US 20130267850A1
a9y United States

12y Patent Application Publication (o) Pub. No.: US 2013/0267850 A1

Berman 43) Pub. Date: Oct, 10, 2013
(54) SYSTEM AND METHOD FOR ULTRASONIC (52) US.CL
EXAMINATION OF THE BREAST CPC ... A61B 8/4461 (2013.01); A61B 8/0825
(2013.01); A61B 8/461 (2013.01)
(76)  Inventor: - Michael Berman, Jerusalem (IL.) USPC e 600/443
(21) Appl. No.: 13/992,091
(22) PCT Filed: Dec. 6, 2011 57 ABSTRACT
(86) PCT No.: PCT/ML11/50042
§ 371 ()(1), N . L
(2), (4) Date:  Jun. 6, 2013 The invention provides a system and method for limited view
ultrasound imaging of a 2D section or a 3D volume of a body
Related U.S. Application Data part. Ultrasound sensors configured are spatially or tempo-

rally arrayed in a limited view circular arc or over at least part

of a concave surface such as a hemisphere. A processor cal-

culates from detected ultrasound radiation a beam forming

(BF) functional and calculates from the free amplitudes a

point spread function (PSF). A filter g(k) is calculated from

(51) Int.CL the Fourier transform Hy-(k) of the PSF that is used to gen-
A6IB 8/00 (2006.01) erate an image of the 2D section or the 3D volume of the body
AG6IB 8/08 (2006.01) part.

(60) Provisional application No. 61/420,098, filed on Dec.
6, 2010.

Publication Classification




Patent Application Publication  Oct. 10,2013 Sheet 1 of 8 US 2013/0267850 A1

Fig. 1




Patent Application Publication  Oct. 10,2013 Sheet 2 of 8 US 2013/0267850 A1

Fig. 2

30




Patent Application Publication

Oct. 10,2013 Sheet 3 of 8

US 2013/0267850 A1

0 ©
< <t
e S k)
LL / (T
7,40 s e © 0
H]
4I’° o
| ]
N
>,_I k7
b
8
© (&)
<t <
o o
1 LL

@ *Front !




Patent Application Publication  Oct. 10,2013 Sheet 4 of 8 US 2013/0267850 A1

ol

20

Fig. 5

42

41

Fig. 6



Patent Application Publication  Oct. 10,2013 Sheet 5 of 8 US 2013/0267850 A1

50

40

71
41 50 80
51

Fig. 8



Patent Application Publication

/121

84
W/

Oct. 10,2013 Sheet 6 of 8

/83

Computer

PLC*

1
or 4\ Indexer

82 81
s

Step
Motor

Driver

Inputs/Outputs Clock & Direction signals

US 2013/0267850 A1

>80

Fig. 9

t‘Dimetric

50
40

[ Font;

Fig. 10c

86

Y 50
PR
=*Right .|

85\6

Fig. 10d




US 2013/0267850 A1

Oct. 10,2013 Sheet 7 of 8

Patent Application Publication

US Driver

Processor

Fig. 11

Fig. 12



Patent Application Publication  Oct. 10,2013 Sheet 8 of 8 US 2013/0267850 A1

e

/

LH T,

=
K
/[ED




US 2013/0267850 A1l

SYSTEM AND METHOD FOR ULTRASONIC
EXAMINATION OF THE BREAST

PRIORITY INFORMATION

[0001] This National Stage application claims priority to
U.S. Provisional Application No. 61/420,098 filed on Dec. 6,
2010.

FIELD OF THE INVENTION

[0002] This invention relates to medical devices and more
specifically to such devices for medical imaging by ultra-
sound.

BACKGROUND OF THE INVENTION

[0003] The following prior art publications are considered

to be relevant for an understanding of the prior art.

[0004] 1.Report on “Mammography and beyond: develop-
ing technologies for the early detection of breast cancer”,

[0005] 2. U.S.A. Institute of Medicine and the Governing
Board of the National Research Council, National Acad-
emy Press, 2101 Constitution Avenue, N.W., Box 285,
Washington, D.C. 20055.

[0006] 3. Chandra M. Sehgal et al, Journal of Mammary
Gland Biology and Neoplasia, Volume 11, Number 2,
April, 2006.

[0007] 4. W. E. Svensso, “Breast Ultrasound Update”,
ULTRASOUND, February 2006, Volume 14, Number 1,
20-33.

[0008] 5.].F.Greenleafetal onquantitative cross-sectional
imaging of ultrasound parameters, Ultrasonics Sympo-
sium Proc., IEEE Cat. #77CH1264-1SU, pp. 989-995,
1977.

[0009] 6. Littrup PJ et al Proceedings of the 26th Interna-
tional Acoustical Imaging Symposium, Windsor, Canada;
Sep. 9-12, 2001.

[0010] 7.Anearly patent issued in 1978 by Robert E. Frazer
“Coupling apparatus for ultrasonic medical diagnostic sys-
tem”, U.S. Pat. No. 4,130,112.

[0011] 8. US patent Publication No. 20060241423 to Tor C
Anderson et al.

[0012] 9. US Patent publication 20060173307.

[0013] 10. US patent publication 20070055159.

[0014] 11. Thomas R. Nelson et al Proceedings of SPTE—
Volume 6510, March 2007.

[0015] 12.U.S. Pat. No. 4,509,368.

[0016] 13.U.S.Pat. No. 7,025,725.

[0017] 14.U.S. Pat. No. 7,264,592.

[0018] 15. Karmanos Cancer Institute, Lawrence Liver-
more National Laboratory report [UCRL-JRNL-207220]
of April 2004.

[0019] 16. Lawrence Livermore National Laboratory
report [UCRL-JRNL-207220] of April 2004.

[0020] 17.International Patent Publication WO03/103500.

[0021] 18. US patent publication number 20060241423.

[0022] 19.U.S. Pat. No. 5,660,185.

[0023] 20.U.S. Pat. No. 5,664,573,

[0024] 21. A. Fenster et al, Ultrasound Med Biol. August;
27(8):1025-34, 2001.

[0025] 22. J. F. Greenleaf et al Ultrasonics Symposium
Proc., IEEE Cat. #77CH1264-1SU, pp. 989-995, 1977.

[0026] 23. US patent publication No. 20060241423.

[0027] 24.US Patent publication 20060173307.

[0028] 25. US patent publication 20070055159.
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[0030]
[0031]
[0032]

26.U.S. Pat. No. 4,509,368.

27.U.S. Pat. No. 7,025,725.

28. U.S. Pat. No. 7,264,592.

29. U.S. Pat. No. 5,660,185.

[0033] 30.U.S. Pat. No. 5,664,573.

[0034] 31. Simonetti, F. & Huang, L. 2008, “From beam-
forming to diffraction tomography”, J. Appl. Phys. 103,
103 110.

[0035] 32.US Patent Publication 2006/0009693.

[0036] 33. Devaney, A. J. 1982, “A filtered backpropaga-
tion algorithm for diffraction tomography”, Ultrason.
Imaging 4, 336-350.

[0037] 34.Born, M. & Wolf, E. 1999 Principles of optics.
Cambridge, UK: Cambridge University Press.

[0038] 35. Kak, A. C. & Slaney, M. 1988 Principles of
computerized tomographic imaging. New York, N.Y.
IEEE Press

[0039] 36. Y. L. Luke, Integrals of Bessel Functions,
McGraw-Hill, New York, 1962, p. 331 and 332.

[0040] 37. http://en.wikipedia.org/wiki/Legendre_func-
tion.

[0041] 38. http://en.wikipedia.org/wiki/Hypergeometric_
function.

[0042] 39. http://en.wikipedia.org/wiki/Gamma_function.

[0043] 40. http://functions.wolfram.com/Hypergeometric-
Functions/Hypergeometric2F1/03/07/07/01/

[0044] 41. http://en.wikipedia.org/wiki/Bessel_function

[0045] 42. http://en.wikipedia.org/wiki/JacobiAnger_ex-
pansion

[0046] 43. http://en.wikipedia.org/wiki/Angle_addition_
formula#Angle_sum_and_difference_id entities

[0047] 44. http:/farside.ph.utexas.edu/teaching/jk1/lec-
tures/node102.html (Spherical Harmonics)

[0048] 45.W.Jarosz, N. Carr & H. W. Jensen, “Importance
Sampling Spherical Harmonics”, Journal compilation,
2008, The Eurographics Association and Blackwell Pub-
lishing Ltd.

[0049] 46. R Mehremt, J T Londergant and M H Macfar-
lanet, “Analytic expressions for integrals of products of
spherical Bessel functions”, J. Phys. A: Math. Gen.
24(1991) 1435-1453.

[0050] 47. Edmonds A R 1957 Angular Momentum in
Quantum Mechanics (Princeton: Princeton University
Academic Press

[0051] 48. M. R. Aguilar, C. Elvira, A. Gallardo, B.
Vazquez, and J. S. Roman, “Smart polymers and Their
Applications as Biomaterials”, Topics in Tissue Engineer-
ing, Vol. 3, 2007. Eds. N Ashammakhi, R Reis & E Chiel-
1ini© 2007.

[0052] 49.S.F. Khattak, S. R. Bhatia, S. C. Roberts, “Plu-
ronic F127 as a Cell Encapsulation Material: Utilization of
Membrane-Stabilizing Agents”, Tissue Engineering Vol-
ume 11, Number 5/6, 2005

[0053] Breast cancer is one of the leading causes of death
from cancer. Early detection is widely believed to reduce
breast cancer mortality by allowing intervention at an earlier
stage of cancer progression. Screening [X-ray] mammogra-
phy has secured a place as the gold standard routine health
maintenance procedure for women—this is a mature technol-
ogy that provides high-quality images in the majority of
patients.

[0054] However, conventional mammography does not

detect all breast cancers, including some that are palpable,
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and as many as three-quarters of all breast lesions biopsied
because of a suspicious finding on a mammogram turn out to
be benign.

[0055] Mammograms are particularly difficult to interpret
for women with dense breast tissue, who are at increased risk
of breast cancer. The dense tissue interferes with the identi-
fication of abnormalities associated with tumors. Accord-
ingly, other imaging technologies, particularly non-ionizing
modalities such as magnetic resonance imaging and ultra-
sound, are being tested for application to breast cancer. These
methods may provide additional diagnostic specificity over
X-ray mammography alone. These include ultrasound exami-
nations, and needle or surgical biopsies. Improvements in
these techniques are desirable for more accurate and less
invasive treatment.

[0056] Ultrasound examinations are routinely done follow-
ing a suspicious finding, for example in order to discriminate
acyst from a solid mass. Furthermore, for women with dense
breast tissue, ultrasound is used even for screening. However,
the varied, heterogeneous, complex structure of the breast
makes good breast ultrasound imaging more difficult than in
many other regions of the body. Conventional ultrasound has
a limited field of view, is not reproducible and produces
results that are a trade-off between penetration and image
resolution. It is generally perceived that ultrasound is inca-
pable of reliably detecting micro-calcifications, these being
early indications of breast cancer. Conventional two dimen-
sional [2D] ultrasound procedures dynamically distort the
breast during the examination, thereby making it difficult to
determine the exact location of tumors or other masses. The
2D nature of conventional ultrasound and the distortion of the
breast during the examination, make it difficult to guide
biopsy or ablation procedures.

[0057] Several approaches to introducing 3D breast ultra-
sound procedures have been attempted in the prior art. These
include conventional 3D scanning as well as Ultrasound
Computed Tomography.

[0058] The conventional 3D scanning approach is driven
by the need for real-time data acquisition and display. There-
fore, some of the complex physics associated with propaga-
tion of sound waves is traded off. One of the tradeoffs corre-
sponds to the usage of straight-ray theory, a basic
approximation of the true physics of acoustic wave propaga-
tion, which is only valid for purely homogenous media. A
second important tradeoff is the assumption of a 2D geometry
in which only the directly backscattered reflections are col-
lected. In reality, the emitted pulses interact so strongly with
the tissue that a “scattered field” of acoustic energy is pro-
duced and acoustic waves are distributed in all directions.
This means that in conventional 3D ultrasound, only a small
fraction of the scattered waves arrive at the detectors. Conse-
quently, the strength of the detected signal is weak and it is
necessary to “beam form” (focus energy in a specific direc-
tion) in order to amplify the return signal. 3D and also four-
dimensional [4D] standard transducers are also used for
breast imaging. The main motivation behind their usage is the
need for real-time data acquisition and display. As with 2D
conventional ultrasound, the distortion of the breast during
the examination with such transducers disturbs the determi-
nation of the exact location of tumors or other masses and
makes it difficult to guide biopsy or ablation procedures. In
addition, as in conventional 2D ultrasound, these transducers
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detect back scattered sound waves only, thus lacking the
advantages introduced by tomography methods discussed
below.

[0059] A tomography approach may “undo” these trade-
offs, leading to a marked increase in the signal-to-noise ratio,
while reducing artifacts and yielding higher quality images
for greater clinical sensitivity. Furthermore, the signals that
propagate through the breast, and which are never reflected
back, contain additional information. These transmitted sig-
nals can be used to calculate acoustic parameters, not con-
tained in the reflection data, such as sound speed and attenu-
ation, possibly leading to greater clinical specificity. Prior art
contributions to this conclusion include the pioneering paper
by I. F. Greenleafet al. [22].

[0060] One of avariety of obstacles to developing a device
capable of facilitating scanning of the whole breast volume in
a short time is the difficulty of maintaining good contact
between the ultrasound transducer and the skin and the image
quality that results from a controlled but inflexible scanning
mechanism.

[0061] A full-field breast ultrasound (FFBU) scanning
apparatus and related methods were suggested in the priorart.
For example, US patent Publication: 20060241423 of Ander-
son et al. discloses such a device. However, this device
required the compression of the breast.

[0062] US Patent Publication 20060173307 of Amara Arie
et al describes a circular breast ultrasound scanner (CBUS).
The CBUS system automatically images the complete breast.
A mechanical device for moving a standard 2D ultrasound
transducer in a circular or helical motion is used. The breast is
placed in a hollow [vacuum] housing.

[0063] US Patent Publication 20070055159 to Wang Shih-
Ping et al, describes an apparatus and related methods for
facilitating volumetric ultrasonic scanning of a breast. A
cone-shaped radial scanning template is rotated, thereby
moving an ultrasound transducer to scan the breast. A flexible
membrane is mounted on a mechanical assembly to form a
slot-like opening through which an ultrasound transducer
directly contacts the skin surface. The breast in this procedure
has to be compressed.

[0064] The publication of Thomas R. Nelson et al [11]
discloses a volume breast ultrasound scanner that images a
pendant breast. Their performance assessment characterized
a variety of parameters including: spatial resolution, unifor-
mity, and distortion using high and low contrast test objects in
both horizontal and vertical scanning modes. Test object
images depicted hyper- and hypo-echoic masses and demon-
strated good resolution, soft tissue contrast and reduced
speckle compared to conventional ultrasound images.
[0065] U.S. Pat. No. 4,509,368 to Whiting et al. [26], dis-
closes a method and apparatus for ultrasound tomography for
use in clinical diagnostics. The apparatus comprises paired
couples of transmission transducers and reflection transduc-
ers, independently operable within a container.

[0066] U.S. Pat. No. 7,025,725 to Donald P. Dione et al,
[27] discloses an imager having a plurality of cylindrical
rings, generating a signal in a cone beam form, U.S. Pat. No.
7,264.592,10 Shehada, Ramez E. N. discloses a breast tomog-
raphy scanner configured to hold fluid within stationary and
movable chambers into which a breast is immersed.

[0067] A Lawrence Livermore National Laboratory report
[UCRL-JRNL-207220] [16] describes ultrasound tomogra-
phy using ring geometry for breast imaging. A breast phan-
tom was immersed in a fluid bath. The spatial resolution,
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deduced from images of reflectivity, was 0.4 mm. The dem-
onstrated 10 cm depth-of-field was superior to that of con-
ventional ultrasound and the image contrast was improved
through the reduction of speckle noise and overall lowering of
the noise floor. Images of acoustic properties such as sound
speed suggested that it is possible to measure variations in the
sound speed of 5 m/s. An apparent correlation with X-ray
attenuation suggested that the sound speed can be used to
discriminate between various types of soft tissue.

[0068] With devices that employ liquid-filled coupling
chambers into which the breast is immersed, the transducer is
inevitably sited away from the tissue and hence the focus of
the ultrasound beam is poor.

[0069] International Patent Publication WO03/103500[17]
discloses a device having a mounting structure capable of
holding an ultrasound transducer and a tissue molding ele-
ment for receiving and surrounding the breast tissue.

[0070] Another system that avoids use of a liquid bath is
described by in US Patent Publication 20060241423 of
Anderson et al. One side of the breast is compressed by a
membrane or film sheet and the other side of the breast is
compressed by a rigid plate and an inflatable air bladder. The
transducer surface is held against a second surface of the film.
An irrigation system is used to maintain a continuous supply
of coupling agent at an interface between the transducer sur-
face and the film sheet as the transducer is translated

[0071] Examples of proposed devices for ultrasound-as-
sisted biopsy procedures are disclosed in: U.S. Pat. Nos.
5,660,185 and 5,664,573. A further development and evalu-
ation of a three-dimensional ultrasound-guided breast biopsy
apparatus is described in Fenster et al [21].

[0072] Diffraction tomography (DT) using ultrasound pro-
duces a stack of 2D tomography images, similar to those
obtained by X-ray or magnetic resonance (MR) tomography.
Compared with X-ray or MR DT images, ultrasound CT
images do not use potentially harmful ionizing radiation.
[0073] A planar section of a body part being imaged is
described by an object function O(r,w), which for acoustic
waves and a lossless object, is given by

ofr, ) = kg[(c(iow) )2 _ 1] (D

where r is the direction of the incident plane wave, ¢, is the
speed of sound in the homogeneous background in which the
object is immersed, c(r,w) is the local sound speed inside the
object, and k,, is the background wave number, 27t/A where A
is the wave length. The goal of DT is to determine the objec-
tion function O(r,m) from a series of diffraction experiments
and to generate an image from the object function.

[0074] Inultrasound DT of the breast an array of ultrasound
transducers positioned around a ring is used. A breast to be
examined is inserted into the ring, and ultrasound images are
obtained at each of a sequence of positions of the ring as the
ring is moved relative to the breast along an axis essentially
perpendicular to the body surface. Each layer of the breast is
thus probed using an array of ultrasound transducers arranged
along a 360° arc, so that each layer of the breast is probed
from essentially all directions. A system for imaging a breast
that scans the breast with a circular array of ultrasound trans-
ducers is disclosed, for example, in US Patent Publication
2006/0009693[32].
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[0075] DT over an entire circle generates a low-pass-fil-
tered image given by O(K)II(Ikl) where O(k)=/_.*dr O(r)e”
# 18 the two-dimensional Fourier transform of the object
fanction O(r) and

1kl < 2%,

[Tk =
0 {0 Ikl > 2%,

where k, is the incident wave number.

[0076] DT over an entire circle has the advantage that the
breast is probed from all directions. However, due to the
anatomy of the breast, the breast can be probed from all
directions only for planar sections essentially perpendicular
to the axis of the breast. Moreover, because the ring of trans-
ducers has a fixed diameter, the distance between the ring and
the breast is not uniform as the breast is scanned due to the
tapering of the breast towards the nipple.

[0077] Beam forming (BF) methods are an integral part of
ultrasound imaging with well known engineering and algo-
rithmic technologies. Consider a body part probed from
directions along a limited view circular arc having a central
angle 0<E<2x. In BF, an object function O(r,w) is generated
by focusing an incident beam from each of a plurality of
directions along the circular arc, and for each of these direc-
tions of incident acoustic wave, the amplitudes of the scat-
tered rays are determined. The output of this scattering mea-
surement is a set of amplitudes f(¢,,9,), where ¢, is the angle
of the incident wave with respect to a fixed radius of the
circular arc, and ¢, is the direction of the scattered wave with
respect to the fixed radius. The measured f(g,, ¢,) are phase
shifted and integrated over the aperture of the array, so that
only the contributions to the scattered field from the focal
point are added coherently. As shown by Simonetti and
Huang 2008 [31]. for a continuous set of transducers, this
two-step process is obtained by means of the BF functional

3
Jsr = fo dé, fo d g, xexp[—ikoli(¢y) 21 f(¢r: rlexplikoti(gr) -z]

where 1 is the unit vector associated with the angle ¢.

[0078] The point spread function associated with the BF
functional (2) can be obtained from the free-scattering ampli-
tude defined by:

I pecl0.-0)=Nexp{-iko fa(0,)-46,] -7} 3)
where
in
expl —
N= ( 4 )
v Sﬂko
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The beam forming Point Spread function (PSF), also called
the Spatial Impulse Response (SIR) is given by

hgp(z=r) = )

3
Nfd‘ﬁrf d ¢, X exp{—ikodi($,)- (2 - rlexp(ikoli@,) - (z = 1)}
0 0

[0079] An object O(r) function can be obtained from the
relation: 1,.(k)=O(k) H,.(k), where I,,(k), O(k) and H, (k)
are the two-dimensional Fourier transform of the BF func-
tional 35, O(r), and h,(z-r), respectively. The image I, (k)
generated from an object function in a beamforming procee-
dure in which the object is probed from an entire circular arc
will in general appear distorted in comparison to an image
obtained from a Diffraction Tomography experiment.

[0080] While the “full world” (entire circular arc in a two
dimensional world) relationship between beamforming and
tomography has been investigated, the extension to a limited-
view world (limited-view circular arc in two dimensions and
limited-view sphere, such as a hemi-sphere in the three-di-
mensional world) is not known in the prior art.

SUMMARY OF THE INVENTION

[0081] In its first aspect, the present invention provides a
system for imaging a body part using ultrasound radiation.
[0082] Inoneembodimentofthe invention,a planarsection
of the body part is probed using an array of ultrasound trans-
ducers that are spatially or temporally arranged on a limited
view circular arc having a central angle 0<E<2s. In the case of
imaging a breast, the use of an arc of transducers allows
images of planar sections of the breast to be obtained that are
not necessarily perpendicular to the axis of the breast. The
beam can be applied onto the breast in a plurality of orienta-
tions that are not necessarily perpendicular to the axis of the
breast. Thus, planar sections of the breast may be probed
sequentially by moving a single array of transducers over the
breast, in a variety of directions.

[0083] In this embodiment of the invention, the system
includes a processor that is configured to generate an image
from a planar section of a body part from the amplitudes f(¢,,
¢,). The inventor has derived an explicit form of the filter g(k)
in the relationship

Ip0)=0k) Hp(k)=gk) O LL K1) &

where [ ;,(k) is the two-dimensional Fourier transform of the
limited-view BF functional S5, in equation (2), Hg (k) is the
two-dimensional Fourier transform of hy,.(z-r) in equation
(4). The derivation of (5) is presented in Annex A. As the term
O(KII(IkI) represents the known result for the full-view dif-
fraction tomography, the filter g(k) constitutes a mapping to
obtain the diffraction tomography result. This filter g(k) can
be obtained from an explicit form of the limited view Hy (k)
(as derived in Annex A):

e Lo i)

Hpp(k) =N Z
1AR%)

(ei()zlﬂzz):f _ eﬂ'nzf _ ei”1§ + l)ei(nzfnlmlnl R
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where 1, , ., _, are integrals of products of 3 Bessel Func-
tions of orders n,, n,, n,—n,. These integrals are shown in
Annex A to include the low pass filter TI(kI) linearly, i.e
Hz (k)=g(k)II(Ikl), thereby defining the explicit form of the
filter g(k).

[0084] In accordance with this embodiment of the inven-
tion, the processor first calculates I (k) as explained above.
The I (k) s then multiplied by the inverse of the filter (k), to
yield O(K)IT(IkI), which is the generated tomographic image
of the planar section of the body part. Consequently, a tomo-
graphic image is generated using beamforming technology.
[0085] In another embodiment of the invention, a three-
dimensional section of a body part is probed using an array of
ultrasound transducers that are spatially or temporally
arranged on a curved surface such as a hemi-sphere. In this
embodiment, the scattering amplitudes are given by a func-
tion £(,,0,, ¢,, ¢,), where (0,, ¢,) are the spherical coordinates
of the transmitted beam and (6,, ¢,) are the spherical coordi-
nates of the reflected beam, 0,, 0,€[0,x] and ¢,, ¢,€[0,7], (for
ashpere ¢,, §,€[0, 27]). Standard BF produces the image of an
object at a point z, of the image space by focusing an incident
beam at r=z in the object space. As in the two dimensional
(planar) embodiment, the resulting scattered field is subse-
quently phase shifted and integrated over the aperture of the
array, so that only the contributions to the scattered field from
the focal point are added coherently. This two-step process is
obtained by means of the 3D BF functional:

NITES fD explikoit(0y, ¢r)-21f 0y, 01, 61, d)explikoin(0;, 4;) 2]

where D is a limited view domain on the sphere. For the
special case of a semi-sphere it reads:
Spe=lo"dp,J"d0, sin 0,J"dpf"d0, sin 6,xexp[iky#(®,,

6.2 (6,.0:9,-9)exp ikt (0 .2/ (6)
in the above equations, {i is the unit vector associated with the
angles 0 and ¢. As in the two-dimensional embodiment, the
second exponential in equation (6) represents focusing in
transmission, whereas the first corresponds to the focusing of
the received scattered field. The point spread function (PSF)
associated with the functional (6) can be obtained by consid-
ering the image of a point scatterer at position r. In this case,
the three-dimensional free-scattering amplitude is

$ee(0.5000,.0,)=exp{~iko [H(0,,0,)+4(0,.9,)] 7'} @)
and the three-dimensional PSF reads
hprd s d,J5"d0, sin 0,f5"d9Jo"d0, sin 0 xexp{ikq#(6,,
) [z-r1}exp{iketi(0,.0,) [~} ®)

The inventor developed an analytic expression for the three-
dimensional Fourier transform, H -, of by -(z—r) in the form:

1 k] < 2k ©)

Hpr = g(OI(Jk]), where TI(k]) =
5r = gUOLL(K]), where IT(Jk[) {0 K> 2%

[0086] The derivation of (9) is presented in Annex B. The
DT problem consists of reconstructing the function O(r) from
a set of scattering experiments. The object function in the
spatial frequency domain, K-space, which is obtained by
performing the three-dimensional Fourier transform of O(r)
may be represented by:
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(~)(k)=ﬁd3r0(r)e’e’ﬂ‘" 10

The beamforming image:
S 7 T L7 dr0@h(lz-rl) an
in the spatial frequency domain reads (using equation 8)
Lpr(K)=O00H 7 (k)=g k) OUOTI{ K1) 12

The derivation of (12) is presented in Annex B.

[0087] While DT over an entire sphere leads to the low-
pass-filtered image, O()II(Ik!), the BF algorithm introduces
a distortion that is described by the additional filter g(k) in
equation (12). As a result, the DT image can be obtained from
the BF image by applying the filter

gk)

to the BF image.

[0088] In another of its aspects, the present invention pro-
vides an ultrasound apparatus and method for guiding proce-
dures, such as biopsy or ablation in a body part. Real-time
three-dimensional images (“4-D ultrasound imaging”) for
procedure guidance are superimposed on top of high-resolu-
tion tomographic images by spatial registration. This is
enabled by mechanically coupling a two-dimensional array
transducer for producing three dimensional real-time imag-
ing, to an array of ultrasound transducers arranged on a cit-
cular arc of the two dimensional embodiment of the first
aspect of the invention or to an array of ultrasound transducers
arranged on a hemi-sphere of the three-dimensional embodi-
ment of the first aspect of the invention for producing tomo-
graphic imaging.

[0089] Thus, in one of its aspects, the invention provides a
system for limited view ultrasound imaging ofa 2D section or
a 3D volume of a body part comprising:

(a) one or more ultrasound sensors, the ultrasound sensors
being configured to be spatially or temporally arrayed in an
array selected from:

(1) a limited view circular arc having a central angle &, £
satistying 0<E<2m, the ultrasound sensors generating a plu-
rality of amplitudes f(¢,, ¢,), where f(¢,, ¢,) is an amplitude
of ultrasound radiation in a direction forming an angle ¢,,
with a fixed radius of the limited view circular arc when the
body part is probed with incident radiation from a direction
forming an angle ¢, with the fixed radius; wherein 0<¢,,¢,<&;
(ii) a concave surface, the ultrasound sensors generating a
plurality of amplitudes £(8,, 6,, ¢,, ¢,), where (8, 0,, ., ¢,
is an amplitude of ultrasound radiation when the body part is
probed from a transmit direction determined by angles 0,, ¢,
and a receive direction determined by angles 0,, ¢, wherein 0,
6,0, «] and ¢,. ¢,€[0,];

(b) a processor configured to:

calculate from the f(¢,, ¢,) or the £(6, 0,, ¢,. ¢,) a beam
forming (BF) functional;

calculate free amplitudes f..(6,, ¢,) or F4..(6,, 0, ¢,, §,);
calculate from the free amplitudes f5..(9,. ¢,) or f5..(0,. 0,,
,, ¢,) a point spread function (PSF);

calculate a filter g(k) from the Fourier transform H (k) of the
PSF;
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calculate a Fourier transform I5.(k), of the BF functional;
divide I.(k), by the filter g(k) to yield O(k)II(1kl); and
generate an image of 2D section or the 3D volume of the body
part using the OK)TI(Ik).

[0090] The system of the invention may further comprise a
scanning device including a dome shaped structure wherein
the ultrasound sensors are configured to be spatially or tem-
porally arrayed over at least a portion of the dome structure.
The dome shaped structure may be configured to be placed
over a breast of a female individual. The dome shaped struc-
ture may include a layer formed from an acoustically trans-
parent material.

[0091] The system of the invention may comprise one or
more C-Arm-tomography-sensors and one or more 2D-array-
sensors. The sensors may be connected to a step-motor-as-
sembly configured to drive the ultrasound sensors over the
scanning device. The step-motor-assembly may include any
one or more of a motor, an encoder, a processor, an indexer
and a driver. The C-arm-tomography-transducer may be
moved, for example, along a circular-track.

[0092] The system of the invention may further comprise a
display device and the processor may be configured to display
the image on the display device. The processor may be further
configured to superimpose on a displayed image one or more
B-Mode compounded images or tomography images.
[0093] The system of the invention may further comprise a
garment configured to be worn by an individual over the body
part, the garment comprising a layer formed from a thermo-
responsive-acoustic-transparent-polymer, being in a first vis-
cous state at a first temperature below 37° C. and in a second
viscous state at a second temperature above 37° C., the second
viscous state having a viscosity above a viscosity of the first
viscous state. The garment, may be, for example, a bra.
[0094] The system of the invention may further comprise a
chair wherein the scanning device is positioned in the chair
with the dome in an inverted orientation.

[0095] The thermo-responsive-acoustic-transparent-poly-
mer layer may be harder at an outer surface as compared to an
inner surface that is in contact with the body part.

[0096] The dome may comprise one or more holes config-
ured to receive a biopsy needle.

[0097] The invention also provides a garment for use in the
system of the invention, the garment being configured to be
worn by an individual over the body part, the garment com-
prising a layer formed from a thermo-responsive-acoustic-
transparent-polymer.

[0098] The invention also provides a chair for use in the
system of the invention, wherein the scanning device is posi-
tioned in the chair with the dome in an adjustable orientation
including an inverted orientation.

[0099] The system of the invention may further comprise a
2D array of ultrasound sensors mechanically coupled to a
C-arm tomographic arc or to the concave surface and the
generated image may be a real-time 3D image.

[0100] In another of its aspects, the invention provides a
method for limited view ultrasound imaging of a 2D section
or a 3D volume of a body part comprising:

(a) providing one or more ultrasound sensors, the ultrasound
sensors being configured to be spatially or temporally arrayed
in an array selected from:

(1) a limited view circular arc having a central angle &, £
satisfying 0<E<2m, the ultrasound sensors generating a plu-
rality of amplitudes f(¢,, ¢,), where f(¢,, ¢,) is an amplitude
of ultrasound radiation in a direction forming an angle ¢, with
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a fixed radius of the limited view circular arc when the planar
section is probed with incident radiation from a direction
forming an angle ¢, with the fixed radius; wherein 0<¢,,$,<E.

(ii) a concave surface, the ultrasound sensors generating a
plurality of amplitudes f(8,, 6,, ¢,, ¢,), where £(6.,0,, ¢,, ¢,
is an amplitude of ultrasound radiation when the body part is
probed from a transmit direction determined by angles 0,, ¢,
and a receive direction determined by angles 8, ¢, the angles
satistying 6,, 0,€[0, ] and ¢,, ¢ [0, =],

(b) calculating from the f(¢,, ¢,) or the f(6,6,, ¢,, ,) abeam
forming (BF) functional;

(¢) calculating free amplitudes f..(9,, §,) or the f5..(6,, 0,,
q)ri q)t)

(d) calculating from the free amplitudes 5. (9,, ¢,) or the
Fec(8,5 0, §,, ¢,) a point spread function (PSF);

(e) calculating a filter g(k) from the Fourier transform H (k)
of the PSF;

(D calculating a Fourier transform I;{k), of the BF func-
tional;

(g) dividing I;-(k), by the filter g(k) to yield O(k)II(Ikl); and
(h) generating an image of 2D section or the 3D volume of the
body part using the O(K)II(IkI).

[0101]

[0102] The method of the invention may further comprise
spatially ortemporally arraying the ultrasound sensors over at
least a portion of the dome structure. The dome shaped struc-
ture may include a layer formed from an acoustically trans-
parent material.

[0103] The method of the invention may further comprise
displaying the image on a display device. The method may
further comprise superimposing on a displayed image one or
more B-Mode compounded images or tomography images.

[0104] The method of the invention may further comprise
placing a garment on an individual over the body part, the
garment comprising a layer formed from a thermo-respon-
sive-acoustic-transparent-polymer, the thermo-responsive-
acoustic-transparent-polymer being in a first viscous state at
a first temperature below 37° C. and in a second viscous state
atasecond temperature above 37° C., the second viscous state
having a viscosity above a viscosity of the first viscous state.

[0105] Inthe method of the invention, the scanning device
may positioned in a chair with the dome in an adjustable
orientation including an inverted orientation, and the method
further comprising placing the body part in the dome. A
thereto-responsive-acoustic-transparent-polymer that is in a
first viscous state at a first temperature below 37° C. and in a
second viscous state at a second temperature above 37° C., the
second viscous state having a viscosity above a viscosity of
the first viscous state may be introduced into the dome. The
thermo-responsive-acoustic-transparent-polymer layer may
be harder at an outer surface as compared to an inner surface
that is in contact with the body part.

[0106] The method of the invention may further comprise
inserting a biopsy needle in a hole in the dome structure and
obtaining a biopsy.

[0107] The method of the invention may utilize a 2D array
of ultrasound sensors that is mechanically coupled to a C-arm
tomographic arc or to the concave surface and the method
may further comprise generating a real-time 3D image. The
real-time 3D image may be used in guiding a surgical or
procedure tool through the body part.

The body part may be, for example, a breast.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0108] In order to understand the invention and to see how
it may be carried out in practice, embodiments will now be
described, by way of non-limiting example only, with refer-
ence to the accompanying drawings, in which:

[0109] FIG. 1 shows a system for limited view imaging of a
body part in accordance with one embodiment of the inven-
tion;

[0110] FIG. 2 shows a scanning-device placed on breast for
use in the system of FIG. 1;

[0111] FIG. 3 shows internal parts of the scanning device of
FIG. 2;
[0112] FIG. 4 shows a cover of the scanning device of FIG.

2 from a front view (FIG. 4a), a left side view (FIG. 4b), a
tilted view (FIG. 4¢) and a right side view (FIG. 4d),

[0113] FIG. 5 shows the cup of a bra including a layer of a
thermo-responsive acoustic transparent polymeric;

[0114] FIG. 6 shows a C-Arm tomography transducer of
the scanning device of FIG. 2;

[0115] FIG. 7 shows a 2D-Array transducer of the scanning
device of FIG. 2;

[0116] FIG. 8 shows a C-arm transducer (FIG. 8a) and a
2D-array transducer (FIG. 85) of the scanning device of FIG.
2

[0117] FIG. 9 shows schematically the step motor of the
scanning device of FIG. 2;

[0118] FIG. 10 shows the C-arm and 2D-array transducers
of the scanning device of FIG. 2 from a top view (FIG. 104),
a diametric view (FIG. 105), a front view (FIG. 10¢) and a
right side view (FIG. 104).

[0119] FIG. 11 shows a chair for use in the system of the
invention;

[0120] FIG. 12 shows the scanning device of FIG. 2; and
[0121] FIG. 13 shows the step motor of the scanning device
of FIG. 12.

DETAILED DESCRIPTION OF EMBODIMENTS

[0122] For the sake of clarity, and ease of description, the
present invention will be described in relation to breast imag-
ing, it being evident that the system and method of the inven-
tion can be modified to image any desired body part.

[0123] FIG. 1 shows a system 85 for ultrasound imaging of
abreast in accordance with one embodiment of the invention.
The system 85 comprises a dome shaped scanning device 30,
described in detail below, configured to receive in its interior
a breast of an individual 5. The scanning-device 30 is
anchored to an ultrasound system 90 over a cable-assembly
100. A control-cable 110 connects the ultrasound system 90
to a workstation 120. The work station 120 may include a
CRT screen 123 for displaying images. A user input device,
such as a keypad 124 allows a user to input various parameters
relating to the examination, such as personal details of the
individual being examined, or the parameters of the ultra-
sound radiation (frequency, intensity, etc.).

[0124] In one embodiment of the invention, shown in FIG.
1, the system includes a bra 10 configured to be worn by an
individual 5 and the scanning device 30 is configured to be
placed on abreast over a cup 20 of the bra. In another embodi-
ment of the invention, shown in FIG. 11, the scanning device
30 is incorporated into a chair 7 having a seat 17 upon which
the individual 5 is seated. The scanning device 30 is posi-
tioned in the chair 7 with its opening on top. The individual 5
sits on the seat 17 and inserts a breast to be imaged into the
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scanning device 30. The chair 7 can be aligned in a variety of
positions to accommodate individuals of different sizes.
[0125] FIGS. 3 to 10, 12 and 13 show the scanning device
30 in greater detail. Referring first to FIG. 3, the scanning
device includes a dome structure 21 made from an acoustic-
transparent-polymer such as Aqualene™. A C-Arm-tomog-
raphy-transducer 40 and a 2D-Array-transducer 50 are posi-
tioned on top of the dome 20. The transducers 40 and 50 are
connected to a step-motor-assembly 80, which is connected
to a scanning-device cover 70 having needle-holes 71. The
cover 70 is shown in greater detail in FIG. 4, which shows a
front view (FIG. 4a), a left side view (FIG. 4b), a tilted view
(FIG. 4c¢), and a right side view (FIG. 4d) of the cover 70
of-scanning-device connected to the step-motor-assembly
80. In use, the dome 20 is positioned between the breast and
the transducers 40 and 50 which are in contact with the
outer-surface 22. Closer views of the transducers 40 and 50
are shown in FIGS. 6 and 7. In FIG. 6 is shown a concave
acoustic-stack 41 of the C-Arm-tomography-transducer 40.
Also shown in FIG. 6 is a sliding-track 42 of the C-Arm-
tomography-transducer 40. FIG. 7 shows the acoustic-stack
51 of the 2D-Array-transducer 50 and its sliding-surface 52.
The transducers 40 and 50 are shown with the step-motor-
assembly 80 in FIG. 8 from two directions, a bottom-tilted-
view (FIG. 8a) and a top-tilted-view (FIG. 85). The C-Arm
Transducer 40 is connected to the circular-track 71 for
enabling rotation by the step-motor-assembly 80. The acous-
tic-stacks 41 and 51 are also shown in FIG. 8a.

[0126] The step-motor-assembly 80 of the scanning-device
30 is controlled from the workstation 120, FIG. 13 shows the
step-motor-assembly 80, and FIG. 9 shows schematically the
step motor assembly 80. The motor assembly 80 includes a
motor 82 having a rotary axis 81. An encoder 202 includes a
processor 120, an indexer 84 and a driver 83. The encoder 202
connects directly to the arc axis of the motor 200 in order to
reduce or prevent backlash. In the motor assembly 80, the
gear axis 204 functions as an arc rotation axis. The driver 83
accepts clock pulses and direction signals and translates these
signals into appropriate phase currents in the step-motor 82.
The indexer 84 creates the clock pulses and direction signals.
The workstation 120 or the processor 121 sends commands to
the indexer 84.

[0127] The step-motor-assembly 80 drives the two trans-
ducers 40 and 50 over the dome 20. In FIG. 10 is shown a set
of views that describe the direction of motion driven by the
step-motor-assembly 80. A view from above is shown in FIG.
104, a dimeric view is shown in FIG. 106 a front view is
shown in FIG. 10¢, and a right side view is shown in F1G. 104.
The rotate-arrow 85 shows the direction of rotation of the
C-Arm-tomography-transducer 40 along the circular-track
71 (FIG. 8), the tilt-rotation-arrow 87 shows the tilting rota-
tion of the C-Arm-tomography-transducer 40 and the slide-
double-arrow 86 shows the direction the 2D-Array-trans-
ducer 50 slides along the C-Arm-tomography-transducer 40.
The motions indicated by the arrows 85, 86 and 87 are all
driven by the step-motor-assembly 80.

[0128] FIG. 12 shows the scanning device and step motor in
greater detail. For each planar section of the breast to be
imaged, the transducers 40 and 50 are moved along circular
arcs. The adaptors 61 are made of an acoustically transparent
material such as Aqualene™ to assure that there is no air in
between the acoustic stack of the transducers and the dome
20. The plane of the section is not necessarily perpendicular to
the axis of the breast. The orientation of the circular arc is
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monitored by the step motor 200 and is continuously input to
the processor 121. The transducers 40 and 50 may act as
B-mode ultrasound probes, enabling compound imaging of
the images obtained from these transducers. Alternatively, for
each pair of a receive transducer and a transmit transducer
transmission signals may be measured. The transmission
images may be combined with the B-Mode compounded
images or with the reflection tomography image produced by
an arc of piesoelectric sensors.

[0129] FIG. 2 shows the individual with the scanning
device 30 placed on a cup 20 of the bra 10 shown in greater
detail in FIG. 5. The cup 20 includes an outer fabric layer 23
and an inner fabric layer 25. Between the inner and outer
layers is a thereto-responsive-acoustic-transparent-polymer
27. The state of the thermo-responsive acoustic-transparent
polymer 27 is temperature dependent, so that at room tem-
peratureit is in a liquid state, while at body temperature (~37°
C.) it is in a solid state. An example such a polymer is the
nonionic surfactant polyol, copolymer poloxamer 407 also
known as Pluronic F127™. A discussion on the safety of
polyol, copolymer poloxamer 407 when in contact with
human tissue can be found in Khattak et al [49].

[0130] The breast is inserted into the dome 21 with the
polymeric material in a viscous form, so that the inner surface
of the polymeric material conforms to the shape of the breast
surface before solidifying in the shape of the breast surface.
The polymeric material may be harder at its outer surface that
is in contact with the acoustic stack, as compared to the inner
surface that is in contact with the anatomy of the breast. This
gradient of hardness along the polymeric material enables
producing a perfect outer spherical surface, while keeping the
flexibility of adjusting to the complicated surface of the
breast. Alternatively, the overlying dome forces the outer
surface of the polymeric material to adopt a spherical shape.
The polymeric material is an acoustically coupling material
which acoustically couples the breast surface with the trans-
ducers on the outer surface of the dome. This enables the inner
surface of the cup 20 of the bra to conform to the surface of the
breast, so that no air is present between the cup and the breast.
This allows scanning of the breast with the breast in its natural
shape. The thermo-responsive acoustic-transparent polymer
20 may be sterilizable.

[0131] In use, breast is inserted into the dome 21 of the
scanning device 30. If the bra 10 is being worn, the thermo-
responsive-acoustic-transparent-polymer may also be intro-
duced between the bra and the inner surface of the dome 20,
so that no air is present between the outer surface of the bra
and the inner surface of the dome. Alternatively, if the chair 7
is being used (FIG. 11), then the inverted dome 30 may be
filled with the thereto-responsive-acoustic-transparent-poly-
mer before insertion of the breast.

[0132] After application of the scanning device 30 to the
breast, the transducers 40 and 50 are driven one at a time, and
for each driven transducer, each transducer detects ultrasound
radiation. The ultrasound wave detected by each transducer is
converted by the transducer into an electric signal indicative
of the amplitude of the detected wave (f(¢,, ¢,) in the case of
2D tomography or £(6,, 8,, ¢, §,) in the case of 3D tomogra-
phy) that is input to the ultrasound system 90 via the cable
100.

[0133] Theultrasound system 90 includes a processor con-
figured to generate a 2D or a 3D image from the signals input
from the transducers. As explained above, 1,.(k) is first cal-
culated. The I,,,{(k) is then calculated by multiplying by the
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inverse of the filter g(k) to yield I,,,(k)=O(K)II(Ikl), which a
tomographic image of the breast. This tomographic image
may be combined with the compounded images of B-Mode
and with the transmission mode images from the transducers
40 and 50. Superimposing these separate types of images is
possible due to the fact that these alternative hardware con-
figurations are mechanically coupled to the arc, so that spatial
registration is possible.

[0134] The 2-D acoustic stack array 51 produces real-time
3-D images (*“4-D ultrasound imaging”) for procedure guid-
ance, such as guiding a needle in biopsy or guiding ablation
devices. The sliding track 42 and the sliding surface 52 are
used for placing the 2-D transducer array in an optimal loca-
tion with respect to the breast for the guidance procedure.
When the 2-D transducer array 50 is operated, the C-arm
tomography transducer 40 is kept static. The procedure
device, such as the needle 60 in FIG. 3 can be inserted through
the needle holes in the cover 70 and through the thermo-
responsive acoustic-transparent polymer 20. Mechanical
attachment of the 2-D transducer array 50 to the C-arm
tomography transducer 40 allows superposition of the real-
time 3D images on top of high-resolution tomographic
images produced by the C-arm tomography transducer 40.

ANNEX A

Difraction Tomography Algorithm for the Limited
View Concave Aperture

[0135] A new derivation of a two-dimensional DT based on
atwo-dimensional beamforming (BF)algorithm is discussed,
as an alternative approach to standard DT algorithms such as
the filtered backpropagation method".

! Devaney, A. 1. 1982, “A filtered backpropagation algorithm for diffraction
tomography”, Ultrason. Imaging 4, 336-350.

[0136] We assume that the scattering problem is described
by a scalar wave field, 1, solution to

H(rko, Fo,00)== O, 0) ¢ (1 ,0) 13)
where H is the Helmholtz operator in 2D

* o F
[W + B_y? +k0],

k, is the background wavenumber (27/A), I, specifies the
direction of an incident plane wave that illuminates the object
and o is the angular frequency. The unit vector t, is defined by
the polar angle ¢,.

[0137] The object is described by the so-called Object
Function that depends on the type of wave field used to probe
the object: for electromagnetic wave sensing, it is related to
the index of refraction?, n(r,w), through the relation O(r)=k,*
[0%(r,0)-1], and for acoustic waves, it is linked to the speed of
sound and the attenuation coefficient®. In particular, for a
lossless object

0. ) = k%[(c(:’ow) )2 ~ 1] (14)

where ¢, is the sound speed of the homogeneous background
in which the object is immersed and c(r,w) is the local sound
speed inside the object. The dependence of the object func-
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tion on w is because of dispersion and energy dissipation
phenomena. The analysis performed in the rest of this section
will consider monochromatic wave fields; therefore, the
explicit dependence on w is omitted.

2 Born, M. & Wolf, E. 1999 Principles of optics. Cambridge, UK: Cambridge
University Press.

3 Kak, A. C. & Slaney, M. 1988 Principles of computerized tomographic
imaging. New York, N.Y.: IEEE Press.

Two-Dimensional Beamforming Algorithm Over a Limited
View Arc

[0138] Let us assume that the scattering amplitude, f(¢,,
$,), can be measured as a continuous function of the illumi-
nation and detection directions, ¢, ¢,€[0,E], (note that for a
full circle ¢,. ¢,€[0,27]), these angles corresponding to the
angles relative to the x-axis of a standard polar coordinate
system. In principle, this could be achieved with the array of
transreceivers that partially surrounds the object, placed on a
limited view circular arc.

[0139] Standard BF produces the image of an object at a
point, z, of the image space by focusing an incident beam at
r=zin the object space. The resulting scattered field is subse-
quently phase shifted and integrated over the aperture of the
array, so that only the contributions to the scattered field from
the focal point are added coherently. This two-step process is
obtained by means of the BF functional

S pro ddo>dpxexpl-ikot (@) 21F (9.0 Jexp ko (®,)
-z (15)

where 1 is the unit vector associated with the angle ¢. As
discussed by* for the full circle two-dimensional case, the
second exponential in equation (III) represents focusing in
transmission, whereas the first corresponds to the focusing of
the received scattered field. The point spread function (PSF)
associated with the functional (2) can be obtained by consid-
ering the image of a point scatterer at position r. In this case,
the free-scattering amplitude is

T frec @) =Nexp{~iko [~ 1(0,)]- 7} (16)
where
Rty
T Bk

and the Point Spread function (PSF), also called the Spatial
Impulse Response (SIR) reads

hpplz-r) =Nl dip o dipxexp{-ikod(9,) (c-r) Yexpliked
@) z-n} an

0(¢,)-(z-r)=lz-1l cos a, where o is the angle between the
receive unit vector (¢,) and the vector z-r. Denoting the
angle of z-r as ¢', o=¢,—-¢".
4 Simonetti, F. & Huang, L. 2008, “From beamforming to diffraction tomog-
raphy”, I. Appl. Phys. 103, 103 110.

[0140]

exp{ikqlz—ricos(e) }=To(kolz=r)+22,,_ “i"J (ko z—1)
cos(na)

The Jacobi-Anger expansion gives:

where I is the Bessel function of the order n.
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[0141] We have®:

3
ﬁ d¢rexplikoii(p,)-(z-r)} =

> 3
&lolkolz— ) + QZ " Ty (kolz ~ rl)f0 dg,cosn(¢, —¢')] ==
n=1
& 3
Elolkolz—r) + ZZ i, (kolz ~ rl)f d¢.[cos(ng’) + sin(ng,)sin(ng’)]
=l 0

L,
= —sin(né);
n

g 1, 3
f do.cos(ng,) = —sin(ng,) | =
0 n 0

3 1 1
= - —[cos(ng) - 1] = —[1 - cos(nf)]
h n

n

¢ 1
f d¢,sin(ng,) = — —cos(ng,)
0 i

3
| as.exotitaiig-tz=r1) == htale—rb +

2y 2 kol — isintngleostng’) + [1 ~cosing)sn(ag )
n

n=1

> sin(A+B)=sin A cos B+cos A sin B; sin(A-B)=sin A cos B-cos A sin B;
cos(A+B)=cos A cos B-sin A sin B; cos(A-B)=cos A cos B+sin A sin B
http://www.ies.co.jp/math/java/trig/lkahote/kahote.html

[0142] The complex conjugate result is obtained for the
transmit angles. hy(z-r) is therefore given by

hprlz—r) =

= ” sin(né)cos(nd’) + ¥
N[EJg(klz - ) + ZZ ;Jn(kok - V|){ [1 — cos(né)Jsin(nd’) } X

r=1

Itlalz— )42 = l'"J oo sin(ré)cos(ng’) +
Sl +2) Tk~

n=1

[0143]

[0144] Note that when E=2x (i.e. a full-circle), the received
and transmitted beams read:

Jo?"dd,exp {ikod(@, ) (z-r)} =2 kolz-r1)

Special Cases:

[0145]  So hy(Iz—r))=4n*NI,>(k,|z-11), for E=2m

[0146] Note also that for E=r (i.e. a semi-circle) and §'=0,
or ¢'=multiples of 7t (i.e. a focal point and field point along [or
parallel to] the x axis):

Jo"d,explikofi(®,) (z-r) =S o{kolz=11) ¢'=0,0r
¢=multiples of

[0147] So hy,(Iz-rl)=n*NI,*(k,z—r!), for E=rm, and ¢'=0,
or ¢'=multiples of «t
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[0148] We now calculate the two-dimensional Fourier
transform Hyz(k) of hyp(z-r):

Hgr (k) = f A rhpp(z - e

o0

= foo d?r el x

N(gJolkolz—rl) +
2; ;Jn (kolz — risin(ré)cos(ng’) +

[1 - cos(né)]sin(ng)})* x
(Elotholz - r) +

iy
ZZ; ;Jn (kolz — risin(ré)cos(ng’) +

[1 —cos(n¢)]sin(ng’)})

[0149] Denoting the angle of k as ¢, a=¢'-0; k-[z—r]=Ik||z—
ricos(c), we now use the Jacobi-Anger expansion again with:

expi—ik-[z—r]} = expi-ilkllz - rlcos(a)}

HBF(kj = f rdr
0

o o« cos(mp)cos(nzd’) + '
[ " e
o r|)+z;l Dyl r|)[ dntns i)

XX

. 5 = &) " sin(n,&)cos(ny ') + *
N|Eokolz =) + Z Pl rl){ (L — cos(mg sin(rsd) }

np=1

= [Jouknz =2 Fa(klz - r|)cos<na>}

n=0

X [«fJo(kolz -+

o

i”l sin(myeos(m ) +
ZZ oy ol = ”'){ [1 - cos(my£/lsin(r ) }

np=1

[0150] Integration of the angle ¢' is over simple products of
sin and cos trigonometric functions and can be worked out
easily.

[0151] We therefore, now focus on the integral of a product

of 3 Bessel functions. Such integrals are available in closed
form in the literature®. For example:

1
In ) (beyt ~'sin™ 77 (A) %*"1
r lJn1 l;at)an(bt)JnZ (en)ydr = —IP 1 (cos A)

0 (Qr)Zam m72

1
Ru) > =5, Ring) > =

r2 =

Y. L. Luke, Integrals of Bessel Functions, McGraw-Hill, New York, 1962, p.
331 and 332
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[0152] 1Ifa,b,c are sides of a triangle of area A. And A is

0, @ <(b-c) and a® < (b +c)?
P+t -d

2bc

n, a:>(b—c,)2 and a2>[b+cj

A =1 arc cos (b-0’<a®<(b+c)

2

1. . 2A
A = zbcsin(A), or sin(A) = —
2 be

[0153] P,*are legendre functions’ of the first kind:

L [L+z]f -z
P = | ] 2 A e - 5

2Fi(a, b, c,z) = Z (@), (b, &

n=0

(), nl’

provided that ¢ is not 0, -1, -2, ... , and

(@), =ala+1)a+2) ... (a+n-1),(a)y =1

7 Titp://en.wikipedia.orgiwiki/Legendre_function; http:/en.wikipedia.org/
wiki/Hypergeometric_function  htp://en. wikipedia.org/wiki/Gamma func-
tion

provided thatc isnot 0, -1, -2, ..., and (a), =a(a+1)(a+2) ..
. (a+n-1), (a),=1

[0154] For the particular case of the same index of all three
Bessel functions:

o0 . _ 2n—1 Aln—l
" handy (b (et dt = —

1
0 o 1
a(abe) (2]n

=> f tJolanJo(br)o(ct) dt
0

[0155] For our case a=b=k,, c=Ikl we get:

P+t -ad? (18)
—

K2+ kPP -2
=T 2k

cos A=

K
= %,

kZ
sin(A) = V1 —cos?A = l—u.

432

Therefore

1, . 1 [&[?
A= Ebcsm(A) = §k0|k| 1- m and

0 1
j(; [Jo(a[)Jo(b[)Jo(C[)d[=H 7%

Oct. 10, 2013

[0156] We therefore arrived at a formula for Hy, of the
limited view arc. The triangular relation for a, b, ¢ in our case
requires that |kl<2k, so we get the low pass filtering:

1l < 2%, (19)

Hpr = g(OI(k]), where TI(k]) =
5r = gUOLL(k]), where IT(Jk[) {0 > 2k,

[0157] TheDT problem consists of reconstructing the func-
tion O(r) from a set of scattering experiments. For this pur-
pose, it is convenient to introduce the representation of the
object function in the spatial frequency domain, K-space,
which s obtained by performing the two-dimensional Fourier
transform of O(r)

Ok) = F d*ro(re ™" @0

[0158]
el o drif_ o drO(rh(1z-+1) 20

We now look at the beamforming image:

that in the spatial frequency domain reads

L )=OR) s R =g (RO TI ) (22)

[0159] While DT over the entire circle leads to the low-
pass-filtered image, O(II(kI), the new BF algorithm intro-
duces a distortion that is described by the additional filter
g(k). As a result, the DT image can be obtained from the BF
image by applying the filter

glk)

to the BF image. Again, this is an alternative approach to other
DT algorithms®.

8 Reference of footnote 3
ANNEX Al

Integrals

[0160] n,=0, n, for the general formula:

1
n (bey~Lsin™ 2 (A)
T lJnla[)an(b[)an(c[)dI:—IP h
0 @uzan 7

-ny

ol —

(cos A)

[0161] For the special case n,=n,=n,=0 it reads:

1

= (be)ytsinz(A) L

f A olat), (D), () dt = —————P? | (cos A)
0 @emz "2
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[0162]

For our case a=b=k,, c=Ikl we get:

Ae V+dli-d
A T e
kG -k
2kolkl
_H
B 2/(0
=2
k 2
sin(A)= V1 -cos?2A =v1-22 = —Lklz.
0
Therefore
1. . 1 k|2
A= Ebcsm(A) = §k0|k| - m
1 .t
sin 2(A) = (V1-22) ?
1
=1+ -214
= > [ tulho ko 0
0
1 1
= Pr

L ny—

1 E
kolkl2m)2[(1 +2)(1 - 2)]

ol

[0163] We now look at the definition of the Legendre Func-
tions:

P 1 1+z"21F sl -z

0= Frl ) (e

1 1 1
Usingl"(i]zxf; we get forp:z and/\:nz—z:

P% 1 1+zzF( Ll Lo Ll-g
I e T B B I A
1
f 1 JoUot) Ly (ko) Iy (|Kl1) it = ————————
0 L F
kolkl2m)2[(1 +)(1 - 2)]
1
1 [1+2z]2
1 _Z} JF
rll-z
1
—ﬂ2+§,
1 | 1 1-z
mogth o
1
koW 2 71—z
( 1 11 l—z]
mtapmtza T

fofl b= o]
212,2,2,2— T
F(l 11 ] 1
21 55 55 55 Y| = H
27272 ,/l_y

11

f otkootkon o KID) dir =
1]

[0164]

Oct. 10, 2013

-continued

1-z _ 1
.

Fi

1
- = —2
ko2 7V 1 -2

111 1-z2
(2’ 273 —]
_ 1 V2
kW2 VT2 V142
_ 1 1
kolklrvT—z V1+z
_ 1
kolklr V(1 = 22))
1

kolklr [ 1 - u

VoA

For n,=0 the Gauss Hypergeometric Function is

found in®

~—

B2 =

1
x

B2 =

NI’—‘

>y
:=>2F1(

1 1-z
Ny 5355
V2

9

= f JolkoDdo kot o (kDT =
tdy(kot I3 Ndr
5 Tz Jo olKoD)olKol )M olX[)

1 1-¢

1 T]
kolklmv1l -2 V1+g)

1 1

koI -2

kolk|

l\?| —

1
2

1
72171(
kelkV2 7V 12

! V2
ko271 -2 V1+7

lk[?
i
442

\

http:/functions.wolfram.com/HypergeometricFunctions/

Hypergeometric2F1/03/07/07/01/
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we used

o
T 2k

n,=1

[0165] The above Gauss Hypergeometric Function is

Oct. 10, 2013

-continued
Ik[*
L s .
kolkla V1 =22 kolklaV1-22 kol ’1 Ik[?
At T
we used

_k
o

B 131 1-2y .3
=> ZFI(—§7§¢ 7 T]— ’)
[0167] The above Gauss Hypergeometric Function is
R R Pk
\/1 1-z Y2-(-2 +l+z
T 571 1-23-40%;
2F1(—§ 3 ::Z]=7,_
ftj (kot)Jdy (ko) J (kD) dt = ! F[ L311- = ’ Vi
N S (A A A A A F( 571 ] 1-20 -4y F( 571 l—z]
2l =555V = =>2f1 =555 |~
| 77 . 2°2'2 Viey 2722 72
koklV2rVT—2 Vitz  holklaVI-22 A
" “( - T] 2 V2u-+20%0-2)
%o ! = Vike
= 2
kol I “-W '
T T
[0168] We get:
we used
fzj (ka3 (ko 1)K i = ! F( > 71 1_2]
I e k2l L2722
7= 0.
o 1 Td-ase2Rl-g)
kolkIV2 7v1 -2 Vi+z
n51:626 The above Gauss H tric Function i L2y
¢ above (rauss crgeometric runction 18 =
[0166] vperg kol T—2
(-8
(F( 351 ]_8(1—3)“1] _ ko 2%k
T T, \ e
olklz [ 1 -
L3501 8-y +1 4k;
2 1(‘5’5’5 == -y
351 1-¢
= ZFI(_E’E’E’T]_ we used
1-z 1-z
8( ) ‘1]7” 2+ D-D+] "
e (=2 D
2 \/ 2
V2 -2+ DU-9] V242 -D] V22 -1
Vi+z VI+z Vitz Amex ATl
et et = 1 351 1-2y
j;”c‘( oD 2 lkoD 12 (Kl "kolklﬁﬁmﬁl[_i’j’i’ 2 J‘ Integration to obtain Hy (k)
1 V2 (27 -1) _ [0169]
G Tz VT Biplo=r) NI, 5 J S xexp{ kg9, (z=r)Jexplikd

{@)yiz-n}
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[0170] Bessel Functions'® and Jacobi Anger Expansion*®: -continued
S ne_ |
ool — "5 1 (kole — ) Fe— =

TR hlak=rbe Nk

= expliko|z — rlcos(a@)} e

= Z "1, (kolz — rexplina)

< ) z = - -1 11
= Z Jutkolz — rlexplin(a + E)] Elolkolz — rl) + Z ) (kolz— r|)
e r=—co,n0
> 4
= Jylkolz = 1)) + Z T (kolz — r|)exp[1in(w + 5)]
n=—con#0
_ , i i _
a=¢,-¢. Elolkolz—r) + Z e'gem(7¢ +g)Jn(ko|Z - r|)e =
n=—conzl
Integration over ¢,
¢ o Gl Flmglea]
fo dé,expl—ikoli(d,)- (z— 1)} = Edolkolz — ) + Z Jlkolz—r1) Te’"’“’
n=-ca,n£0
Edathalz i) + f 4o, %“MJ” tole = rhesal-infar+ 5] =
3 > ) , T
Edolkolz—11) +f0 d, ,,Z ﬂjn(k0|z = rhexpl~in(g — ¢’ +5)] = [0172] Indeed the above integration over ¢, is the complex

conjugate of the integration over ¢,.

o

3
o=t Y staki=r) [ dgeol-in ¢ +5) -

n=—o00,n#0
Elolkolz —r) + =
ad ¢
> expl-in(-¢ + 3 ) ntkolz =D f d,expl-ing,] = hoplz=r) =
n=—oa 0 0
) » e_x(1+n2)§[1_e4n2g] o
_ e | Ny&dotholz =)+ —————nyklz=rDe™?
elylkolz =)+ Z &30, kolz - )2 ol gl 0 :
n=—co#0 e
= P i(l+n)5 [e ing_ 1] »
&lolkolz — D)+ Z ——Julkolz— D"
eyt - Ei(lﬁq)’%[l — g™ o
Elolkolz—rD) + Z o thle- e ¢
n=—con; #0
L9 http://en.wikipedia.org/wiki/Bessel_function
U http:/len.wikipedia.org/wiki/Jacobi-Anger_expansion
[0171] Integration over ¢,
[0173] Fourier transforming;
g A
f drexplikodi(¢y) -z — 1)} =
0
3 < ju Hpr(k fdz (@=Phgp(z-re
htbolz =10+ [ dg, Y diblz-resefinfo ) =
0 = lamo fdz - e 5 x
4 al z
EJolkolz = 1) +f d¢, Z Jutkolz - r\)exp[m(@ ¢+ 3)] = &dplkolz —rl) +
o r=—co,nz0 - al 1+n2 —ng] o
- : Z g tholz = rl)e™2¢
T
enthlz=b+ ' dntel=rb [ daesolinlo o'+ 5)] = L0
e Elolhol— 1) +
Edolkolz —rl) + 2 il mlf] o,
o . : Z Jny (holz = e 1%
> exfinf=4'+ S)ttle ) [ dsesaling = W

n=—co,n#0
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-continued
Hgp(k) = f‘iz (x=rhgr(z - r)e *
= fdz (z— e * T x x
& otkolz = riotkolz = rl) + Elotkolz = rl)
< ity [1 — 28]
Z ny
ny=-00,1y #0
Ty Kolz = ™2+ Edo(kolz — 11)
L . n .
el(1+n1)—2 [1 _ emlcf]
N T ”1 /‘Olz_rl)‘3 ' +
7t =—oomy #0
s n
e (] g o
#an (kolz — r)e™2?" | x
2
1y =—eomy 0
T [l - &"4] o
——————Jy, tholz )Y
ny
) =—oomy #0
= f d-ne N+ L+ Ly + I3}
[0174] The above expression is marked with intermediate

terms for convenience.

[0175] TInspectin L, the summation in two steps:
ity [1— e imf) o
Z I lklk-he™ =
m
1y =—comy #0
o o bs
E—l\l+r2 31 efmgg .
#an (kolz = ™2 +
L)
nyp=1
—1 B,,'(an)g 1 _@ﬂ'nzg] y
E "y, kolz - rpet? ==
n
=,
o0 . n .
e i) _ primd o
E e e ]Jn2 (kolz = rl)e™2?" +
L)
p=1
- i(l+np)s m2f -1 )
7[ Ly kol = e 24 =
n
np=1
o o ks
E71\1+r2 31 efm?_g .
E #an (kolz - ™2 +
L)
nyp=1
. 7(
eﬂll —np) 5[ inol _ 1] o
—m J_py (kolz — rl)e nd
[0176] Using: J_,, (kolz-rl)=(=1)"J, (kolz-t1) we get:

o

,.(1 nz)2 ﬂnzg] o,
E uy holz — ))& +

=1

Oct. 10, 2013

-continued

i(l-np)> ng -1 o,
# (=124, tholz - ™27
i

Ly = Nédotklz - ")Z —e 2, holz - 1)
np=1

fema[1 = et 4 [ 1)1y 2¢ )

[0177] Similarly inspect L, for a summation over n, in two
steps:
ilen ) ing¢
4 7[1 - M%) o
————Jy lz-rhe Y ==
n
) =—oo] £0
2 i)l ing &
4 2[1 —e™ ]
g — U kolz—rhe ™ 4
m
np=1
-1 T N
[l+r1)2[1 _emlg] o,
E 7%1 (kolz = rDe ™19 =
n
s
o0 (1+n1 [1 emlf] o
E oz = e ™+
m
ny=1

y T
el(l+n1 '7 [efmlg _ 1] ) N ¢/
—— L kol =Y =
n

np=1

[0178] Using J_, (kolz=rl)=(=1)"],, (kolz—rl)

. s
8x(IJrnl 2[1 —eml‘f] e
= niJnl(kolz—rl)e 19 4
1

= ill-ni) [ 1)1y o,
Z oy Ueplz — rye™1?
1

ny=l1
© .
e'2
Ly = Nédo(kolz - rl)Z Iy olz =)
1
n17

(e[l - emEle ¢ 4o [e e _ 1)—1yu et

[0179]
be.

Which is the complex conjugate of L, as it should

o0 g
e 2
Ly = Nédo(kolz - rl)Z Tan(kolz =

ny=1

(e 221 = gt e’ 1 gt _ 1)1 22 )
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[0180] Summingup theterms forn, andn,,i.e.(L,+L,)and
denoting the index by n:

o

v
e’z
NfJo(kolz—rl)X{Z p Jutkolz —rl)

n=1

i
{Bﬂn%[l _ B—mf]emd n ng [Bmg _ 1](_1)n€—m¢/ } + €

n=1

Ikl = {2 [1 - &M ]e 1 g (g7 _ ](— 1y }}

[0181] Rearranging terms multiplying e and e”®'sepa-
rately we get:

N ei% inﬁ }
= Nl =) ) { - htbole- e - )
n=1

T
it

2 .x . ]
"2 dy(kolz— M1 —e'"ﬂ(—l)"}e*‘"d’ +

n

NEJg(kolz - fl)Z{
n=1

v
etz . .
— In(kolz = e "2 [1 - &™) -

T
3T

e 2 LT . .
— & L (holz = L - e*'"‘f]<—1)"}e'"¢’
12

[0182] Now inspect the upper term:

s

v
3 ) . 3 )
{%waz = e[ - 7] - S e, ol - A —e'"‘f](—l)"}

. 1 . . . . .
e = { iy tkolz= e R - e Ye'E - e T -1 e =
LT

{%Jn(ko\z — e 2 [1 - "1 + (—1)”]}@"'"4’/

[0183] And similarly for the lower term:

T

Y
] s . 2 _x
{“ﬂ kol = e ¥ 11 = 7] = e ¥, (hylz - L - e*’"f]<—1>"}

T
oy 2 L . L
o = {%wm— e i [L- e (L + <—1>"]}e'"¢

[0184] This verifies that by adding [, and L,, only even
terms contribute to the summation, i.e.

L1+l/)_:

= (5 e .
NéJlkolz - r|)Z {7Jn<ko|z -me"z[1 - ™1+ (—U”]}E"’”’ +
n=1

Oct. 10, 2013
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-continued
@ﬂi LT o
Julkolz = e ™2 [1 = &™[1 + (- 1] 2™ ==
n
© P
2 . . .
INEdolkolz =r1) Z {Ljn(kolz — eIl - z"’f]}g’m’ +
n
n=l,even
2 o . L
{B—Jn(kolz - rl)ﬂfm% [1- e'"‘f]}e'"“’
n
[0185] We now Fourier transform

[#6=ren, 1= f o et o

o0 v
e . . Ly
Jolkelz - ) E {—Jn<ko|z—r|)e'"g[1—e’"f]}e*"“’ +
n

n=l,even

3 7 . L
{LJn(k0|Z — e 1 - m'"'f]}e'""’
11

expl{—ik - [z — r]} = exp{—ilkl|z — rlcos{a)} =

[ D fi"wngukuz—r|>exp<m3av>} =
W

oa

> (Kl = Aexp(-insa) =

n3=—oo

Z "5 1, (kl|z — r)exp(~ins (¢ + g)) =

ng=-

Q@

. Fs
Jollllz=rl)+ ) €759, (Klle = rhexpl—ins(9’ + 5))+
n3=1

-1

Z ei”S‘/’JnS(Ikllz — rl)exp(—ins (aﬁ’ + %)) =

ng=-o0

3

. . b8
JollKlle=rl)+ Y7 €54y, (Kllz = rivexp{—ins(4' + 5)) +
n3=1

o

Z E"'”3¢J,n3 (I&llz - rl)exp(mg(gb’ + %)) =%
n3=1

Iy (Kllz = rl) = (=13 Ty (Kllz = H) == o (Kllz = ) +

D €73 (Kl = rhenpl-ins(g + 3) +
n3=1

o

&5 Kl exefins(9 + 3 )17 =
oo

[0186] Denoting F for compact notation:

F=

> . N S .
Tl =+ Y {580, (Klle~ e ™2™ 4 &30, (ks )
ng=L
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-continued
& 2 -1 ei"3¢/}

>

o0 2
fdz z-re L, +L23'=f |Z—rldlz—’|f de/'(Ly + Lo)F =
0 0

o0 21
f Iz—rIdIZ—rlf d¢’ X2INEJolkolz ~rl)
0 0

' LT . ,
— Jylkelz - rPe™2[1 — & ]}ew +
n

n=1,even

i
e 2
n

l . N
{Jouknz— M+ Y [ kil - rpe 37 e 4
n3=1

r oy
ikl 50 -8

e, (lkllg - e (—1)3 e””‘”’]}

[0187] Note that:

J‘Oanq) feinw ’:J‘Oanq)fe—iw ’:0
fozn dp ,ein¢'ein3¢':f02n ) rgindlg—indd'—()
J-Ozndq) o ’efingq)':foznqu) gmind 'ein3¢':2n6"m

[0188] Therefore the only surviving terms are:

27
flz—rlzﬂz—rlf d¢'(Li+ Ly)F =
() 0

f lz=rldlz — I X 2N&§do (kolz — rl) X
0

N (o s _
{ Z {71n<ko|z—r|)e""f[1 —w*"“f]}

L e

2 .
{B—Jn(kok— Ae2[1 - e‘"‘f]}
n

n=1,even

y ~ingd w33 _1y3]la -
D €5y (ke — e 2 (=173 ] 1270, 1 =

S|
4N f 2~ ldlz okl — 1)
0

(4 T . L s
—— dnlkolz— H)e ™2 [1 - & [, |klz - e 2] +
n

o0 T
T

n=l,even

T

22 LT . . LT
——ntkole = rDe”2 [1 = €™ ][y (lkllc - rive™2 ]}

[0189] We note that the above two terms are complex con-
jugates of each other, so according to footnote'?

f d (- (L + L)F =

00 00 e
-
47“V‘ff |z =rldlz = HJolkolz — ) x Z ZRS{E
n
0

n=1,even

Inlkolz = )

U1 e il ,ng]} -

o T
7 . . .
4zN¢ Z 2Re{87e_'"g [1 —e’m‘f]eme_’"g }IO_M =%

n=1.even

12 C=A+iB; C+C*=2A=2Re(C)

[0190] Inspect:
_;t _in
e 2 e’i”g[l _e—ir‘f]eirwefing _te- &[] _ g itk ]gind
n n
i T
2 irging & T intwet) ging
n n
i
_e- [ _ gitndrind)]
n
T
— e
B n
cos(nd — nr) + isin(ng — nx) —
cos(nd —nm — né) — isin(ng — nx — ne)
[0191] Taking the Real part (note that

[cos(nd —nm) +

["g = cos(—%) + Iisin[— /;—r) = —Ii): Re{ e;j
isin(ng — ) — cos(ng — nrw — né) — isin(ng — nw — nf)]} =
%Re{—técos(ﬂgﬁ — i) + sin(ng — nr) + fcos(ng —nx —né) —

sin(ng — nm — né)} = %{Sin(ﬂ¢ - nw) — sin{ng — na — né)}

[0192] We finally arrive at:

f & (= ne UL + 1} =

= ‘
8aN¢E Z 5 [sin(n¢ — nr) — sin(ng — nw — né)lo ny

n=l,even

[0193] Using the identity in footnote"®

f d* (g = e UL + Ly} = 8aNE Z l[Sin(ﬂ¢) = sin(ng —né)lonn
n

n=Leven



US 2013/0267850 A1l
17

[0194] For E=n we get:
sin(n(w — ¢)) = —sin(ng — nx)
sin(n¢ — n7) = sin(ngd); n = even

=

[0195] hittp://en.wikipedia.org/wiki/Angle_addition_
formula#Angle_sum_and_difference_identities

[0196] sin(a-b)=sin a cos b-cos asin b
[0197] = sin(a-nm)=sin a cos nx—cos a sin nw=sin a; for
n=even

f P e-ne* UL + LY =8 NEZ l[Sin(ﬂ;'ﬁ) = sin(n$)lo
g perlle

even

£=:

=0

[0198] We now look at: fd*(z—r)e* 1=}

- 2
fdz(z—r)e*i‘f-[zj]{l:o}:f |Z—r‘d|l_”|f d§'LyF
0 0

[0199] Where as before

had . N S
F=Jo(kllz - ) + Z {320, (kllz— rhe ™ 2e7m3% 4
n3=1

. .o ny oL
€390, (kllz - e (-1)" s}

and Ly=N{E3 (ko lz-r)Jy (ko lz-11). We get

27
f|z—r|a¢|z—r|f 4§/ LoF =
0 0
2
f I Adlz—r] f d¢'N{§2Jo<ka|z—r)Jo<ko|z—r|>Jo<|k||z—r|;+
] ]

21
f dfz— f d¢’N{§ZJo<ko|z—r>J0<ko|z—rnx
0 0

LT .
> e (Kllz - e 32 4
n3=1

. . n . '
&30, (K2 e™3 (1) e3¢ ) ==

oo 27
2NE g0 + f lo=Adlz -l f 4
0 0

o

Z {Bin3¢

N4 ExJokalz = )Mo kolz — ) X
n3=1

P Y
Ty (kllz = e 32754 4

. . n n .
e, (Kl - ™2 (= 1) e )

Oct. 10, 2013

-continued

o
flz—rldlz—rlf d¢' LoF =
o 0

2 .
27rN‘f2 10,005 as f d¢’ e’ #=0
0

[0200] Finally we look at:

f )

) 00 21
f d* (- e * ) = f 2= rldlz—r| f dy'LsF
0 0

x

F=dolkllz =)+ > (e, (kllz - rhe "32e73¢" 4
ng=l

. .o L
e300, (kllz - e 2 (- 1) s

© —i(l+my ) s —inyE
_ e 271 - e 2] P——
Ig=N ————— Iy, lkolz - rDe X
ny 2
ny=—comy£0
u i(Lng )5 in| &
& 2[1-&™ .
e, o= e
n
) =—com) £0
[0201] As before, we now partition the summation into two

parts:

© ei.'(unz)g [ = ¢ imE] "
Ly =Nx ———— Iy lholz— ™2 +
L)

np=1
- . i
e[ — gimE o
), e
fy “
ry=—co
= gl _ g ]
Z e
mn
np=1
-1 . b .
el[lml)i [1 _emlf] y
Z ————————Jy, tkolz — rDe ¢
n
ot
[0202] Again using:
T (R z=r)=(=1)"T (Kz-#1)
[0203] We get:
efi(lﬂzz)—’z![l — g o
I3=Nx ——————— Iy (kolz - )™ +
2
o=l
ad 7i(17n2)—’2£ 1 — gt )
e ol - 1r2e 2 |
“m 2

np=1



US 2013/0267850 A1l Oct. 10, 2013
18

-continued -continued
< il 1= gmié] o e[ - ] I e "“S]I
Z bkt -re ¢ + —n —-n ol | =
ny
n =1
Z [L-e™][1-e™] [1-&™][1-e™]
) T . 2N + bonol| =
S - g8 o n n -n -n
Z ————————Jy kole = (-1 ™Y n=1
“n
=l
ZHNZ 1 — & Uy, = [1 - e ][ - €] =
[0204] We first look at: 9 g _ g =9 cos(=ng) — fsin(-ng)
cos(né) — isin(né) = —2[1 - cos(né)]
00 2 , 2 * 1
[Tl [ tasotntc= [l dtemn [ ad stz =8y, 0 cosrilng
0 0 0 0 el

[0205] Recalling that:
J“02nd¢ rein1> ’:J“02nd¢re—in¢ ’:0

[0207] For the case E=n we get

J'Ozndq)Ieinl¢'ein2¢':f02ﬁdq)Ie*in]\b'e*inzwvzo .
SnNZ [ = (=1} = 167N Z o

J“Ozndq) /ein1¢'e—in2¢':f02xd¢ /e—in1¢'ein2¢':2n6nlyn2 e Lodd

[0206] The only terms remaining are:

oc 2
f le—Adlz—r| f A Lol - ) =
0 0
00 27
f e~ Adlc A f 44 Jolklz— N f le=rldlc -
0 0 Y

[0208] We secondly look at the contribution of the second
term of F:

o0 . Ir . 2n I
eﬂ(lﬂtz)i l_eﬂnzf P ST -
§ e e kol e 9Ly Y (e Wz - e ™5 e 1 gt
n 0 ng=l
ny g1

ing 5 "3 iy
R[] g A o (kllz = e 7 (1) "¢}
I, (kolz — )™ +

n n 21
E= lz=rld|z—r dp’' N x
l -ill-ny g iny
Z € [1-e"%] . 0 0

o

D k- e

n3=—can3#0
oy Uhlz = (= Ly e ™2 %
“n
nymp=l1 . ﬂumz)n »
i e 2[1 - g *2¢ o
—in3 ¢ #Jﬂz (k0|Z—V|)em2¢
1)z [1 g iné flz
e nl {kolz = r)(— l)nlem1¢ = np=—00,np #0)
_n
o0 o e ¥ . o0 [1+n1 L gme
I - e I I
zmvf Iz = rldlz - Ado(Kllz = ) X E % O ke
0 n=l ny=—ocon #0
o )
PRIsior] 1 —glr‘f] 2 1= o8] [] — g2t
Jn(k‘jlz_rl)xfjn(%lz_m+ lz=rld|z -1 d¢ Nxegmmmzl = 1 [ ] [ ]
ny
Z”: emimg“_ew]J (kolz = (- 1)"
—————Julkolz - )(-1)" x i
- D Y e
"~ 1My N3=—00,n 0 N3 F0
A - ey k i i iy
_ 2= ), (Kl|z = r))e™*1% 2% 73
e Julkolz = rI)(=1) (kolz = r)dg (kllz = 1)
by g ny = Dy gy Uhos LK) =

[0209] We define and note:
f Iz = 1z = g kol = My Colz = ) (Rl = ) =
0

o0

g iy [1- e & i(L+n)§ 21— &7 2 . s
2nN + E= lz=rldlz - de'N Ml 2
n n m
0 0

n=1
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[1-e ™)

n

[0210]

E=2rN X

19

-continued

39 oy ol =)

ny,np.n3=—00,ny 15,030

Ty (kolz = Dy (kllz = e 1% @728 o3

We now partition the summation into sections:

00,00,00
Mnl,nz,n3 1”1 M3 6—n1 +ny,n3 +
n =lmy=1ln3=1
—1,00,0¢
Mnl,nz,n3 Inl 13 6%11 o3 +
nj=-comp=1ln3=1
0,~1,0¢
Mnl,nz,n3 Inl 13 6%11 o3 +
ny=lny=—oco,n3=1
00,00,—1

2

ny=1lnp=l,n3=—c0

Mnl,nz,n3 Inl 2,13 6%11 +ny,n3 +

—1,-1,00

2

ny=—cony=—co,n3=1

Mnl,nz,n_a, Inl,nz,n_a, 67n1+n2,n3 +

00,—1,-1
Mnl,nz,n_a, Inl,nz,n_a, 67n1+n2,n3 +

np=lay=cong=-co

—1,00,—1

2

nj=—com=lnz=-c0

Mnl,nz,n3 Inl,nz,n3 67n1+n2,n3 +

-1-1,-1
Mnl.n2 N3 Inl SN 13 67711 +hy 3

[0211]

nj=—co,ny=—00,n3=—0

Changing the summations into ‘1 to «’ and chang-

ing the corresponding n index to —n:

E=27N X

o

> Muty g gy Oy +
nynp 3=l

0
Z M—nl,nz,n3 Lnl N2.M3 6711 +1o,n3 +
nynpn3=1

o0
Z Mnl,n_o_,n3 Inl J9,~N3 67711 +np,—n3 +

ny gy =1

x
Z anl,fnz,rg Lnl N3 5n17n2.,n3 +
np.nyn3=1

®
D R T A B
nyngnz=l

0
Z M—nl,—n2,7n3 I—nl,—n?_,—n3 6}11 —np,—n3
np,ng.n3=1
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[0212] Rearranging terms:
o0
Z Mnl,nz,n3 1”1'”2'”3 6—711 +np.n3 +
ny,ngn3=l
Z /w—nl,—nz,—ng Lnl,—nz,—ns 6711 —ny,—n3 +
ny,n 3=l
Z anl,fnz,n_a, 1*n1,*n2,n36n1*n2,n3 +
ny =l
E=271Nx
0
DI LT A B—
nymgs=1
%0
> Montgng onpngrs Onp g +
nynp.n3=1
Z Mnl,—nz;ng Inl N9,—N3 6—n1 —np,—n3
ny . m3=1
[0213] Noting the properties of 6,
E=27N X
Z [Mnl,n;v_,n_ﬂ, Inl N2,13 + anlrnz,fn_ﬂ, Lnl,fnz,frg ]67n1 .13 +
np gzl
00
(Mot —nying Iy mmyng + Miting g Iy iny,mng 10ny <y ng +
nynyn3=1
)
[[w—nl,nz,n3 [—nl,nz,n3 + Mnl,fnz,*ns 1"1,*7‘27*”3 ]6”1”‘2'”3
nyny k3=l
[0214] Using the &:
M"lv”Zv’”l*”z Inl,nz,—nlmz +
/ [ S
nyngn3=l-ny+ny=1
[
E=271Nx
4 . M”I'"Z"”l*”Z [nl npny Ay
nynp=lng —my=
00
M—nl,nz,nl +nyp 1’”1’”27”1*”2 +
Z Mo gy oy by gy s
gl
[0215] Collecting terms for -n, +n,=1 and n, -n,=1 we get:

o
[ Mnl,nz,fnlﬂtz Inl,nz,fnl +ng +

M*r‘ —ho | —H I*IL —hy | —h
sy T, 40 tnpny—rg fony gy ny

E=27Nx

3

: ‘M’”l Mty Lnl nynp+ny T
‘wnl ,—np,—R)—hy Inl i)

ny,np=l1
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[0216] From the explicit expressionofM,, ,, ., we see that:
= Mnl,n2,7n1+n21n1,n2,7n1 +n2 +
nl,nzzlnznl,;&O Mr)zl,nz,—n1+n2Lnlrnz,nl—nz
E=27N X .
: ‘w—nl,nz,n1+n2 1—)11 .01+ +
4 Mjnl,)lz,nl+n2Inl,*nzﬁnlfnz
e
[0217] From the propetties L, . ,.:
S § L V) TN D T A S,

e YO Y Ay S U0 ) A
L"l npnpiny = (=1 1”1*”2'"1 +ny
0

Z [ZREMnl,n2,—n1+n2]Inl,n2,—nl+n2 +
nj,m=lmy—ny ,#0

E=27Nx
Z (_1)'11 [ZREanl,nz,nrrnz]Inl EOEORIO)
npmp=1
[0218] We now recall the expression for

M,

N n . . . .
gy — Bl(nl—nz—n3)7 [1 _emlg _e—ln2$+ Ql(nl—nz)\f]em}¢
in) —np+ny —np )k
_¢ - inge _ ingf | iny gl i-ny tnp)p
Mnl,nz,fnlﬂtz =—[l-¢ —e +e le
1Ay
"™ = cos(nr) + isin(nx) = cos(nm) = (=1)"

[1— &€ — g6 4 MK == 1 — cos(m €) — isin(n €) -

COS(112€) + dsin(nyé) + cos((r — nzlé) + dsin((ny *_ mE) =

1 —cos(m &) — cosimé) + co;((nl -m)E) -

ifsin(n,§) — sin{mz£) — sin((ny —n2)8)]

Y = cos((=ny +ma)p) + lisin((;nl +r2)p)

]y
ReMoy sy oy ny = %{[1 — cos(mé) - cos(né) +cos((n — n2)é)]

cos((—ny + n)P) +

[sin(r1€) - sin(n2¢) — sin((m — n2)E)sin((—ny +n2)¢)}

[0219] We note that if
ReMo sy -y =
ReMyyn0 = nl_z [1 - cos(n€) — cos(né) + cos((0)E)cos((D)g) +
[sin(né) - sin(ng) - sind&sind¢ = 1n221 - cosné
2nN X Z [Q’REMVLIJAZ,*ILI‘fILZ][nl 9,1y +ny =
ninp=1

ny-ny.=0
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-continued

o

SRnZ nl—z[l —cos(tE) by n0

n=1

[0220] Whichisexactly the result from the second isotropic
term. Therefore, if we allow n,=n, we can ommit the second
isotropic term.

[0221] Similarly again
P N
Mnl nynz = [1- M8 - gt 4 g nz)g]em3¢
- niny
B
g ) ) i )
anl o = _7[1 — g ptimad e”’”l’”ﬂf]g’”ﬂ
= Hak7)
ei(ﬂzl —nr . . . .
1\/1_n1 gy =~ [1 _ e—mlf _ e—mzf +el(—n1 —nz)f]el(nl +n2)¢
- i
(~1y1 2 . . . )
[anl,nz,nl *”2] — [1 —e i L pmimd y pilen 7n2)§}eu(n1 +ny)¢
i

[1 - e ¢ — 728 4 "M% = | - cos(—m &) — isin(-m &) -
COS(—2€) — isin(—my&) + cos(=(1y +mp)E) + sin(—(ny +ny)¢) =
1 — cos(ny€) + isin(ny €) — cos(naf) + isin(a€) + cos((ny + ny)€) —
gsin((ry +12)€) = [1 — cos(i,€) — cosingé) + cos((1y + 1)) +
ifsin(r; &) + sin(my€) — sin((ny + &)
1Y = cos((ry +np)p) + sinl (g +1p)P)
[l =g m1é _ gmimat 4 gfm-mEgiin o =
[1 = cos(n1£) = cos(nz&) +cos((n +n2)8)]cos((ny +n2)d) —
[sinr;€) + sin(mp€) = sin((y +mp)E)]sin((my +n2)¢)
i1 = cos(m &) — cos(nzg) + cos((y +n2)E)Isin((my +n2)@) +

ifsin(z1€) + sin(maf) — sin((ny + m)é)]eos((y +n2)¢)

(_1)”1“12

Re[‘w—nl,nz,n1+n2] == s

{[1 —cos(1,€) — cos(mpg) + cos((ny +m))lcos((ny +n2)) +

[—sin(1€) — sinf22€) + sin((m + m)E)]sin((ny +n2)p)}

E =4zN i e {[L = cos(m &) — cos(mé) + cos((ny — n2)é)]
= L, T | 26 )

cos((—ny + 1)) + [sin(n &) - sin(mé) —
sin((r1 — m2))]sin((—m +n2)é)}

(=12
mip

«
A Y

nip=l
{[1 = cos(ny§) — cos(mp€) + cos((ny +m)é)]
cos((ry + n2)@) + [—sin(m &) — sin(mé) +

sin((y +r2))Isin((ng +n2) @)y ey 1y my
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[0222] For the case E=n we get

[1 = cos( ) — cosinom) + cos((ny —mo)mw)] =
4, (1, 1, both odd)
. (ny, ny both even)or
[L=(=Dm — (=12 +(-1)yn™] =
0, (m odd and n, even)or

(r; even and nr, odd)
[sin(ry7) — dsin(ron) — ésin((n) — np)7)] = 0;

[—sin(r x) — sin(ra7) + sin((rg + r2)7)] = 0

[0223] We note that for odd n,,n, we get (-1)?=-1 and
(=1y"7=1, therefore:

[COS((~121 + R)B) oy - oy + COSL(01 +nz)¢;'1nl,nz,nlmz]]

Hprlk) = f(ﬁ (2= Phprl(z=re ®E =

» SR .
27NE Iy o0 ++8aNE z ;[sm(n;lﬁ) = sin(ng — né)1hy . + 47N

n=1,even

20

(L1

nmn

{[1 = cos(m1§) - cos(mé) + cos((ny —n2)6)]

nimp=l

cos((=my +n2)¢) + [sin(21§) - sin(ny€) —

sin((ry —n)SNsin((=n1 + )Py g -y +my =

Oct. 10,2013
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[0224] For the case

Hpr(k) |§’:7r = 271'31\/107070 + 162N

[cos((R2 = )Gy ny,—ny—ny +COS(R1 + 1))y 1y 14 ]

ANNEX A [II

Integration to obtain Hg (k) for E=n

[0225] We repeat the calculation for E=r by starting with
the more general form as a check:

27”2711 —2ny

Hpr(k)=N Z

ny=—% ny=—00

nimp

(ei(”l —np)m _ e—inzlr _ ei’ll” + l)ei(nz—nl )¢1

A2 R

[0226] Note the identity:

L,

-

and use it for inspecting the n,=0 and n,=0 cases:

1=even

n=odd

" = cos(nr) + isin(nr)

27r3

n=0,n=0
. 0;  ny=0,n #0(even)
o, €Y — T R
i ———; 4in* )
ny ;o =0, mp ¥ 0(odd)
ny
- 0;  ny =0, n #0(even)
2y 21 =i i
2 ™2 (43'.(”1’”2)" _e T _ T L )=z 2mit2 5 4Im2
i JE== n —n—; ny =0, n; # 0(odd)
2 1
0;  n # O(even), np #0(even)
e g, 0(odd), n, £0
P L ;o #0(0dd), my # Ofeven)
et~ 0;  ny #0(even), ny # 0(odd)
nn
ing 8x
e+l g #£0(0dd), ny #0(0dd)
miy
-continued [0227] Therefore:
e .
4zN Z v {[1 = cos(n1 &) — cos(né) + cos((m +m2)€)]
ny,np=l1

cos((ry + 12)@) + [—sin( &) — sin(mp &) +

sin((r + )0y + 1)) gy 4y

3

5 4in? .
Hpp(k) = N<2m’Ippo + — ™l —
n

ny=—solodd,ny£0)
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-continued

4in®
_e’"‘l¢]nl'0.7nl +
n

ny=—calodd,ny £0)

o

= 8r
itny—np 6
Z VT sy

nim,
ny=—colodd,ny#0) ny=—ocolodd,n| #0)

2

Ing0,ny = Uy o5 By oy = Tong g

[0228] The “second term” T, becomes:
T, =
N 4in? - i
inm ¢ _ —in| ¢ _
742 ) 1‘)’"2’"2 —nl e Inl’o,,n1 =

ny=—oolodd,ny #0) ny =—co(odd,ry £0)

2
I . .
i —in
[&3 29 [0,n7 ny — € 2 [n
%3 =

2,0,7n2]
ny=—calodd.ny#0)

: din® . . :
innd —iny ¢ =
I’L_ [e™2 10,n2,n2 -e" 1n2,0,7n2 —€ 20 10,—715,—712 +
» 2

ny=Liodd)

. O dint
€201, 0] = E n—2[03'"2¢10,n2,n2—

ny=l{odd)

e—in2¢1

—in
ny,0,-ny —e 2¢10,

in
-ny,-ny T € 2¢1—n2,0,n2] =

o0
Z “ 4in? . . ) )
n_107n21n2 [em2¢ n e—m2¢ _ e—mztb _ €m2¢] =0
2
ny=llodd)

>

Hpplk) = N{2ﬂ3 looo +

) =) 8x
E § eilnzfnl )ml
nin nypnp-ng
np=—oolodd,np#0) nj=—oolodd,rn)#0)

[0229] For the double sum term we note that for the case:

ny =-ny and ny = —ny,

ny(odd), np(odd): [J_p(x) = (—l)an‘:x)]M

— ]yt

n
I—nl,—nz,—n2+nl = ( llxl,nz,nz—nl =

> Eei(nr"l %7

(=121, i npnny-ny

=1

npngngn) =

119:my 1 +

8
(=n1)(=m)

3
m[nl 12,1

00—
£ nlwl—nl,—nz,—nzﬂtl =

(ei(n27n1)¢ n e*i(nzfnl )¢) —

lém

i Iny g my—my €O8((n2 = 11 )P)

L4 http://en.wikipedia.org/wiki/Bessel_finction
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and we note that for the case:

(ny =ny and ny = —ny) + (ny = —np and ny =ny),
ny(odd), np(odd):

mytny R ny g

I—nl,nz,(nzml) =(-1)" r1—np—(nptng) =

—2n
(-1 Zlnl.—nz,—(n2+n1) = Inl —m,—~(np+ny)

=
8n . 8 .
i(ny+ny X —i(ny +n) i L=
A T R e T
8z i(ny+ny)d —i(np+ny
_m(e +e )I—nl iy my+ny) =
s lor
T cos(my + n)l oy inyenyy = mcosmz 1Dk vy nyim)
=
[0230] We can therefore replace the [-oo to ] summations

by [1 to o] and arrive at:

Hgr(k) = (23)

o

167
M [COS((nZ - nl)¢)1n1 Eor ol +

N32m fg g0 ++
ny=L(odd)n =L(ocd)

COS((”Z + nl)¢,)1n1,n2,n2+n1 ]}

ANNEX B

Diffraction Tomography Algorithm for the Limited
View Hemi-Spherical Aperture

[0231] A new derivation of a three-dimensional DT based
on a three-dimensional beamforming (BF) algorithm is dis-
cussed, as an alternative approach to standard DT algorithms

such as the filtered backpropagation method®.
15 Devaney, A. 1. 1982, “A filtered backpropagation algorithm for diffraction
tomography”, Ultrason. Imaging 4, 336-350.

[0232] We assume that the scattering problem is described
by a scalar wave field, 1, solution to

Hp(nkofo,0)==O(r, 00 (1Ko o,0) M

where H is the Helmholtz operator (V>+k,>), k, is the back-
ground wavenumber (27t/).), T, specifies the direction of an
incident plane wave that illuminates the object and w is the
angular frequency. The unit vector , is defined by the angles
6, and ¢, of a spherical coordinate systemError! Reference
source not found.

[0233] The object is described by the so-called Object
Function that depends on the type of wave field used to probe
the object: for electromagnetic wave sensing, it is related to
the index of refraction' ®, n(r,m), through the relation O(r)=k,°
[n%(r,0)-1], and for acoustic waves, itis linked to the speed of
sound and the attenuation coefficient'”. In particular, for a
lossless object
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olr, )= k%[(i)z - 1] @

c(r, )

where c,, is the sound speed of the homogeneous background
in which the object is immersed and ¢(r,w) is the local sound
speed inside the object. The dependence of the object func-
tion on w is because of dispersion and energy dissipation
phenomena. The analysis performed in the rest of this section
will consider monochromatic wave fields; therefore, the

explicit dependence on w is omitted.

16 Born, M. & Wolf, E. 1999 Principles of optics. Cambridge, UK: Cambridge
University Press.

17 Kak, A. C. & Slaney, M. 1988 Principles of computerized tomographic
imaging. New York, N.Y.: IEEE Press.

Three-Dimensional
Semi-Sphere

Beamforming Algorithm Over a

[0234] Letus assume that the scattering amplitude, £(6 , 0,,
¢,, ¢,), can be measured as a continuous function of the
illumination and detection directions, i.. 8,, 6,€[0,7] and ¢,
¢,€[0,] for a semi-sphere, (note that for a full sphere ¢,,
$,£€]0,27]), these angles being the receive and transmit direc-
tions in a spherical coordinate system respectively. In prin-
ciple, this could be achieved with the semi-spherical array of
transceivers that surrounds the object.

[0235] Standard BF produces the image of an object at a
point, z, of the image space by focusing an incident beam at r
and z in the object space. The resulting scattered field is
subsequently phase shifted and integrated over the aperture of
the array, so that only the contributions to the scattered field
from the focal point are added coherently. This two-step
process is obtained by means of the BF functional

Sprfo dp J5"d0, sin 8,f,7dp [, sin 6, xexp[ikA(©,,
6.)215 (0,90, )explikoti(0,9.)2] (©)

where 1 is the unit vector associated with the angles 6 and ¢.
As discussed by*® for the two-dimensional case, the second
exponential in equation (IIT) represents focusing in transmis-
sion, whereas the first corresponds to the focusing of the
received scattered field. The point spread function (PSF)
associated with the functional (III) can be obtained by con-
sidering the image of a point scatterer at position r. In this
case, the free-scattering amplitude is

I ee(0.,0,0,.40)=exp{~iko /10 ) +4(0,.9,)) 7} Q)
and the PSF reads
hpr ¢ d0,J5d0, sin 0,§5"d4;"d0, sin O xexp{ikai(©,,

&) [2=71 Yexp{iked(0 ., =77} (©)

'8 Simonetti, F. & Huang, L. 2008, “From beamforming to diffraction tomog-
raphy”, I. Appl. Phys. 103, 103 110.

[0236] Spherical waves expansion:

explikoii(@r, ¢r)- [z 1]} =

D" 2L+ 1jlkolz = Pilcos(angle(i®,, ¢,)- (2= )]
=0

where j, is the spherical Bessel function of the order 1 and P,
are Legendre Polynomials.
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f d¢, f ”d@sinorexpukoﬁ(o,, ¢)-[z-rlt ==
0 0

i T
f d¢, f dersmer{jakou -+
0 0

D7 2L+ Djitkol = r)Pilcoslangleti @y, 6,)- (2= r)))]} =
=1

[0237] Define the angles representing z-r as 6', ¢'. The
summation formula for the Spherical Harmonics is now intor-
duced"®:

ar ¢
Piieosy) = 5= D YinOrs 8 ¥inl® . ¢)
m==1

where
cos y=cos 0 cos 0'+sin 0 sin 0' cos(¢p-¢')
19 hwp://farside.ph.utexas.edu/teaching/jk1 /lectures/node102.html

[0238] Therefore, the integration over 8, and ¢, becomes:

T T
f dg, f d6,5i06,75,16,, 9,)
0 0

KTP‘,m‘(cosﬂr)cos(lmlqb,) ifmz0

il 97) = { o ‘
K7 P (cos)sin(jm|¢,) if m <0

where
. QI+ Dl -m)!
Ki'= 4r(l +m)!
[0239] As is well known, from the above definition it fol-

lows that the spherical Harmonics are separable in 6,, §,.
[0240] We now define the following integrals®®

O+ '+ ~Jm|
f P‘lm‘(cosﬁ)sinﬁd(?:f P‘,’"‘(Z)dzﬂJl (6-.6,)

- =

where z=cos 0, and z,=cos 0,.

20 W. Jarosz, N. Carr & H. W. Jensen, “Importance Sampling Spherical Har-
monics”, Journal compilation, 2008, The Eurographics Association and Black-
well Publishing Ltd.

[0241] We also define

o cosimg) if m=0
@= { sin(fmlg) if m <0

m

m i if m=0
"¢ = f <1>'"(¢)d¢=3{sm(m¢) L

cos(mg) if m<0

"4, 4= f P (p)dp
.
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[0242] And with ¢” and P, we define:
F(0_0,.0-9.)=K/"P/™ (0_0,)0"(9_4.)

[0243]
at:

We now go back to the beamforming terms and look

'
glz—-n) = f d¢, f d0,sinfexplikofi@,, ¢,)- [z —r]} ==
0 0
fd@rf dgrSin@r{/'o(kclz -r) +Z FQL+ 1) jytkolz - 1)
0 0 =1
N g etk
mmzl int6r 9)Yin(@ 91 == Dotk = ) +

Z P21+ 1) jilkolz - r|)

=1

12 P07, 0, mYp(8, ') =

Z Z AP kol = Vi@, &)

=0 m=—1

where

A”‘_z(’l+1)

Ylm(O 7,0, n) = 4xft Y,mio 7, 0,n)

[0244] The same result is obtained for the transmit angles
quantity g(z-r), so we now calculate the three-dimensional
Fourier transform Hy (k) of hy(z-r) given by

(6)

o0 {
hpr(z =) = gz -r)g(z—1) =[Z Z

=0 m=—{

AT jiltkolz = F)Ym(?', ¢')] X

o0 4
[Z 1A jotholz =Yy, @, ¢/>]
/=0

=0 m’ =1

o ]
[ fmfik-[ﬂ][z D Arjl<ko|z—r|)m<0’,¢’J]x

=0 m=—1

Hpr(k) = f & rg(z-nglz-re 1 ==

wo
[Z Al jotkola= ¥y @, ¢/>]

7=0 m'=—t'

[0245] Weuse the expansion in spherical waves once again:
exp{-ik fr-1]} =20 1 (21+1 Y ko lz-r1)P [cos(angle (k-
(=]
[0246] Denoting by 0,¢ the angles of k and as before 0',¢'

are angles of —r, (addition theorem):

al M

expl— Z P or+)

=0
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-continued

”

> Y 0.9 @, )
p

”
m’=—

Jr (kllz - r|)m

HBF=fr2drfsin0’d0’
0 0
. 4r
dgb " + D (Kl
0 7=0

N
"

Z Y, (0.9 (0, 8| X

P

m’ =

o i
[Z Z A,’"j,(kolz - rl;‘ylm(g/a ¢’)] X

=0 m=—
o ,
DT AT itkolz= Yy 8, ¢)
’=0m =t

By Clon ot 7.2 Yirmr (6 $) X

Hyr)= >

Ll 7

fVYZ drjp (kliz = ) jo kolz = rl)julkolz = 1)
0

where C,,, ;1 mmi o sin 6 d0',>d¢'yY,, (0"9"Y,,, (0,9
Y, ,,(6',¢)and BI,,41n1
[0247] We now focus on the integral of a product of 3

spherical Bessel functions®'

A1, A, A3k, ko, ka) = f 2 drjy, Gar) o, | Gear) jog | (k)
0

1Ay, A2, 233 ky, ka, k3) =

A oA Ayt
EZON 23205 + 1)2 (kll ( . 3]
ek k3 00 0

A3 1
(2/13]5 oV 1(11 A—L z]
z‘;u (H]zl( ) 0 o)
L=0 !
ML VA A A
( ]{ }Pl(A)
0 00)\L M-L 1

where

Ik, -k, <k, =k, +k,(closed triangle, angular momentum con-
servation)

kK
iky

A lies between #1 and is the cosine of the angle between k,
and k, in the triangle formed by k,, k, and k.

2R Mehremt 3T Londergantand M H Macfarlanet Analytlc expressions for
integrals of products of spherical Bessel functions”, I. Phys. A: Math. Gen.
24(1991) 1435-1453.

[0248] The quotation for I(A,, A5, Ay; k;, ko, ky) is valid for
all real A, including values outside the limited range -1=A<l1,



US 2013/0267850 A1l

with correct account taken of the jump discontinuities at
A=x1, through the introduction of the function

B(A)=3(1-AB(1+A)

where 3(y) is a modified step function:

=
<
o)
1]

_ N2 = O
S
0]
(]

(Al Az /13]
0 0 0

is the is the Wigner 3-j symbol*? from which the angular
momentum triangle is deduced, and recoupling of three angu-
lar momenta involves the 6-j symbol

{jl i /3}
i i)

22 Edmonds A R 1957 Angular Momentum in Quantum Mechanics (Princeton:
Princeton University Academic Press)

[0249] Our integral is:

LY. Uk ko ko) = frzdrj,”(lkllz =) jiy tholz = 1) julkolz — 1)
0

[0250] We therefore arrived at an analytic formula for Hy-
ofthe semi-sphere, and in fact other limited view angles. Next
we consider the value of A for our case:

[0251] With k,=Ikl, and k,=k =k, we get:
WP+ kG 1K
T ke T 2k

[0252] As -1<A<], we get the low pass filtering:

1kl <2k ®

Har = giTI(kD, where TI(K|) =
e = gUOII(K]), where TI{lk]) {0 > 2%

[0253] TheDT problem consists of reconstructing the func-
tion O(r) from a set of scattering experiments. For this pur-
pose, it is convenient to introduce the representation of the
object function in the spatial frequency domain, K-space,
which is obtained by performing the three-dimensional Fou-
rier transform of O(r)

Ok) = f & rop)e ©)
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[0254]

o 10
jBF:Fdrlfd’rzf dr3sO(h(lz - rl) o

that in the spatial frequency domain reads

We now look at the beamforming image:

TppR)=0) Hyr{k)=g R)O(R)TL{ 1) (1

[0255] While DT over the entire sphere leads to the low-
pass-filtered image, O(K)II(kI), the new BF algorithm intro-
duces a distortion that is described by the additional filter
g(k). As a result, the DT image can be obtained from the BF
image by applying the filter

glk)

to the BF image. Again, this is an alternative approach to other
DT algorithms™>.

23 Reference of footnote 3

[0256] With no loss of generality we can choose the vector
k parallel to the z axis, i.e 8=0 and cos 8=1.

[0257] For this case,

1, m” =0 forall /"

Yo 0, 8) =
par 0. 6) {0, m” %0 for all //

so the equation becomes independent of angles, i.e depends
on [klonly:

Hpp(k) =

L, m

i)
By Clp o 17 0% 12

N

f P drjp (Kliz = 1) jy Golz = ) jikolz = rl) = Hpr(IkD)
0

where again C,,,, ;. snm=Jo” sin 0" d0'f,**d¢'Y,,,(0'.9)Y
(0",6"Y ., (0',¢") and B, =4ni"".

[0258] Therefore, the filter function f(k) becomes a func-
tion of |klonly, f(Ikl). As

_k
" ko’

the filter f(Ik!) in this particular coordinate choice becomes a
sum over legendre polynomials in

W
2y

s =Y 5
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Legendre Polynomials

P,(x);x= E
N pAC] 21(0
0 1
1 X
2

1

G211

Z
3 1

;(SX3 -3x)

&
4 1

§(35X4 —30%% +3)

n+k
k

- n
Pn<x)=<—1)"g (k]( ](—x)k
k=0

[0259] The summation over n denotes symbolically the
multiple indices that need to be summed over. Note that the
cooeficients M, in the summation over n in the above equa-
tion for f(Ikl) are known, many of which vanish through, for
example, the values of the 3-j and 6-j symbols of the multiple
indices in this symbolically denoted summation.

1. A system for limited view ultrasound imaging of a 2D

section or a 3D volume of a body part comprising:

(a) one or more ultrasound sensors, the ultrasound sensors
being configured to be spatially or temporally arrayed in
an array selected from:

(1) a limited view circular arc having a central angle , £
satisfying 0<E<2m, the ultrasound sensors generating
aplurality of amplitudes f(¢,. ¢,), where f(¢,., ¢,) is an
amplitude of ultrasound radiation in a direction form-
ing an angle ¢, with a fixed radius of the limited view
circular arc when the body part is probed with inci-
dent radiation from a direction forming an angle ¢,
with the fixed radius; wherein O<¢r,pt<E;

(i1) a concave surface, the ultrasound sensors generating
a plurality of amplitudes f(0,, 0,, ¢,, ¢,), where £(0,,
6, 0,. ¢,) is an amplitude of ultrasound radiation when
the body part is probed from a transmit direction
determined by angles 6,, ¢, and a receive direction
determined by angles 0, ¢, wherein 0,,¢,€[0,] and
s 0[0.71;

(b) a processor configured to:
calculate from the f(¢,, ¢,) or the (6,0, ¢, ¢,) abeam

forming (BF) functional;

calculate free amplitudes £, (6., ¢,) or 55,.(6,, 0, ¢,
,):

calculate from the free amplitudes f (¢, ¢,) or £4..(0,,
6, ¢,, §,) a point spread function (PSF);

calculate a filter g(k) from the Fourier transform H (k)
of the PSF;

calculate a Fourier transform I;.(k), of the BF func-
tional;

divide T,.(k), by the filter g(k) to yield O(k)TI(IkI); and

generate an image of the 2D section or the 3D volume of
the body part using the O(K)II(IkI).

2. The system according to claim 1 further comprising

scanning device including a dome shaped structure wherein
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the ultrasound sensors are configured to be spatially or tem-
porally arrayed over at least a portion of the dome structure.

3. The system according to claim 2 wherein the dome
shaped structure is configured to be placed over a breast of a
female individual.

4. The system according to claim 2 wherein the dome
shaped structure includes a layer formed from an acoustically
transparent material.

5. The system according to claim 2 comprising one or more
C-Arm-tomography-sensors and one or more 2D-array-sen-
SOrs.

6. The system according to claim 2 wherein the sensors are
connected to a step-motor-assembly configured to drive the
ultrasound sensors over the scanning device.

7. The system according to claim 6 wherein the step-motor-
assembly includes a motor, an encoder, a processor, an
indexer and a driver.

8. The system according to claim 5 wherein the C-arm-
tomography-transducer is moved along a circular-track.

9. The system according to claim 1 comprising a display
device and wherein the processor is configured to display on
the image on the display device.

10. The system according to claim 9 wherein the processor
is further configured to superimpose on a displayed image
one or more B-Mode compounded images or tomography
images.

11. The system according to claim 1 further comprising a
garment configured to be worn by an individual over the body
part, the garment comprising a layer formed from a thermo-
responsive-acoustic-transparent-polymer, the thermo-re-
sponsive-acoustic-transparent-polymer being in a first vis-
cous state at a first temperature below 37° C. and in a second
viscous state at a second temperature above 37° C., the second
viscous state having a viscosity above a viscosity of the first
viscous state.

12. The system according to claim 11 wherein the garment
is a bra.

13. The system according to claim 11 further comprising a
chair wherein the scanning device is positioned in the chair
with the dome in an adjustable orientation including an
inverted orientation.

14. The system according to claim 11 wherein the thermo-
responsive-acoustic-transparent-polymer layer is harder at an
outer surface as compared to an inner surface that is in contact
with the body part.

15. The system according to claim 1 wherein the dome
comprises one or more holes configured to receive a biopsy
needle.

16. A garment for use in the system of claim 11, the gar-
ment configured to be worn by an individual over the body
part, the garment comprising a layer formed from a thermo-
responsive-acoustic-transparent-polymer, being in a first vis-
cous state at a first temperature below 37° C. and in a second
viscous state at a second temperature above 37° C., the second
viscous state having a viscosity above a viscosity of the first
viscous state.

17. A chair for use in the system of claim 13, wherein the
scanning device is positioned in the chair with the dome in an
adjustable orientation including an inverted orientation.

18. The system according to claim 1 comprising a 2D array
of ultrasound sensors mechanically coupled to a C-arm tomo-
graphic arc or to the concave surface and wherein the gener-
ated image is a real-time 3D image.
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19. A method for limited view ultrasound imaging of a 2D
section or a 3D volume of a body part comprising:

(a) providing one or more ultrasound sensors, the ultra-
sound sensors being configured to be spatially or tem-
porally arrayed in an array selected from:

(1) a limited view circular arc having a central angle €, §
satisfving 0<E<2m, the ultrasound sensors generating
aplurality of amplitudes f(¢,., ¢,), where f(¢,, ¢,) is an
amplitude of ultrasound radiation in a direction form-
ing an angle ¢, with a fixed radius of the limited view
circular arc when the planar section is probed with
incident radiation from a direction forming an angle ¢,
with the fixed radius; wherein 0<¢,,¢,<E.

(ii) a concave surface, the ultrasound sensors generating
a plurality of amplitudes f(6,, 0,, ¢,, ¢,), where F(0,,
6,,9,,,) 1s an amplitude of ultrasound radiation when
the body part is probed from a transmit direction
determined by angles 0,, ¢, and a receive direction
determined by angles 0, ¢, the angles satisfying 6,
6,€[0.] and ,.0,€[0.7],

(b) calculating from the f(¢,, ¢,) or the (6, 0, ¢,, ¢,) a
beam forming (BF) functional;

() calculating free amplitudes f4..(¢,. ¢,) or the £,..(0,,
0, 0,1 )

(d) calculating from the free amplitudes f5..(¢,9,) or the
Te(8,, 6, §,.¢,) a point spread function (PSF);

(e) calculating a filter g(k) from the Fourier transform
Hy (k) of the PSF;

(D calculating a Fourier transform I;(k), of the BF func-
tional;

(2) dividing I,,(k), by the filter g(k) to yield O()TI(IkI);
and

(h) generating an image of 2D section or the 3D volume of
the body part using the O(K)II(IkI).

20. The method according to claim 19 further comprising
spatially or temporally arraying the ultrasound sensors over at
least a portion of the dome structure.

21. The method according to claim 20 wherein the body
part is a breast.

22. The method according to claim 20 wherein the dome
shaped structure includes a layer formed from an acoustically
transparent material.
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23. The method according to claim 19 further comprising
display the image on a display device.

24. The method according to claim 23 further comprising
superimposing on a displayed image one or more B-Mode
compounded images or tomography images.

25. The method according to claim 19 placing a garment on
an individual over the body part, the garment comprising a
layer formed from a thermo-responsive-acoustic-transparent-
polymer, the thereto-responsive-acoustic-transparent-poly-
mer being in a first viscous state at a first temperature below
37° C. and in a second viscous state at a second temperature
above 37° C., the second viscous state having a viscosity
above a viscosity of the first viscous state.

26. The method according to claim 25 wherein the garment
is a bra.

27. The method according to claim 19 wherein scanning
device is positioned in a chair with the dome in adjustable
orientation including an inverted orientation, and the method
further comprises placing the body part in the dome.

28. The method according to claim 27 further comprising
inserting into the inverted dome a thermo-responsive-acous-
tic-transparent-polymer being in a first viscous state at a first
temperature below 37° C. and in a second viscous state at a
second temperature above 37° C., the second viscous state
having a viscosity above a viscosity of the first viscous state.

29. The method according to claim 25 wherein the thermo-
responsive-acoustic-transparent-polymer layer is harder at an
outer surface as compared to an inner surface that is in contact
with the body part.

30. The method according to claim 19 further comprising
inserting a biopsy needle in a hole in the dome structure and
obtaining a biopsy.

31. The method according to claim 19 wherein a 2D array
of ultrasound sensors is mechanically coupled to a C-arm
tomographic arc or to the concave surface and the method
further provides generating a real-time 3D image.

32. The method according to claim 31 further comprising
guiding a surgical or procedure tool through the body part.

* ok % % ¥
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