) can be used to reconstruct frequency-dependent
acoustic attenuation images. All image reconstruction meth-
ods described in connection with sound of speed determi-
nation can be applied.

[0096] In a preferred embodiment, the transducer has a
linear array of transducer elements, and hence, a flat, lon-
gitudinal extension along these elements. Preferably, the
reflector is a flat reflector with a longitudinal extension.
However, other geometries of the transducer and/or the
reflector are possible, for instance, convex implementations
for one or each of. Preferably, the geometric paths between
transducer pairs and reflector can be defined for such other
geometries, which in general is possible for any arbitrary
geometry. For this purpose, ray tracing equations or more
advanced full wave simulation approaches, e.g. finite-dif-
ference time-domain simulations, can be applied.

[0097] Itis preferred that two-dimensional reconstructions
based on a linear array transducer, in particular which
two-dimensional reconstruction of the image is in the plane
defined by the transducer and the reflector. Multiple such
two-dimensional measurements can be stitched together to
form a three-dimensional volume. In another embodiment,
two or more reflectors or array transducers, or a combination
thereof can be used in order, for example, to increase
field-of-view or to enrich information with more path direc-
tions for each reconstruction cell. In another embodiment,
the apparatus may include a matrix transducer with a two-
dimensional array of transducer elements, which allows the
processing unit to reconstruct three-dimensional images, by
combining emitter-receiver pair information in different
planes. In a different embodiment, the two-dimensional
hand-held apparatus can be used multiple times, each in a
different plane, in order to generate a three-dimensional
image stack. The here outlined hand-held apparatus can also
be incorporated to an automated scanning system that pro-
vides three-dimensional image stack, but sequentially mov-
ing along multiple planes, which sequential movement is
automatically controlled. In another embodiment, two or
more reflectors (e.g. FIG. 153), or array transducers, or a
combination thereof (e.g., FIG. 14), can be used in order, for
example, to increase field-of-view or to enrich information
with more path directions for each reconstruction cell. In a
different embodiment, the two-dimensional hand-held appa-
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ratus can be used multiple times, each in a different plane,
in order to generate a three-dimensional image stack. The
here outlined hand-held apparatus can also be incorporated
to an automated scanning system that provides three-dimen-
sional image stack, but sequentially moving along multiple
planes, which sequential movement is automatically con-
trolled.

[0098] The present invention preferably provides an appa-
ratus for hand-held and localized breast compression, appli-
cable to USCT, while enabling accurately controlling the
positioning and orientation between an ultrasound trans-
ducer and a reflector. Most other known breast USCT
systems instead require to immerse the breast in a water
tank, which adds additional complications in application,
whereas the present apparatus system is hand-held, giving it
flexibility in use.

[0099] Additionally, a standard ultrasound transducer can
be employed which is known e.g. from conventional
B-mode scanning, in contrast to customized and costly
transducer mechanisms of the known systems, which then
also allows a clinician to use this transducer for conventional
clinical B-mode imaging, by simply decoupling other ele-
ments of the apparatus from 1it.

[0100] In an embodiment of the present invention, the
transducer and the reflector are attached to or are integral
part of a mechanical structure. The transducer and the
reflector preferably are arranged opposite to each other. The
mechanical structure preferably comprises a distance adjust-
ment for enabling the sonographer to vary the distance
between the transducer and the reflector. At least a part of the
distance adjustment acts as indicator. Specifically, the
mechanical structure comprises a first frame that the trans-
ducer is attached to, a second frame that the reflector is
attached to or is integrated in or consists of, and at least a
first bar both the first and the second frames are mounted to.
At least one of the frames is slide-able over the first bar, e.g.
by each frame providing a hole into which the bar is inserted.
This first bar preferably comprises positioning means for
holding the at least one frame at predefined positions such as
borings in the first bar. The at least one frame comprises a
pin at least partially insertable into the borings one at a time
for holding the at least one frame in the predefined position
at the first bar. In such embodiment, the pin preferably is
mounted in the at least one frame to take a first position
reaching into any of the borings, and a second position out
of the borings, where the second position is required for
sliding the frame between two adjacent borings of the first
bar. Preferably, the pin is movable from the first position to
the second position against a resilient force. The pin is
preferably held into the boring by a spring mechanism
adjusted so that the resilient force to achieve a second
position can be achieved by hand force. Instead of pin and
bores, other releasable adjusting mechanisms such as snap-
fits may be used for adjusting the frame to the bar. In a
different embodiment, the first bar may be a spindle of linear
stage along which the first and/or the second frame may be
moved, e.g. actuated via a hand wheel. Preferably, the
position and/or the distance may be displayed to a user on a
display assigned to the apparatus, where e.g. a position of
the hand wheel is detected and converted into a distance
between the transducer and the reflector. Or, a curser may be
connected to the spindle and provides a distance reading to
the sonographer
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[0101] However, it may be preferred, for enhancing
mechanical stability, that the mechanical structure comprises
a second bar with the first frame being mounted to both the
first and the second bar and the second frame being mounted
to both the first and the second bar. Again, at least one of the
frames is slidable mounted, now over both the first and the
second bar. Positioning means are now provided at both the
first and the second bar for holding the at least one frame at
predefined positions. The positioning means preferably
include borings at the predefined positions in each of the first
and the second bar. The at least one frame comprises a pin
at least partially insertable into the borings of the first bar
and another pin at least partially insertable into the borings
of the second bar for holding the at least one frame in the
predefined position.

[0102] By attaching or integrating the transducer and the
reflector to a hand-held operable mechanical structure, the
breast is compressed only locally. The apparatus containing
the mechanical structure ensures a fix relative orientation
between the transducer and the reflector, provides a direct
contact between the transducer and the target, e.g. the breast,
preferably reduces the compression area to the active cross-
section area of the ultrasound transducer, and allows for
hand-held operation, which enables arbitrarily oriented
scanning plane and quick adjustment of the reflector dis-
tance. Hand-held operation is standard in conventional ultra-
sound imaging, and is essential for sonographers during
examination.

[0103] In a second embodiment, a position and/or orien-
tation sensor is provided in the apparatus for allowing to
determine a relative position and/orientation between the
transducer and the reflector. Preferably, parts of the sensor
are attached to both the transducer and the reflector. In one
embodiment, a magnetic sensor is used, e.g. including a
magnet and a sensing element for sensing a magnetic field.
Other technologies, such as optical, electromagnetic, inertial
positioning sensing or in general any sensor technology
which records relative position and/or orientation while
preserving a mostly independent movement between the
transducer and the reflector is possible. Once the relative
position and/or orientation of the transducer and the reflector
fulfill the requirements of USCT imaging, additional mis-
alignments may be compensated for with image processing
algorithms based on the sensor information and additional
features extracted from the ultrasound measurement. In this
second embodiment, it is preferred that the transducer and
the reflector are not mechanically connected and can be
separately manipulated with respect to the breast target, e.g.
with separate hands. However, for example, one or both of
the transducer and the reflector may be limited in movement,
and e.g. be allowed to move only in a predefined direction
and/or orientation.

[0104] In a third embodiment, a single or multi-layered
continuous reflector is used. A single layer may be sufficient
since it may allow reflections at both a front and a back side
thereof. Thin resonant reflector layers can be applied to
introduce acoustic signatures in the tracked reflector signals,
which can be separated from reflections observed at unde-
sired structures e.g. within tissue or at air gaps between
transducer/target breast/reflector. This allows for cancelling
undesired information e.g., from the air interfaces trapped in
the ultrasound gel, during an USCT image reconstruction
and improves the quality of the reconstructions/imaging.
Moreover, thicker reflector layers can be applied to obtain
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well separated ultrasonic signals from different layers.
Under consideration of the layer geometry, the conjoint
identification of both separated ultrasound signals provides
discrimination of undesired reflective structures. Such layer
surface (or thickness) can also be engineered/micro-ma-
chined, such as with a frequency ripple pattern, in order to
allow for its differentiation in reflection ultrasound images.
It should be noted that the reflector geometry is not limited
to the presently introduced embodiments, apart from its
optionally layered structure. For example, curved reflectors
may be envisaged.

[0105] Preferably, at least the second frame comprising
the reflector, and, if available the first frame comprising the
transducer, are of a geometry that does not lead to a full
breast compression. Hence, it is preferred that the frame or
frames each have a width w and a length 1, wherein the
length 1 may exceed the width w, and wherein the width w
of each frame may roughly correspond to the transducer’s
active cross-section width at least in a region designated for
contacting a tissue to investigate, and e.g. be less than 2 cm,
and specifically 1 cm or less. Therefore, it is avoided that the
full breast is compressed between two plates as may be done
in current mammography systems which translates into a
painful diagnosis procedure and reduces flexibility. Instead,
a relaxed pose of the patient is facilitated during inspection,
and a hand-held and localized compression of the breast is
achieved, while preserving accurate tracking of the reflector
position and/or orientation with respect to the transducer.
[0106] Given that in all the embodiments, the relative
position and/or orientation is accurately derivable and that
the quality of the imaging is highly dependent on an accurate
positioning and orientation between the transducer and the
reflector, images of excellent quality can be achieved. Fur-
thermore, compared to a mammography setup, the trans-
ducer is not restricted to move along a compression plate,
having only access to coronal planes. Instead, the transducer
1s hand-operated and in direct contact with the breast, which
enables flexible access to arbitrary breast positions and
orientations. In the same context, small air gaps between the
prior art compression plate and the breast can be avoided.
These air gaps introduce strong artifacts in the USCT
images. And, small-sized breasts and ultrasound imaging
near the chest wall are now facilitated for accommodation
compared to previous compression plate systems.

[0107] In summary, breast compression now is limited to
a cross-section of the ultrasound transducer, which signifi-
cantly reduces the subject pain related to the diagnosis.
Arbitrary orientation and positioning of the transducer with
respect to the breast is enabled, which provides similar
flexibility to the sonographer for USCT compared with a
conventional hand-operated B-mode transducer. Small air
gaps between compression plate and breast are minimized
by reducing the compression area. Moreover, remaining air
inclusions can be identified and removed from the images by
profiting from the layered structure of the reflector if avail-
able.

[0108] The presented invention provides a low-cost hand-
held alternative to state-of-the-art high-end ultrasound
tomography systems. Conventional B-mode systems can be
used for USCT with a minor addition of passive mechanical
components plus dedicated software. The present apparatus
can be used as an add-on to conventional B-mode ultrasound
equipment, particularly for breast cancer detection. How-
ever, the invention also allows for the detection and differ-
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entiation of other anomalies of the subject tissue such as
lesion/fibradenoma/cysts, also giving information about size
and/or depth and/or location.

[0109] Apart from breast scanning, other applications and
targets may be envisaged, in which the described test
geometry is applicable, e.g. in medical imaging for finger/
leg/arm scanning, or in general for non-destructive testing of
materials, biological or non-biological. Furthermore, other
applications of a reproducible positioning of a reflector with
respect to an ultrasound transducer for tomographic imaging
may be found in medical imaging or even for non-destruc-
tive testing of material properties, e.g. soft or deformable
solid materials, such as foams.

[0110] Other advantageous embodiments are listed in the
dependent claims as well as in the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0111] The embodiments defined above and further
embodiments, features and advantages of the present inven-
tion can also be derived from the examples to be described
hereinafter and are explained with reference to the annexed
drawings, wherein:

[0112] FIG. 1 illustrates a diagram of an apparatus accord-
ing to an embodiment of the present invention;

[0113] FIG. 2 illustrates a diagram of an apparatus accord-
ing to another embodiment of the present invention;
[0114] FIG. 3 illustrates a diagram of an apparatus accord-
ing to a third embodiment of the present invention;

[0115] FIG. 4 illustrates a block diagram of a system
according to an embodiment of the present invention;
[0116] FIG. 5 shows details of the embodiment of FIG. 1;
[0117] FIG. 6 shows an apparatus in a perspective view in
diagram 6a), and in application to a mimic breast in diagram
6b), according to an embodiment of the invention, the
apparatus of FIG. 6 preferably coinciding with the apparatus
schematically shown in FIG. 1;

[0118] FIG. 7 shows an apparatus in a perspective view in
an application to a mimic breast, according to an embodi-
ment of the invention, the apparatus of FIG. 7 preferably
coinciding with the apparatus schematically shown in FIG.
2;

[0119] FIG. 8 shows details of the embodiment of FIG. 3;
[0120] FIG. 9 shows a reflector arrangement of an appa-
ratus, in an exploded view in diagram 9a), and in an
assembled view in diagram 9b), according to an embodi-
ment of the present invention, which reflector arrangement
may specifically be used in the apparatus shown in FIG. 3;
[0121] FIG. 10 shows sample tomographic images recon-
structed according to a data evaluation proposed according
to an embodiment of the present invention;

[0122] FIG. 11 shows sample tomographic images recon-
structed according to a data evaluation proposed according
to an embodiment of the present invention;

[0123] FIG. 12-14 illustrate schematic views of apparati
according embodiments of the present invention,

[0124] FIG. 15 illustrates a diagram of an apparatus
according to an embodiment of the present invention in an
application to breast inspection,

[0125] FIG. 16 illustrates in column a) different examples
of artificial inclusions in a tissue, and in columns b) to f)
images of simulation results achieved with a system and/or
a method according to embodiments of the present inven-
tion;
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[0126] FIG. 17 illustrates in graphs a.2)-a.4), b.2)-b.4) and
c.2)-c.4) measuring results as used in a system according to
an embodiment of the present invention.

[0127] FIG. 18 shows a schematic view of an apparatus,
for which improved speed-of-sound images can be achieved
applying the system and/or method according to embodi-
ments of our invention, preferably coinciding with the
methods illustrated in FIG. 16.

DETAILED DESCRIPTION OF THE DRAWINGS

[0128] Same elements are referred to by the same refer-
ence signs across all Figures.

[0129] FIG. 1a) illustrates a side view of a handheld
medical ultrasound apparatus 10 according to a first embodi-
ment of the present invention. The apparatus 10 comprises
an ultrasound transducer 1 and a reflector 2. The transducer
1 and the reflector 2 are arranged opposite to each other. In
between, a target is arranged, the tissue of which target to be
investigated is indicated by reference numeral 4, ie. a
female breast in the present example. Ultrasound waves
emitted by an array of ultrasound emitters 12 travel through
the tissue 4 of the breast and at least a portion thereof is
reflected by the reflector 2. The transducer 12 further com-
prises an array of ultrasound receivers 13 for receiving
reflected ultrasound waves and converting these into elec-
trical signals. Ultrasound emitters 12 and receivers 13 can be
formed by a common array as is indicated in FIG. 1.
[0130] The transducer 1 comprises a housing 11, which is
fixed to a first frame 33 by means of fixing means 14 such
as screws. If screw holes are not available in the transducer,
the fixing means 14 can be a plastic mold that accurately
reproduces the transducer geometry. The mold can be manu-
factured e.g. with a 3D printing device for an arbitrary
commercial transducer geometry. The transducer is then
inserted and fixed into the plastic mold. The transducer 1
preferably is connected via a cable 15 to a tomographic unit,
preferably a conventional medical ultrasound system (not
shown) and is configured to send electrical signals repre-
senting the received ultrasound waves thereto, or signals
derived therefrom.

[0131] The first frame 33 is made from rigid material such
as metal or plastics. The first frame 33 is slidable mounted
along the y-axis over a first bar 31 and a second bar 32. The
first and the second bar 31, 32 are each made from rigid
material such as metal or plastics, and preferably take a
cylindrical hollow shape. Each of the first and the second bar
31, 32 comprises bores 311, 321 preferably arranged equi-
distant as positioning means for the first frame 33. The first
frame 33 comprises at each of its ends a pin 331, 332 that
is capable of being at least partially inserted into one of the
bores 331, 332. Each pin 331, 332 may e.g. be a bolt, a
screw, or other element as long as it is insertable into a bore
of the bars 31, 32. Hence, bores 311 and pin 331 together
provide a means for holding a left end of the first frame 33
in a defined position, while bores 321 and pin 322 together
provide a means for holding a right end of the first frame 33
in a defined position. In case the pins 331 and 332 are not
inserted in any of the bores 311, 321 the first frame 33 is
movable along the y-axis between two adjacent borings of
each bar 31, 32. This scenario is shown in FIG. 5a) in a
cut-out and with respect to pin 331. Instead, FIG. 5b)
illustrates a scenario in a cut-out in which the pin 331 is
inserted in one of the bores 311. The pin 331 is movable in
z-direction. Preferably, the pins 331 and 332 are mounted in
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the first frame 33 against a resilient force, for instance, a
spring mechanism, which makes the respective pin enter a
bore once crossing it. For releasing the first frame 33 from
a bore, the two pins 331 and 332 are lifted and slid in
z-direction against the respective resilient force, e.g. manu-
ally, for allowing the first frame 33 to become movable again
along the bars 31 and 32. Hence, the first frame 33 including
the transducer 1 can be hand-operated vertically slid towards
a second frame 34 including the reflector 2. The resilient
force is sufficient high to keep the two frames 33 and 34
stable with respect to the target 4 once the position has been
adjusted, but small enough to be released by hand when the
frame must become movable again. Additional elements,
such as a clamping ring, maybe used to stabilize the frame
33 in a defined pin position.

[0132] At their bottom end, the two bars 31 and 32 are
attached to the second frame 34, preferably welded, screwed
or otherwise mounted, either releasable or non-releasable. In
the present example, a distance d between the transducer 1
and the reflector 2 can be adjusted by moving the first frame
33 relative to the second frame 34. In another embodiment,
the second frame 34 may be additionally slidable over the
two bars 31 and 32 in the same manner as is the first frame
33, e.g. by providing corresponding pins at the end of the
second frame 34. In a different embodiment, the first frame
33 is fixed in its position with the bars 31 and 32, and only
the second frame 34 comprising the reflector 2 is slidable
over the bars 31 and 32.

[0133] Hence, frames 33 and 34 as well as bars 31 and 32
contribute to a mechanical structure 3 for holding the
transducer 1 and the reflector 2, and for both allowing the
distance d between the transducer 1 and the reflector 2 be
varied/adjusted, and for determining a distance adjusted
between the transducer 1 and the reflector 2. For supporting
this purpose, one or both of the bars 31, 32 may be provided
with a scale 312 allowing the sonographer to read, estimate
or deduct the distance d or this distance may be read by a
sensor automatically. Hence, the pin/bore-mechanism acts
as a distance adjuster which on the one hand allows the
fixing of a defined compression thickness by manually
sliding the first frame 33 towards the second frame 34 until
a release point defined by the pins entering one of the
borings. The compression preferably is released by simply
sliding the first frame 33 upwards. No screw loosening or
tightening is necessary during this process. In one embodi-
ment, there is not even a scale required but the sonographer
can determine the distance solely by e.g. the number of free
bores between the two frames 33, 34 together with the
knowledge of a distance between adjacent bores.

[0134] Diagram 1)) illustrates a top view on the second
frame 34 of the apparatus shown in FIG. 1a). At its ends,
mounting holes 341 are provided for mounting the second
frame 34 to the bars 31 and 32, e.g. for welding at these very
locations. The second frame 34 has a length | and a width w,
which width w is defined at a location of the second frame
34 that is expected to touch the target, ie. the tissue 4 of
breast. The second frame 34 may be of uniform width, or
may be of varying width along its length 1 as is shown in
FIG. 15). The width w preferably roughly corresponds to the
transducer’s active cross-section width, which is typically
less than 2 cm, preferably equal to or less than 1 cm. Hence,
the second frame 34 is not a compression plate but serves for
only locally compressing the breast. Preferably, the first
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frame 33 is of a similar width at the location of compression
such that the localized compression concept is not impeded.
[0135] For taking ultrasound readings of the breast 4, the
sonographer preferably moves the first frame 33 in a direc-
tion in and out of the plane of projection, thereby possibly
adjusting the distance d between the transducer 1 and the
reflector 2 for adapting to the shape of the breast. The
sonographer may at each position record an ultrasound
image which may be assembled and visualized by the
tomographic unit connected to the cable 15.

[0136] The reflector 2 may be one of attached to the
second frame 34, be integrated therein, or be represented by
the second frame 34. E.g. in the latter case, the second frame
34 may be entirely of metal and act as a reflector 2. In a
different embodiment, reflector material may be attached,
e.g. be adhered to the second frame 34 which in this case
may not be manufactured from an ultrasonic reflecting
material but may be made e.g. from plastics.

[0137] FIG. 2 illustrates a side view of a hand-held medi-
cal ultrasound apparatus 10 according to a second embodi-
ment of the present invention. The apparatus 10 comprises
an ultrasound transducer 1 which may be identical to the
transducer 1 of FIG. 1, and a reflector 2 which may be
identical to the reflector of FIG. 1. The transducer 1 and the
reflector 2 are arranged opposite to each other and the target
to be investigated is arranged, and preferably slightly com-
pressed in between. However, no bars are provided for
providing mechanical stability and a defined distance d
and/or a defined orientation between the transducer 1 and the
reflector 2. However, in different embodiments, one or both
or the transducer and the reflector may be mounted to allow
a movement in only a defined direction or orientation. For
example, the reflector may be pivot mounted at one of its end
and therefore only change its position by way of rotating. In
the present embodiment, a position and/or orientation sensor
6 is provided. Such sensor 6 may determine either the
distance d between the transducer 1 and the reflector 2, or the
orientation or there between, or preferably both. The sensor
6 may comprise elements arranged at both, the transducer 1
and the reflector 2. The sensor 6 is built based on medically
approved technologies. For example, for magnetic position
tracking, the sensor 6 includes a base for inducing a strong
magnetic field and small receiver coils for reading the
induced field. The base and the receiver coils are all con-
nected (cabled) to the same unit to deduce position. In this
case, receiver coils may be arranged at both the reflector 2
and the transducer 1. Another possibility is to use optical
tracking, e.g. with infrared or visible lights, by arranging
passive or active markers at both the reflector 2 and the
transducer 1. Or, subject to the sensing principle, the sensor
6 may be arranged only at one of the transducer 1 and the
reflector 2.

[0138] FIG. 3 illustrates a side view of a hand-held medi-
cal ultrasound apparatus 10 according to a third embodiment
of the present invention. The apparatus 10 comprises an
ultrasound transducer 1 which may be identical to the
transducer 1 of FIG. 1, and a reflector 2. The transducer 1
and the reflector 2 are arranged opposite to each other and
the target to be investigated is arranged in between (not
explicitly shown in FIG. 3). Again, no bars are provided for
providing mechanical stability between the transducer 1 and
the reflector 2. Instead, the reflector 2 comprises a two-
layered set-up including a second layer L2 with second
reflection properties, and a first layer L1 on top of the second
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layer L2 with first reflection properties with respect to
ultrasound, which second reflection properties are different
to the first reflection properties. Hence, a first portion of the
ultrasound us emitted is reflected by the layer L1 and is
received as reflected ultrasound signal usrl by the receiver
in the transducer 1. Another portion of the ultrasound us
emitted is reflected by the second layer .2 and is received
as reflected ultrasound signal usr2 by the receiver in the
transducer 1. The thickness of layer L1 is thin enough to
induce acoustic signatures in the tracked reflector signals,
for example the cancellation or enhancement of determined
ultrasound frequencies. The thickness of layer L2 is large
enough to obtain well separated ultrasonic signals usr2 and
usrl. Both layers L1 and 1.2 provide complementary dis-
crimination means to cancel reflections usr3 at undesired
structures, for instance an air gap AG between tissue and
reflector 2. These discrimination means can therefore be
used individually, for instance, the reflector can consist only
of layer L1 or 1.2, or combined for better discrimination.
Additional layers may be added if necessary.

[0139] FIG. 8 illustrates a particular embodiment, in
which only a single reflector layer .2 is used. An arbitrary
wave propagation path between an emitter element 5i, also
referred to as transmitter element, of the transducer 1 and a
receiver element £o of the transducer 1 is considered, which
elements &i, Eo may be arbitrary transducer element pairs.
The transducer 1 is separated by an unknown distance d
from the reflector 2, which is inclined by an unknown angle
0 with respect to the transducer 1. ¢B is the unknown
average ultrasound propagation speed in the breast tissue
medium between the transducer 1 and the reflector 2 (not
shown). The parameters £i, Eo, cB are respectively equiva-
lent to the above described parameters e, £o and vB. The
thickness 1 and the average ultrasound propagation speed cL.
in the layer L2 are known. The measured time of arrival t1,
2 of the ultrasound reflection signals at the top usrl and
bottom usr2 interfaces of the reflector 2 are functions of the
unknown parameters. For reflection at the top usrl surface,
the time of arrival t1 is calculated as follows:

=cgt
\/ AP+(E,-E ), +4sin0(E E ~d°)-25in(20)d(E +E,) (2%

Note that if 8=0° the equation reduces to:
1=y NAPHESE)D) (26)

which can be optimized for both d and ¢; with linear least
squares optimization. The former equation (25) is however
not linear and must be solved with a non-linear optimization
approach, preferably Nelder-Mead simplex optimization or
any other appropriate method.

[0140] Hence, with equation (25), from the delays t;
recorded from a single reflective layer, a reflector distance d,
inclination 6 and average ultrasound propagation speed in
tissue ¢, can be determined.

[0141] In another embodiment, equation (25) is amended
by introducing an unknown time bias t,,, which depends on
a time offset on the system lag for data acquisition, as well
as on the determination which ultrasound echo feature is
selected from the received signal as echoed pulse, in par-
ticular which oscillation is selected:

[ :loﬁ"'czf1
VAP HEAE P HASIPOEE ) -25in(20)d(EHE) @
[0142] FIG. 17 shows graphs in connection with an esti-
mation of the reflector 2 according to a preferred embodi-
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ment, and in particular its distance d from the transducer 1,
and the angle 6, according to the apparatus shown in FIG. 8,
from the delays of a single reflective layer t, according to an
embodiment of the present invention.

[0143] Here, the apparatus including the transducer and
the reflector was delineated in a medium, for example,
distilled water medium, for which the speed-of-sound ¢ can
be precisely determined. According to the chart shown in
FIG. 17 a.2), the distance d between the transducer 1 and the
reflector 2 was modified. It can be derived that simultane-
ously estimating the time bias value 1,5 the speed of sound
g, the distance d and the angle 0 leads to large errors
(uncertainty >10% in cz). Therefore, it is preferred to
calibrate the time bias value t,, beforehand. The speed of
sound c; can be safely assumed to be constant for all
distances. Therefore, a set of assumed time bias values t,is
assumed for fitting equation (27), and the time bias value t,,
is selected as preferred the value of which minimizes the
standard deviation of the speed of sound c, over all tested
distances, see FIG. 17 a.4). Once the time bias value t,, is
calibrated as described, the speed of sound ¢ uncertainty in
the function of d can be analyzed, see FIG. 17 a.3). The
speed of sound ¢ uncertainty is largest at short reflector-
transducer distances, for which near field effects occur, such
as between 5-10 millimeter, for example, and decreases for
longer distance. These variations can be reproduced by
simulating the radiated pressure fields. The distance d uncer-
tainty for both coarse and fine calibration tests are related to
the mechanical precision of the positioning frame the trans-
ducer and the reflector may be attached to, and allows for
reconstruction of speed-of-sound with an accuracy <1 m/s
(<0.1%).

[0144] In another step illustrated by the charts 17 b.2)-b.
4), the apparatus preferably is calibrated at different speed of
sound cm values for a fixed reflector position, i.e. fixed
distance d and angle 0. The different speed of sound cg
values can be achieved by changing the temperature of the
tissue/fluid between the transducer and the reflector, hence,
here the temperature of the distilled water. In order to ensure
a homogeneous temperature distribution, the water can be
stirred with a fan during the cooling process.

[0145] Finally, and as illustrated by the charts 17 ¢.2)-c.4)
different inclinations between the reflector 2 and the trans-
ducer 1 are tested for constant speed of sound by analyzing
ultrasound reflection on a set of aluminum triangular prisms,
e.g. 0° 1° 2° 5° 7.5° 10° 15° and 20°, which are
positioned on the reflector or separate to generate either
in-plane and out-of-plane ultrasound reflections. In-plane
reflections are considered to be reflections in the plane
defined by the transducer and the reflector, e.g. when the
reflector—or the prism in the present example—is inclined
with respect to the longitudinal extension of the transducer,
and hence inclined by angle 0. An out-of plane reflection is
achieved, when the reflector—or the prism—in inclined
with respect to a plane orthogonal to the in-plane, i.e. when
the reflector is inclined around its longitudinal axis. Signal
levels are measured in function of in-plane and out-of-plane
inclination, see chart 18 ¢.3) and 18 c¢.4). The results are
compared with simulated directivity functions for each
transducer element. The in-plane inclination leads to a small
signal loss in the order of 5 dB for large inclination shifts
such as 20°. However, the out-of-plane inclination which is
not detectable by the ultrasound transducer has a larger
effect, with e.g. 20 dB signal loss for a 5° misalignment. This
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shows the importance of a good out-of-plane calibration,
which can be achieved with the positioning frame or addi-
tional sensor means, e.g. optic or magnetic tracking sensors.
If, instead of a linear transducer as in FIG. 17, a matrix
transducer with a two-dimensional array of transducer ele-
ments is used, both the in-plane and out-of-plane inclination
can be detected by the ultrasound transducer.

[0146] In case of a second reflective layer t, with respect
to FIG. 8, i.e. for reflection at the bottom surface usr2, the
time of arrival t2 is calculated by solving a 4” degree
polynomial according to equation (28):

1 :L’B’l\/4[12+x2+c[1 VAPH(t-x)4cy™!

[rc0s0-(E,~E)] +[1sin6]?
=(2,-E,){cos O-sin 0)x/(2d)
DD P4 hp =0
pa(e = ) 1+EE)sin 0/2d))
P28, E)(cp e ) 1+E~E)sin 0/(24)] cos 6;

Pr=cy  [AP+E FE Y cosze]-cL*Z[4&Z+4& sin (&~
%i)"'(%o_%i)z]

Pi=8(E,~E)es 2P [1+(E,~Esin 0/(24)] cos 0
P0:‘4‘}ZCL72(§O—§I)Z cos 6

d=(d+tan ¢Z;)cos 0

where Ei is the known transmitter lateral position, o is the
known receiver lateral position, d is the unknown distance
between transducer and plate with respect to the first trans-
ducer element, 0 is the unknown inclination between trans-
ducer and plate, cB is the unknown average ultrasound
propagation speed in the inspected medium 4, 11s the known
thickness of the plate L2 and cL is the known average
ultrasound propagation speed in the plate.

[0147] FIG. 8b) shows the reflection delays calculated for
a preferred configuration, for the transmitter element &i, and
in which layer L2 is a 5 mm thick Plexiglas plate (c[.=2670
m/s). With the chosen material parameters, a controlled and
approximately constant delay between the two reflections
usrl and usr2 is achieved (~3 ps), which is a compromise
between the time discrimination of successive ultrasound
reflection signals, and the signal-to-noise ratio of the second
echo usr2 which is the lower the thicker the reflector .2 is.
Fxperimental results are shown in FIG. 115).

[0148] FIG. 8¢) illustrates the applicability of simultane-
ous detection of the two echoes usrl, usr2 to improve the
robustness of the reflector tracker, again for the first trans-
ducer element £i. For each lateral position y of the reflector
2 there is at least a receiver position corresponding to an
ultrasound signal usrl reflected at such position, as well as
two receiver positions for ultrasound signals usr2 respec-
tively incident and reflected at the position y. The three
signals should be simultaneously detectable for the same
position y and moreover provide consistent time estimates t1
and t2 according to the equations shown above. Therefore,
the simultaneous consideration of multiple reflection signals
in a non-linear optimization algorithm can be used to
improve the accuracy of the reflection timing and to filter out
reflections usr3 at undesired structures, as shown in FIG. 3.
Outlier detection algorithms, for instance Random sample
consensus (RANSAC) can be used to filter out such unde-
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sired structures from the measured time matrices. The equa-
tions provided above are simplified equations, which assume
straight ray trajectories between transducer elements and
reflector 2. In a more general implementation, these equa-
tions are refined iteratively until convergence with a full-
wave solution that accounts for refraction, diffraction and
scattering phenomena within the inhomogeneous tissue
medium. Similarly, other wave signatures apart from the
time delays (ultrasound attenuation, linear frequency
response, non-linear effects) can be used for reflector track-
ing and tomography reconstruction with the presented
embodiments.

[0149] FIG. 4 illustrates a block diagram of a system
according to an embodiment of the present invention. The
system comprises a portable apparatus 10 according to any
one of the preceding embodiments, and a stationary tomo-
graphic unit 50 remote from the apparatus 10. A transducer
1 of the apparatus transmits electrical signals representing
the reflected ultrasound waves usr to a processing unit 51 of
the tomographic unit 50, where the signals usr are evaluated
and preferably converted into cut view images of the target.
The resulting images preferably are displayed on a display
52 of the tomographic unit 50. In case the distance and/or
orientation between the transducer 1 and the reflector 2 is
sensed by a corresponding sensor in the apparatus 10, it is
preferred that this position information ps is transmitted to
the processor unit 51, too, either by the transducer 1 or by
the reflector 2, subject to the set-up of the sensor.

[0150] The tomographic unit 50 may in one embodiment
be based on a commercial FDA-approved research ultra-
sound machine, e.g. a SonixTablet/SonixTouch, Ultrasonix
Medical Corporation, Richmond, BC, Canada. Such
machine provides a programming interface by means of
which user-defined ultrasound acquisition sequernces can be
defined. Similar machines are available in the market from
other manufacturers, e.g. Verasonics Inc., Kirkland, Wash.,
USA; SuperSonic, Aix-en-Provence, France. According to a
preferred embodiment, for the present ultrasound tomogra-
phy, the emitter and receiver array of the transducer 1 is
typically operated in multi-static mode, with each element
individually firing and the rest receiving. This concept is
illustrated in FIG. 10g), and is equivalent to ultrasound
imaging with transmitter and receiver aperture of one ele-
ment. In order to improve the signal-to-noise ratio when
transmitting through thick breast tissue, a larger transmitted
aperture, typically 2 or 4 elements, may be used. In general,
any clinically approved ultrasound machine, which allow for
definition of both the transmitter and receiver aperture, may
also be used for ultrasound tomography according the pre-
sented invention, as long as the reflected echoes usrl, usr2
are sampled with sufficient temporal resolution. Radiofte-
quency data RF is therefore in general preferred, even if
B-mode images may also be used for reflector detection.
[0151] Generally, and irrespective of any of the above
embodiments, in particular the distance as determined
between the transducer 1 and the reflector 2 may be used in
determining a speed the ultrasound travels through the target
which speed may indicate tissue irregularities. And/or, the
position and/or orientation between the transducer 1 and the
reflector 2 may be used for identifying the relevant areas in
the cut image taken by the target.

[0152] Hence, and in general, a reflector based total-
variation sound-speed imaging and delineation of piecewise
homogeneous inclusions in breast tissue is proposed in one
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embodiment, without the requirement of knowing a position
of the inclusion in advance. For example, a 128-emitting and
receiving element array in the transducer is operated in a
multistatic mode, each element individually firing and the
rest receiving. Preferably, a global optimization approach as
described above (Eq 19) measures the delays of echoes
reflected from the reflector behind the sample. Other algo-
rithms based on graph theory or random Markov fields,
among others, may also be used to track the delays of echoes
in a continuous fashion. Non-linear optimization of the
128x128 delay matrix, for instance Nelder-Mead simplex
optimization and/or RANSAC outlier filtering, provides
average sound speed, plate distance and inclination, together
with relative delays At induced by sound speed inhomoge-
neities. With a known geometric path-length [ (ie. the
distance between the transducer and the reflector), relative
slowness increments o (low: high sound speed/hard inclu-
sion; high: low sound speed/soft inclusion) are preferably
solved from an ill-conditioned linear system At=L.c. The
total-variation regularization argmin_o {|[t-Lo|_1+A|D
0|1}, or a variation of as described above, with D a
gradient matrix, is preferably solved with convex optimiza-
tion. The same equation structure or an iteratively adjusted
version of it can be used for solving for other wave signa-
tures, such as ultrasound attenuation or other linear or
non-linear features.

[0153] FIG. 6 shows an apparatus in a perspective view in
diagram 6a), and in application to a mimic breast in diagram
6b), according to an embodiment of the invention, the
apparatus of FIG. 6 preferably coinciding with the apparatus
schematically shown in FIG. 1, such that the following
disclosure shall in particular also be applicable to the
embodiment of FIG. 1. The ultrasound transducer 1 prefer-
ably is a commercial linear array (in one embodiment
presented herein: [.14-5, Ultrasonix Medical Corporation,
Richmond, BC, Canada). It may comprise a total of 128
transducer elements, which can alternatively act as trans-
mitters or receivers, with a pitch between elements of 300
um, an element elevation of 7 mm, and a total aperture of 38
mm. The transducer 1 provides two-dimensional ultrasound
imaging in a plane perpendicular to the transducer elements,
with the width of the image corresponding to the linear array
direction, and the depth corresponding to the petpendicular
direction to the transducer elements, along which ultrasound
echoes are recorded in function of time, see FIG. 1 and FIG.
11. Other transducers types, for example convex array
ultrasound probes or two-dimensional ultrasound arrays can
be similarly used.

[0154] The reflector 2 preferably is an aluminum plate
with a width w of 10 mm at the target contact region, which
is arranged opposite to the transducer 1. FIG. 6b) shows the
same implementation during the inspection of an ultrasound
phantom (Model 059, Computerized Imaging Reference
Systems, Inc (CIRS), Norfolk, Va., USA), which mimics a
female breast 4. The fixing means 14 is here a plastic mold
of the transducer geometry (polycarbonate) manufactured
with 3D printing technology. Both first 33 and second frame
34 are made from aluminum, with second frame 34 acting
simultaneously as reflector 2. The bars 31 and 32 are
cylindrical and massive and are fabricated with stainless
steel. The bores are 90° countersink borings machined into
the bars 31,32. They are arranged equidistant as positioning
reference with steps of 5 or 10 mm. The pin is a screw with
a ball bearing tip, which is attached to the second frame 34
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with a nut. The ball bearing is attached with a string to the
screw (pressure screw) and provides an adequate resilient
force for hand-held fixing and releasing the first frame 33.

[0155] FIG. 7 shows an apparatus in a perspective view in
application to a mimic breast, according to an embodiment
of the invention, the apparatus of FIG. 6 preferably coin-
ciding with the apparatus schematically shown in FIG. 2,
such that the following disclosure shall in particular also be
applicable to the embodiment of FIG. 2. The transducer 1,
reflector 2 and breast phantom 4 are the same as in FIG. 6.
The transducer 1 and the reflector 2 can be moved freely and
independently with separate hands. An optic sensor includes
passive and active markers 51 and 52 which are attached to
both transducer 1 and reflector 2, and allows real time
tracking of the relative displacement and orientation
between each other. The sonographer first searches for a
region of interest by moving the transducer 1 along the
breast 4, preferably receiving real time feedback in terms of
B-mode ultrasound images on a display of an ultrasound
tomography unit. Once a desired position has been identi-
fied, the reflector 2 is moved by hand until it is roughly
aligned opposite to the transducer 1. Both elements are
pressed slightly onto the breast, preferably with a coupling
agent (e.g. water, ultrasound gel, honey, oil) in between, in
order to achieve a good acoustic coupling. The optic sensor
5 provides a real time feedback on the display 52 and
informs when the alignment is good enough to perform
tomographic imaging. Moreover it provides geometrical
referencing of the transducer 1 and reflector 2 with respect
to the breast phantom, allowing the construction of volu-
metric breast scans by successive acquisition of ultrasound
image planes at known positions and orientations.

[0156] FIG. 9 shows a reflector arrangement used in an
apparatus according to an embodiment of the present inven-
tion, which reflector arrangement may specifically be used
in an apparatus as shown in FIG. 3, such that the following
disclosure shall in particular also be applicable to the
embodiment of FIG. 3. The reflector 2 may include the
specific material geometry as is calculated in connection
with FIG. 8b). In contrast to FIG. 3, a single 5 mm thick,
w=100 mm wide reflector layer L.2 is used as reflector 2. The
reflector 2 is made from Plexiglas™ (cL=2670 m/s,
rhoL=1200 kg/m?), which shows a good acoustic contrast
with tissue (cB=1540 m/s, rhoB=1000 kg/m”). A top surface
of the layer L2 is in contact with the inspected breast tissue,
providing a reflection coeflicient (with normal incidence) for
the reflected ultrasound signal usrl of R=(cL*rhol.—
cB*rhoB)/(cL*rhol +cB*rhoB)=0.35 for usrl. A bottom sur-
face of 1.2 is in contact with air (cAir=346 m/s, thoAir=1.2
kg/m?), providing a strong reflection coefficient of opposite
sign for the reflected ultrasound signal usr2,
R=(cAir*rhoAir—cL*rhoL)/(cAir*rhoAir+cL *rhol. }=-0.
9997. For a reproducible reflection behavior of usr2, the
bottom surface of layer 1.2 preferably is kept clear. With this
purpose, a plate 21 is attached below the reflector layer 1.2,
with an engraving 211 that ensures an interface Plexiglas-air
in the region of interest. The mounted reflector arrangement
is shown in FIG. 9b), and may additionally be attached
through screw holes 212 to e.g. the second frame 34.
[0157] FIG. 10 shows an ultrasound tomography example
according to a data evaluation proposed according to an
embodiment of the presented invention. A gelatin phantom
4 containing two 5 mm cylindrical inclusions is inspected
with a transducer 1, with <1% ultrasound propagation speed
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contrast, see FIG. 11a). The inclusions do not show echo-
genicity contrast with respect to the background and are
therefore invisible in B-mode images, which corresponding
image is shown in FIG. 11¢). A large plate of a reflector 2
with a single reflecting interface is tracked. An adaptive
amplitude-tracking described above successfully measures
the delays of echoes reflected from the reflector 2 behind the
sample, see Figure lib). Nelder-Mead simplex optimization
of the 128x128 delay matrix achieves a least-square (LS) fit
of the time profiles according to the multi-static wave
trajectories, and provides average sound speed c,, plate
distance d, and inclination 8 of the reflector 2. The average
sound speed c_ has already diagnostic value, since a dense
breast, which is more prone to certain pathologies, shows
higher sound speed than the average breast. The proposed
limited-angle reconstruction with “anisotropically weighted
total-variation regularization” according to Equation 14,
where three different gradient directions are calculated
according to Eq 11 and the regularization parameter A is
calculated according to Eq 15, does not suffer from strong
streaking artifacts as observed in previous art. On the
contrary, the two inclusions are sharply and piecewise
smoothly delineated in the reconstructed sound speed image,
see F1G. 115). No prior knowledge about the position or
geometry of the inclusions is necessary.

[0158] FIG. 11 demonstrates the application of the pre-
sented hand-held apparatus according to an embodiment of
the present invention to cancerous mass detection. A breast
phantom is investigated by an apparatus according to FIG.
6 or 1. see FIG. 12a). The reflector system illustrated in FIG.
9 is used. Two well-separated ultrasound echoes, usrl and
usr2, are obtained at the reflector 2, which allows for a
robust reflection tracking as described in FIG. 8, see FIG.
125). The second reflection signal usr2 shows opposite sign
with respect to the first reflection signal usrl, due to the
negative reflection coefficient in the interface Plexiglas-air.
This reflection configuration allows a very robust tracking of
the ultrasound signals, and achieves a high-quality time
delay matrix At, see FIG. 125). In comparison, it is clearly
observed that measurements with wide reflector plates and a
single reflector layer, as performed in the previous art
mammography setups (Krueger et al. 1998, Chang et al
2007), result in significantly noisier time delay matrices At,
due to the presence of uncontrolled air gaps and due to the
presence of spurious out-of-plane propagation paths. Hence,
the apparatus described in the presented invention, apart
from achieving higher diagnosis flexibility and reducing
diagnosis pain, provides a clear cut improvement of the
quality of the recorded ultrasound signals.

[0159] The reconstructed sound speed image shows a
strong and localized increase of speed of sound by about 5%
(decrease of slowness), revealing a stiff inclusion at
width=25 mm, depth=12 mm, see FIG. 125). A stiff inclu-
sion is representative of a cancerous tumor, and is therefore
of highest interest in ultrasound breast diagnosis. A B-mode
image of the corresponding area, see FIG. 12¢) provides an
indication of heterogeneity at this position, but does not
provide conclusive diagnostic feedback about its nature. For
example, other suspected masses between depths 20 and 30
mm in the B-mode image show much lower stiffness con-
trast, indicating their cystic nature, and are not revealed in
the B-mode image. The “anisotropically weighted total-
variation regularization approach” according to Equation 14,
where three different gradient directions are calculated
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according to Eq 11 and the regularization parameter A is
calculated according to Eq 15, provides a piecewise smooth
ultrasound image, with an excellent contrast between stiff
inclusion and background. Therefore, the apparatus is
capable of providing high-quality tomographic images in
which tumorous inclusions can be delineated, allowing the
differentiation of such inclusions from benign cystic masses.

[0160] FIG. 12 illustrates a schematic view of an appara-
tus according to an embodiment of the present invention,
illustrating measures and dimensions useful in the recon-
struction of an ultrasound image. Again, the transducer is
referred to by 1 and the reflector by 2. The transducer 1
includes multiple emitters 12, also referred to by Tx1, Tx2,
Tx3, etc. and multiple receivers 13, also referred to by Rx1,
Rx2, Rx3, etc. wherein preferably each emitter can also be
operated as a receiver, such as is indicated by “Tx2=Rx2”,
and thereby representing a transducing element. Hence, the
array comprises N transducer elements. A distance between
adjacent transducing elements is referred to as pitch pt. An
extension of the transducer elements 12, 13 in direction X,
also referred to as horizontal direction x, is referred to as
width W. The transducer 1 and the reflector 2 are arranged
at a distance d from each other. In between the transducer 1
and the reflector 2, tissue 4 to be investigated is arranged.
Preferably, the reflector 2 is flat, such that the distance d
applies all across the width W.

[0161] The plane defined by the transducer 1 and the
reflector 2 is made quantifiable by the Cartesian coordinates
x and y, wherein y is orthogonal to x. This is the plane x, y
for which an image is desired to be reconstructed. An
orientation also referred to as angular direction (in this plane
and is specifically related to the y orientation. Three sample
ray paths pl, p2, p3 are illustrated in FIG. 12 in this plane
x, y: For generating ray path p2 an ultrasound wave is fired
at emitter Tx2. Its echo is received at receiver Rx2 of the
same transducer element Tx2=Rx2. Here, the ray path p2 has
an angular direction $2=0°. For generating ray path p1 an
ultrasound wave is fired at emitter Tx1. Its echo is received
at receiver Rx1, wherein Tx1 and Rx1 are the two elements
separated most within the row of elements. Accordingly, this
corresponding ray path pl shows the maximum angular
direction (3=max possible with an apparatus of this kind.
The maximum angular direction #max is determined by arc
tan(W/(2d)) and hence depends on the width W of the row
of transducer elements and the distance between the trans-
ducer 1 and the reflector 2. The plane x, y between the
transducer 1 and the reflector 2 is virtually divided into rows
and columns of cells ¢, oriented along the Cartesian coor-
dinates x and y, preferably of square size h each. For each
of these cells relevant to the measurement, e.g. in particular
cells within the rectangle defined by width W and distance
d, where tissue is present during a measurement, a speed of
(ultra)sound value is determined, which may vary from cell
to cell owing to tissue composition. However, in view of the
setup of the apparatus and the related limited angular
directions ray paths can take, each cell ¢ is crossed only by
a limited number of ray paths, i.e. only from this limited
number of corresponding angular directions information can
be derived for determining the speed of sound for the subject
cell c. For example, and generally in such setup, a maximum
angular range is given by [=0,,.., $ne.l- FOr a SoS image
aspect ratio of 1:1, i.e. width W=depth D, the largest
available angular direction is given by ¢,,,.=a tan(2)=27°.
The image information from angular orientations between
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[, 180° ] and [-180°, =¢,,,..] is missing. However, since
ray paths, and corresponding angular directions parallel to
the reflector 2, i.e. in x-direction, are missing, a very good
resolution can be achieved in this horizontal direction X, but
a coarse resolution only in the orthogonal vertical direction
y. The solution in y direction is significantly improved if
“anisotropically weighted spatial regularization”, as
described above, is applied. Particularly, typical vertical
inclusion elongations (>300%) with no regularization are
reduced to <15% with AWSR.

[0162] Inapreferred embodiment, the cell size h is chosen
to be equal to the pitch pt. This measure also defines the
reconstruction resolution, since it is the smallest unit in the
plane for which different speed of sound values are deter-
mined that finally point to different kinds of tissue compo-
sition. Given a transducer 1 with a linear array of N elements
separated by pitch pt, in operation of the system a processing
unit controls and triggers a firing of ultrasound pulses at the
respective emitter elements, and reads corresponding signals
supplied by the receiver elements. The image aspect ratio
W/d may be 1:1 with width W, and distance d, for example.
Considering the problem Atp, =Ly, 0., the number of
recorded wave paths P=N>. Low-populated cells, i.e. cells
which are traversed by <10% of the rays that traverse the
most populated cell, are preferably not reconstructed, so that
in this example the number of cells C: C~0.96N?,

[0163] Ina specific example of an apparatus and a system,
N=128, p,ef:h,.ef For both ejquation (13) and equation (14),
the regularization constant is A,,=0.013.

[0164] FIG. 13 shows a schematic drawing of an apparatus
according to another embodiment of the present invention.
In this embodiment, the reflector 2 includes two reflector
portions 21 and 22 of different orientation, and in particular
of orthogonal orientation in the plane (the x/y coordinates
introduced in FIG. 12 shall apply to the diagrams in FIG. 13
to 15 as well). In this arrangement, the angular orientation
set ¢ for the cells ¢ can be increased.

[0165] The embodiment of FIG. 14, the transducer 1
includes two transducer portions 100 and 102, and the
reflector 2 includes two reflector portions 21 and 22, oppos-
ing each other, again for increasing the angular orientation
set ¢ for the cells c.

[0166] FIG. 15 illustrates a diagram of an apparatus
according to an embodiment of the present invention in an
application to breast inspection. In this embodiment, the first
bar may be a spindle of linear stage (300) along which the
first and/or the second frame (301) may be moved, e.g.
actuated via a hand wheel (302). Preferably, the position
and/or the distance may be displayed to a user on a display
assigned to the apparatus, where e.g. a position of the hand
wheel is detected and converted into a distance between the
transducer and the reflector. Or, a curser (303) may be
connected to the spindle and provides a distance reading to
the sonographer

[0167] FIG. 16 illustrates in columns a) thirteen different
examples of artificial inclusions (black) in a tissue (grey).
Columns b) to f) show images based on simulation results of
a virtual transducer extending at the top line of each sample
and a virtual reflector at the bottom line of each sample,
which virtual apparatus echoes the samples, and different
ways of determining sound of speed values for virtual cells
in each image with the respective image provided for each
of the samples P1 to P13 in the respective row. In particular,
the images are reconstructed with different approaches in the
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regularization, in particular, wherein the regularization
terms are used according or included in the following
equations:

[0168] b) according to the prior art implemented in
“Limited-angle ultrasonic transmission tomography of
the compressed female breast. Krueger et al. IEEE
Ultrasonics Symposium 1998, pages 1345-1348”.

[0169] c) equation (5), “Total variation” (TV);

[0170] d)equation (6), “Anisotropically-Weighted Total
Variation” (AWTV), having the L2 norm applied in the
error function term as in equation (5);

[0171] e) equation (13), “Anisotropically-Weighted
Total Variation (AWTV)”, having the L1 norm applied
in error function term, and having release lines incor-
porated according to equation (16);

[0172] 1) equation (14), “Multi-Angle Anisotropically-
Weighted Total Variation” (MA-AWTV), with three
gradient directions [0, 25°, -25°].

[0173] FIG. 18, shows an apparatus which, instead of a
reflector, uses two opposed transducers (1, 201), so that
specific elements of each transducer can be utilized as either
transmitter or receiver elements. In this case, a return path is
not required for the ultrasound waves, which minimizes
signal loss and potentially allows inspecting thicker tissues.
Improved speed-of-sound images can be achieved by apply-
ing the system and/or method according to embodiments of
our invention, preferably coinciding with the methods illus-
trated in FIG. 16.

1. Hand-held medical ultrasound apparatus, comprising

an ultrasound transducer for emitting ultrasound, and

a reflector for reflecting at least a portion of the emitted
ultrasound.

2. Apparatus according to claim 1, comprising

an indicator enabling the indication of a relative position
and/or orientation between the transducer and the
reflector.

3. Apparatus according to claim 1,

wherein the transducer and the reflector are attached to a
mechanical structure opposite to each other.

4. Apparatus according to claim 3,

wherein the mechanical structure comprises a distance
adjustment for varying a distance between the trans-
ducer and the reflector, at least a part of the distance
adjustment acting as indicator.

5. Apparatus according to claim 3,

wherein the mechanical structure comprises a first frame
the transducer is attached to, a second frame the reflec-
tor is attached to or is integrated in or consists of, and
at least a first bar both the first and the second frame are
mounted to, and

wherein at least one of the frames is slidable mounted
over the first bar.

6. Apparatus according to claim 5,

wherein the first bar comprises positioning means for
holding the at least one frame at predefined positions.

7. Apparatus according to claim 6,

wherein the positioning means includes borings at the
predefined positions in the first bar,

wherein the at least one frame comprises a pin at least
partially insertable into the borings for holding the at least
one frame in the predefined position at the first bar.

8. Apparatus according to claim 7,

wherein the pin is mounted in the at least one frame to
take a first position reaching at least partially into any
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of the borings, and a second position out of the borings
which second position is required for sliding the frame
between two adjacent borings of the first bar, and

in particular wherein the pin is movable from the first
position to the second position against a resilient force.

9. Apparatus according to claim 5,

wherein the mechanical structure comprises a second bar,

wherein the first frame is mounted to both the first and the
second bat,

wherein the second frame is mounted to both the first and
the second bar,

wherein at least one of the frames is slidable mounted
over both the first and the second bar,

wherein each of the first and the second bar comprises
positioning means for holding the at least one frame at
predefined positions.

10. Apparatus according to claim 9,

at the predefined positions in each of the first and the
second bar, and

wherein the at least one frame comprises a pin at least
partially insertable into the borings of the first bar and
another pin at least partially insertable into the borings
of the second bar for holding the at least one frame in
the predefined position.

11. Apparatus according to claim 2,

wherein the indicator includes a position and/or an ori-
entation sensor for determining a position and/or an
orientation respectively between the transducer and the
reflector, and

in particular wherein the position and/or the orientation
sensor is a magnetic or optic sensor.

12. Apparatus according to claim 1,

wherein the transducer and the reflector are mechanically
disconnected, and

in particular wherein the reflector is attached to or is
integrated in or consist of a planar frame.

13. Apparatus according to claim 2,

wherein the indicator includes the reflector (2), which
reflector comprises a single layer, or comprises more
layers of different ultrasound reflecting properties.

14. Apparatus according to claim 5,

wherein the first frame and the second frame each have a
width and a length, the length exceeding the width,

wherein the width of each frame is less than 2 cm at least
in a region designated for contacting a tissue to inves-
tigate.

15. Medical ultrasound system, comprising

an apparatus according to claim 1,

a processor,

wherein the transducer is electrically connected to the
processor, and

wherein the processor is configured to determine an
ultrasound based tomographic image subject to
reflected ultrasound waves received by the ultrasound
transducet.

16. Medical ultrasound system according to claim 15,

wherein the ultrasound transducer comprises a set of
emitter elements and a set of receiver elements,

wherein the processor is configured to, for a set of emitter
element receiver element combinations, trigger the
respective emitter element to emit an ultrasound wave
to travel through tissue to be arranged between the

Sep. 20,2018

transducer and the reflector, to the reflector, and from
the reflector back through the tissue to the receiver
element,

wherein the processor is configured to, for each of the
emitter element receiver element combinations of the
set, determine a time of flight value for the ultrasound
wave travelling from the emitter element to the receiver
element,

wherein the processor is configured to determine ultra-
sound parameter values of the ultrasound wave for cells
in a plane defined by the transducer and the reflector,
dependent on the time of flight values, and

wherein the processor is configured to convert the ultra-
sound parameter values into the image.

17. Medical ultrasound system according to claim 16,

wherein the processor is configured to determine the
ultrasound parameter values out of a set of ultrasound
parameter values dependent on gradients of ultrasound
parameter values of neighboring cells.

18. Medical ultrasound system according to claim 16,

wherein the processor is configured to determine the
ultrasound parameter values out of a set of ultrasound
parameter values dependent on gradients of ultrasound
parameter values of neighboring cells in at least two
directions in the plane.

19. Medical ultrasound system according to claim 18,

wherein the processor is configured to determine the
ultrasound parameter values out of the set of ultrasound
parameter values dependent on gradients of ultrasound
parameter values in a first direction in the plane, and
dependent on a gradient of ultrasound parameter values
in a second direction in the plane different to the first
direction.

20. Medical ultrasound system according to claim 19,

wherein the first direction is a direction orthogonal to a
longitudinal extension of the reflector and/or the trans-
ducer, and wherein the second direction is orthogonal
to the first direction.

21. Medical ultrasound system according to claim 17,

wherein the processor is configured to determine the
ultrasound parameter values out of the set of ultrasound
parameter values dependent on gradients of the ultra-
sound parameter values in a first direction in the plane,
dependent on gradients of ultrasound parameter values
in a second direction in the plane, and dependent on
gradients of ultrasound parameter values in a third
direction in the plane.

22. Medical ultrasound system according to claim 21,

wherein the first direction is a direction orthogonal to a
longitudinal extension of the reflector and/or the trans-
ducer,

wherein the second direction is defined by a maximum
angle ¢,,,. with respect to the first direction, which
maximum angle is defined by ¢, =arc tan(W/(2*d),
with W being a width of a linear array of transducer
elements of the transducer and d being a distance
between the transducer and the reflector,

wherein the third direction is defined by the negative
maximum angle ¢,

23. Medical ultrasound system according to claim 17,

wherein the processor is configured to determine the
ultrasound parameter values out of a set of ultrasound
parameter values dependent on weighted gradients of
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ultrasound parameter values of neighboring cells in at
least two directions in the plane.

24. Medical ultrasound system according to claim 23,

wherein the processor is configured to apply the same
weight to all gradients of the same direction, and
different weights per direction.

25. Medical ultrasound system according to claim 19,

wherein the processor is configured to apply a first weight
to all gradients of the first direction, and a second
weight to all gradients of the second direction, wherein
the first weight exceeds the second weight.

26. Medical ultrasound system according to claim 21,

wherein the processor is configured to apply a first weight
to all gradients of'the first direction, a second weight to
all gradients of the second direction, and a third weight
to all gradients of the third direction.

27. Medical ultrasound system according to claim 16,

wherein the ultrasound parameter is speed of sound,

wherein the processor is configured to determine a speed
of sound value for each cell, preferably either as a
single value, or in function of the frequency, or in
function of any perturbation applied to the tissue.

28. Medical ultrasound system according to claim 16,

wherein the ultrasound parameter is acoustic attenuation,

wherein the processor is configured to determine an
acoustic attenuation value for each cell, preferably
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either as a single value, or in function of the frequency,
or in function of any perturbation applied to the tissue.
29. Medical ultrasound system according to claim 16,
wherein the ultrasound parameter values are identified at
several emitted ultrasound frequencies allowing to
reconstruct frequency-dependence of such parameter.
30. Medical ultrasound system according to claim 15,
wherein the processor is configured to determine a dis-
tance between the transducer and the reflector depen-
dent on a time of flight value in response to triggering
an ultrasound wave at the transducer.
31. Medical ultrasound system according to claim 15,
wherein the processing unit is configured to apply total-
variation regularization in the calculation of tomo-
graphic ultrasound images, and in particular wherein in
the total variation regularization the equation to be
solved follows the form argmin_o {||At-Lo]_2+A|D
0||_1} or any combination of such forms, where At is a
vector of measured quantities, o the unknown vector to
be reconstructed, [, a matrix geometrically calculated
under consideration of the setup geometry, D a gradient
matrix and A a constant, and
in particular wherein the equation is solved with convex
optimization.
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