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TRANSMISSIVE IMAGING AND RELATED 
APPARATUS AND METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit under 35 U.S.C. 
S119(e) of U.S. Provisional Patent Application Ser. No. 
61/548,047, entitled “OPPOSED ARRAY IMAGING AND 
RELATED APPARATUS AND METHODS filed On Oct. 
17, 2011 under Attorney Docket No. B1348.70000US00, 
which is herein incorporated by reference in its entirety. 

BACKGROUND 

0002 Imaging technologies are used for multiple pur 
poses. One purpose is to non-invasively diagnose patients. 
Another purpose is to monitor the performance of medical 
procedures. Such as Surgical procedures. Yet another purpose 
is to monitor post-treatment progress or recovery. Thus, 
medical imaging technology is used at various stages of medi 
cal care. 
0003. The value of a given medical imaging technology 
depends on various factors. Such factors include the quality of 
the images produced (interms of resolution or otherwise), the 
speed at which the images can be produced, the accessibility 
of the technology to various types of patients and providers, 
the potential risks and side effects of the technology to the 
patient, the impact on patient comfort, and the cost of the 
technology. The ability to produce three dimensional images 
is also a consideration for some applications. 
0004 Different types of medical imaging technologies 
have different strengths and weaknesses with respect to the 
above-listed factors. Typically, the speed of aparticular imag 
ing system, and therefore its usefulness in various time-con 
strained environments such as emergency rooms, is compro 
mised as the resolution is increased. For instance, magnetic 
resonance imaging (MRI) can provide high resolution images 
of various types of tissue, but is generally very slow, and 
Suffers from other drawbacks including high cost, loud noise, 
and the use of potentially harmful magnetic field strengths. In 
contrast, conventional medical ultrasound imaging is imple 
mented with less expensive equipment which produces 
images more quickly than MRI. Yet, the resolution of con 
ventional ultrasound imaging is typically less than that of 
MRI, and the type of data collected is different. 
0005 Conventional techniques for producing three-di 
mensional images involve imaging multiple two-dimensional 
cross-sections, or "slices of a Volume to be imaged, and then 
stacking the distinct images of the slices together. Such tech 
niques provide a limited interpretation of a three-dimensional 
object. Moreover, at least Some Such techniques require the 
mechanical scanning of the imaging device over the area of 
interest, which adds substantially to the time required to 
collect the data for the image. Accordingly, what is needed, 
for example, is an imaging technology that produces high 
resolution, Volumetric three-dimensional images in a short 
time. 

SUMMARY OF EMBODIMENTS 

0006 Provided herein are numerous embodiments of sys 
tems, apparatus, and methods for providing imaging and/or 
high intensity focused ultrasound (HIFU) and/or thermom 
etry functionality. The provision of this functionality, as 
described herein, may be supported by underlying technol 
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ogy, including in relation to imaging and/or HIFU and/or 
thermometry element arrays, measurement geometry, front 
end processing circuitry and techniques, image reconstruc 
tion, and/or a three-dimensional (3D) interface, according to 
numerous non-limiting embodiments as described in detail 
throughout the application. Each of the systems, apparatus 
and methods described herein may include any one or any 
combination of these or other underlying technological fea 
tures. 

0007. In a first aspect according to some embodiments, 
imaging and/or HIFU and/or thermometry element arrays 
may facilitate the provision of imaging and/or HIFU and/or 
thermometry functionality by the systems, apparatus, and 
methods described herein. Arrays of imaging elements and/or 
arrays of HIFU elements (individually or in combination) 
may utilize various types of imaging and/or HIFU elements in 
various layouts. Imaging elements may also be used for ther 
mometry. Various materials may be used to form the ele 
ments, examples of which are described herein. The elements 
may assume Suitable layouts to provide desired functionality, 
Such as being arranged in arrays, being sparsely arranged, 
and/or irregularly arranged, as non-limiting examples. Addi 
tional features of Suitable layouts according to some embodi 
ments are described in detail throughout the application. 
0008. In a second aspect according to some embodiments, 
measurement geometry may facilitate the provision of imag 
ing and/or HIFU and/or thermometry functionality by the 
systems, apparatus, and methods described herein. Elements 
configured as imaging elements may be separated in space in 
Some embodiments, for example being arranged in an 
opposed relationship of sources and sensors. In some embodi 
ments, multiple (e.g., all, or at least two, three, four, five, ten, 
twenty, fifty, 100, etc.) pairs correlation, described in detail 
below in connection with non-limiting embodiments, is uti 
lized and is facilitated by the separation of sources from 
sensors. Alternatively or additionally, the relative and/or 
absolute positions of elements may be tracked in some 
embodiments, for example to facilitate processing of data 
collected by sensors. Various non-limiting embodiments of 
position tracking are described in detail below. 
0009. In a third aspect according to some embodiments, 
front-end processing circuitry and techniques for imaging 
and/or HIFU and/or thermometry systems may facilitate the 
provision of imaging and/or HIFU and/or thermometry func 
tionality by the systems, apparatus, and methods described 
herein. Suitable circuitry (e.g., analog and/or digital) forgen 
erating Suitable signals to be transmitted and received by an 
imaging and/or HIFU and/or thermometry system are pro 
vided. In some embodiments, beam forming is utilized in the 
imaging and/or HIFU and/or thermometry context, and may 
be facilitated by use of Suitable analog and/or digital signal 
chain circuitry. Various waveforms may be constructed for 
use in imaging and/or HIFU systems described herein, and 
they may be processed in any suitable manner. Transmission 
and/or receipt of transmitted signals may be performed 
according to various schemes, including time-division mul 
tiple access Schemes, code-divisional multiple access 
schemes, and/or frequency-division multiple access schemes, 
among others. Various parameters of interest (e.g., amplitude, 
phase, etc.) may be extracted from received signals using 
various processing. Thus, accurate imaging and/or HIFU may 
be achieved. 

0010. In a fourth aspect according to some embodiments, 
image reconstruction technology, which may apply primarily 
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in the context of imaging, but which may also facilitate HIFU 
operation, as described in detail below, in connection with 
non-limiting embodiments, may facilitate the provision of 
imaging and/or HIFU and/or thermometry functionality by 
the systems, apparatus, and methods described herein. In 
Some embodiments, algebraic reconstruction techniques may 
be utilized. Alternatively or additionally, in some embodi 
ments, physical phenomena impacting collected imaging 
data, Such as dispersion, refraction and/or diffraction, among 
others, may be accounted for in any suitable manner. Alter 
natively or additionally, in Some embodiments, compressive 
sensing (sometimes termed compressed sensing) is used in 
image reconstruction. Images may then be used for desired 
analysis, such as for classification of imaged objects (e.g., 
tissue classification), diagnosis (e.g., in the medical context) 
and/or thermometry, among others. 
0011. In a fifth aspect according to some embodiments, a 
three-dimensional (3D) interface may facilitate the provision 
of imaging and/or HIFU and/or thermometry functionality by 
the systems, apparatus, and methods described herein. In 
Some embodiments, 3D images may be generated and dis 
played to a viewer. The generation and/or display of 3D 
images may occur rapidly in Some embodiments, for example 
in real time. Alternatively or additionally, in some embodi 
ments, a user (e.g., a doctor) may provide input via a 3D 
interface, for example by marking points of interest on a 3D 
image using a suitable device or hand movement. Image 
analysis may also be performed, in some embodiments, using 
any suitable techniques. In some embodiments, a user may 
plan a location or path for performing a medical procedure 
(e.g., Surgery, HIFU, etc.) by viewing and/or interacting with 
a 3D image in the manners described in detail below, thus 
allowing for 3D Surgical path planning in Some embodiments. 
0012. According to some embodiments of the present 
application, an imaging device (e.g., ultrasound imaging 
device) is provided that includes opposed arrays of radiation 
Sources and sensors (e.g., arrays on completely opposite sides 
ofa Subject to be imaged). The imaging device may operate in 
a transmissive modality in which radiation (e.g., one or more 
ultrasound signals) transmitted through a Subject is detected 
and used in generating a Volumetric image of the Subject. The 
following description focuses primarily on the non-limiting 
embodiments of apparatus and methods that utilize ultra 
Sound sources and sensors for imaging, characterization, and/ 
or treatment of the Subject. In at least Some embodiments, one 
or more of the ultrasound sensors may receive ultrasound 
signals from multiple ultrasound sources arranged in at least 
two dimensions. The ability of one or more sensors (coupled 
with front-end circuitry) to distinguish (or discriminate) 
between two or more of the signals received from multiple 
ultrasound sources, provides a large amount of data about the 
Subject. In at least some embodiments, the collection and then 
the processing of Such data is performed rapidly. Thus, in 
some embodiments, three-dimensional (3D) volumetric 
images of the Subject may be rapidly generated. In at least 
Some embodiments, the Volumetric images have high resolu 
tion. 

0013. According to some embodiments of the present 
application, opposed arrays of ultrasound sources and sensors 
may be static, relative to one another, while operating, yet still 
provide data Sufficient for reconstructing Volumetric images 
of a Subject. The sensors of the opposed arrays may be con 
figured to receive ultrasound signals originating from mul 
tiple sources whose positions define a Substantial Solid angle 
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with respect to each sensor, Such as, for example, a solid angle 
of at least TL/10 steradians, at least L/5 steradians, at least L/4 
steradians, at least L/2 steradians, at least It steradians, at least 
2It steradians, between approximately L/10 and 21 steradi 
ans, between approximately L/5 and Justeradians, or any other 
Suitable non-zero Solid angle. For example, such a configu 
ration is described with respect to non-zero solid angle 420 in 
FIG. 4, below. The absence of any requirement to move the 
arrays during operation may facilitate rapid Volumetric imag 
ing. In some embodiments, the opposed arrays may be indi 
vidually and/or relatively movable. 
0014. According to some embodiments of the present 
application, a system and method are provided for rapid col 
lection of data about a volume of interest (e.g., a Volume 
containing a subject). The system and method may employ 
transmissive ultrasound techniques, for example, in which 
ultrasound sources positioned on one side of the Volume are 
configured to transmit ultrasound signals through the Volume 
to ultrasound sensors on an opposed side of the Volume. The 
signals received by the ultrasound sensors may be discrimi 
nated to determine from which ultrasound source the signals 
were emitted. The received signals may be analyzed to deter 
mine signal characteristics such as amplitude, frequency, 
phase, and/or other characteristics. Such characteristics may 
represent or otherwise be indicative of the attenuation of the 
signals while passing through the Volume, a phase shift of the 
signals while passing through the Volume, and/or time-of 
flight (TOF) of the signals while passing through the volume. 
From such information, properties of the volume being 
imaged (or a subject therein) may be determined, such as 
density, index of refraction, temperature, and/or speed of 
Sound, as non-limiting examples. 
0015. According to some embodiments of the present 
application, methods and systems for performing rapid (e.g., 
real time) Volumetric ultrasound imaging of a Subject are 
provided. Data about a subject, Such as density, index of 
refraction, temperature, and/or speed of Sound, may be col 
lected as described above using transmissive ultrasound tech 
niques or any other Suitable techniques. One or more Volu 
metric images of such properties may be generated. In some 
embodiments, the system may be configured to produce mul 
tiple Volumetric images of a Subject per second, for example 
up to six images or more per second. In some embodiments, 
collection of data and/or reconstruction of volumetric images 
may be performed at a rate up to approximately six frames/ 
second or more (e.g., between any of one, two, three, four, 
five, six, seven, eight, nine, or ten frames per second on one 
hand, and any of fifteen, twenty, twenty-five, thirty, forty, 
fifty, sixty, seventy, eighty, ninety, and 100 frames per second, 
on the other hand, and ranges in between), where a frame 
represents a grouping (or set) of data values, for example 
Sufficient to form a single image. In some embodiments, a 
frame may include a data value corresponding to each radia 
tion Source of a system. In other embodiments, a frame may 
include a data value for each radiation source of a Subset of 
radiation sources of a system. 
0016. According to some embodiments of the present 
application, measurements obtained by an ultrasound imag 
ing device may be used to construct a volumetric image of a 
Subject. A Volumetric image may be organized in three-di 
mensional Sub-blocks called “voxels' analogous to pixels 
in a two-dimensional image—with each Voxel associated 
with one or more values of a property (e.g., index of refrac 
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tion, density, temperature, speed of Sound, etc.) of the Subject 
at a location in three-dimensional space. 
0017. Any technique or group of techniques used to con 
struct a Volumetric image of a Subject from measurements of 
the Subject, obtained by an imaging device (e.g., an ultra 
Sound imaging device or any other suitable imaging device), 
is herein referred to as an image reconstruction process. In 
one embodiment, a compressive sensing (CS) image recon 
struction process may be used to calculate a Volumetric image 
of the Subject from measurements obtained by an imaging 
device (e.g., an ultrasound imaging device of any of the types 
described herein). A CS image reconstruction process may 
calculate a Volumetric image of the Subject based, at least in 
part, on a sparsity basis in which the Volumetric image may be 
sparse. It should be appreciated that sparsity of a Volumetric 
image is not the same as, and is independent from, sparsity of 
elements in an array. A Volumetric image may be sparse in a 
sparsity basis regardless of whether or not elements in an 
imaging array used to obtain the Volumetric image are sparse. 
ACS image reconstruction process may take into account the 
geometry of any sources and sensors of the imaging device to 
calculate a Volumetric image of the Subject from measure 
ments obtained by the imaging device. CS image reconstruc 
tion processes and other image reconstruction processes that 
may be used in accordance with embodiments of the present 
application are described in greater detail below. 
0018. According to an aspect of the present application, 
movable Supports are described including arrangements of 
ultrasound elements configured as sources and sensors. The 
ultrasound elements may cooperatively operate to image a 
Subject in a transmissive ultrasound modality. For example, 
all. Substantially all, most, or at least a portion of the ultra 
sound radiation (e.g., at least 95%, 90%, 80%, 75%, 70%, 
60%, 50%, or 40%, etc.) detected and utilized by the sensors 
may be transmissive radiation. In some embodiments, scat 
tered radiation (e.g., back-scattered and/or forward-scattered 
radiation) may also be detected and utilized at least in part. 
The movable supports may be handheld, and may take the 
form of paddles in some non-limiting embodiments. Portable 
imaging devices may be realized, allowing flexibility interms 
of treatment location and angle of imaging of a subject, for 
example by allowing for easy repositioning of arrangements 
of ultrasound elements during operation. The cooperative 
operation of the arrangements of ultrasound elements may be 
facilitated by detection of the orientation and/or positioning 
(absolute or relative) of the arrangements. 
0019. According to some embodiments of the present 
application, a sparse arrangement of ultrasound sources and/ 
or sensors is provided. The ultrasound sources and/or sensors 
may be sparsely spaced with respect to each other compared 
to an operation wavelength (e.g., a center wavelength) of the 
Sources and/or sensors. The sparse spacing of the ultrasound 
Sources and/or sensors may reduce the number of Sources 
and/or sensors required to achieve a particular imaging reso 
lution of interest. The sparse spacing of ultrasound sources 
and/or sensors may allow for the arrangement to include 
multiple types of elements. 
0020. According to some embodiments of the present 
application, an irregular arrangement of ultrasound sources 
and/or sensors is provided. The arrangement may be irregular 
in that at least Some of the Sources and/or sensors may not be 
regularly spaced with respect to neighboring sources and/or 
sensors. The irregular spacing may relax design tolerances of 
ultrasound arrangements and allow for flexibility in operation 
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of ultrasound devices incorporating Such arrangements, such 
as ultrasound imaging devices. The irregular spacing of ultra 
Sound Sources and/or sensors may lead to fewer artifacts in 
images calculated from measurements obtained by the ultra 
Sound sensors. The irregular spacing may lead to fewer arti 
facts that ordinarily result from symmetry in regular sensor 
arrangements. In at least Some embodiments, the ultrasound 
elements may be randomly arranged. 
0021. According to some embodiments of the present 
application, an arrangement of ultrasound sources and/or sen 
sors is provided that does not fully enclose a subject, but 
which is still suitable for performing Volumetric imaging of 
the Subject without any need to move the arrangement. In at 
least Some such embodiments, the arrangement may be Sub 
stantially planar, though other configurations are also pos 
sible. 
0022. According to some embodiments of the present 
application, apparatus, and methods for performing high 
intensity focused ultrasound (HIFU) are provided. The appa 
ratus may include ultrasound elements configured to operate 
as HIFU elements arranged among ultrasound elements con 
figured to operate as ultrasound imaging elements (e.g., imag 
ing sources and/or sensors). In at least Some embodiments, an 
apparatus is configured to operate as a multi-mode device 
(e.g., a dual-mode device) for performing HIFU and ultra 
Sound imaging. In at least some embodiments, the apparatus 
may include HIFU elements interleaved among imaging ele 
ments, interspersed among imaging elements, between imag 
ing elements, and/or arranged in another configuration. 
0023. According to some embodiments of the present 
application, apparatus and methods for performing thermom 
etry using opposed pairs of ultrasound sources and sensors is 
provided. The opposed pairs may operate in combination in a 
transmissive ultrasound modality. Data detected from Such 
transmissive ultrasound operation may provide an indication 
oftemperature. For example, data detected from transmissive 
ultrasound operation may be indicative of changes in speed of 
Sound through a subject, which in turn may be indicative of 
changes in temperature of the Subject. Speed of Sound and 
changes in speed of sound through a Subject may be obtained 
from time-of-flight (TOF) data collected by a source-sensor 
pairs, attenuation data collected by source-sensor pairs, and/ 
or any Suitable combination thereof. In some embodiments, 
raw waveforms collected by ultrasound sensors operating in 
combination with ultrasound sources in a transmissive 
modality may be analyzed for changes (e.g., changes in 
amplitude, phase, TOF, attenuation, etc.). Such changes may 
be indicative of changes in temperature of a subject. Mea 
Surement of temperature and temperature changes may be 
used alone or in combination with other operations, such as 
imaging and/or HIFU. 
0024 Conventional techniques for producing three-di 
mensional images involve imaging multiple two-dimensional 
cross-sections, or "slices of a Volume to be imaged, and then 
stacking the distinct images of the slices together. Such tech 
niques provide a limited interpretation of a three-dimensional 
object because the collected data represents a limited number 
of paths through a Subject, the paths being confined to a given 
slice. 
0025 Thus, an aspect of the present application provides 
an apparatus, comprising a plurality of radiation sources com 
prising a first radiation Source, a second radiation Source, and 
a third radiation Source. The apparatus further comprises a 
first radiation sensor and a second radiation sensor, and pro 
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cessing circuitry coupled to the first radiation sensor and the 
second radiation sensor and configured to receive and dis 
criminate between, for each of the first and second radiation 
sensors, respective source signals emitted by the first, second, 
and third radiation sources. The first radiation source, the 
second radiation source, and the first radiation sensor may lie 
in a first plane, and the second radiation source, the third 
radiation source, and the second radiation sensor may lie in a 
second plane different than the first plane. 
0026. Another aspect of the present application provides 
an apparatus comprising a plurality of radiation sources com 
prising a first radiation Source, a second radiation source, and 
a third radiation Source. The apparatus further comprises a 
first radiation sensor and a second radiation sensor, and pro 
cessing circuitry coupled to the first radiation sensor and the 
second radiation sensor and configured to receive and dis 
criminate between, for each of the first and second radiation 
sensors, respective source signals emitted by the first, the 
second, and the third radiation sources. Respective center 
points of the first radiation source, the second radiation 
Source, the third radiation source, and the first radiation sen 
Sor may define a first non-Zero Solid angle having its vertex 
positioned at the center point of the first radiation sensor. The 
respective center points of the first radiation source, the sec 
ond radiation source, and the third radiation source, together 
with a center point of the second radiation sensor define a 
second non-zero Solid angle having its vertex positioned at 
the center point of the second radiation sensor. 
0027. According to an aspect of the present application, an 
apparatus is provided comprising a plurality of radiation 
Sources arranged nonlinearly in a first plane or three-dimen 
sional space and configured to emit respective source signals 
through a Volume to be characterized. The apparatus may 
comprise a plurality of radiation sensors arranged nonlinearly 
in a second plane or three-dimensional space and configured 
to oppose the first plane or three-dimensional space, and the 
volume, wherein each of the plurality of radiation sensors is 
configured to sense the source signals emitted by each of the 
plurality of radiation sources after the Source signals pass 
through the Volume. The apparatus may comprise processing 
circuitry coupled to the plurality of radiation sensors and 
configured to receive and discriminate between the Source 
signals sensed by the plurality of radiation sensors. The 
received signals may be indicative of at least one character 
istic of the volume. 
0028. According to an aspect of the present application, an 
apparatus comprises a plurality of radiation sources config 
ured to emit respective source radiation signals incident upon 
a Volume to be characterized, the Volume spanning orthogo 
nal X, Y, and Z axes. The plurality of radiation Sources may 
occupy multiple locations in the X direction and multiple 
locations in the Y direction. The apparatus may further com 
prise a plurality of radiation sensors separated from the plu 
rality of radiation sources along the Z direction and config 
ured to sense the respective source radiation signals emitted 
by the plurality of radiation sources, the plurality of radiation 
sensors occupying multiple locations in the X direction and 
multiple locations in the Y direction. The apparatus may 
further comprise processing circuitry coupled to the plurality 
of radiation sensors and configured to receive and discrimi 
nate between, for each of the plurality of radiation sensors, the 
respective source signals of the plurality of radiation sources. 
0029. According to an aspect of the present application, an 
apparatus is provided comprising a plurality of radiation 
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Sources configured to emit respective source radiation signals 
directed to be incident upon a subject such that the respective 
Source radiation signals pass through the Subject along paths 
bounding a Volume. The apparatus may comprise a radiation 
sensor configured to receive the respective source radiation 
signals after they pass through the Subject. The apparatus may 
further comprise processing circuitry coupled to the radiation 
sensor and configured to discriminate between the respective 
Source radiation signals. 
0030. According to an aspect of the present application, an 
apparatus is provided comprising a plurality of radiation 
Sources configured to emit respective source radiation signals 
directed to be incident across a surface area of a subject. The 
apparatus may comprise first and second radiation sensors 
each configured to sense the respective source radiation sig 
nals, and may also comprise processing circuitry coupled to 
the first and second radiation sensors and configured to 
receive and discriminate between, for each of the first and 
second radiation sensors, the respective source radiation sig 
nals emitted by the plurality of radiation sources. 
0031. According to an aspect of the present application, an 
apparatus is provided comprising three radiation Sources 
arranged in a multi-dimensional, non-linear arrangement and 
configured to produce respective source signals. The appara 
tus may further comprise a plurality of radiation sensors, and 
processing circuitry coupled to the plurality of radiation sen 
sors and configured to receive and discriminate between, for 
at least one radiation sensor of the plurality of radiation sen 
sors, the respective source signals produced by the three 
radiation sources. 

0032. According to an aspect of the present application an 
apparatus is provided comprising multiple arrays of ultra 
Sound sources configured to emit respective source signals 
and an array of ultrasound sensors configured to sense the 
respective source signals. The apparatus may further com 
prise processing circuitry coupled to the array of ultrasound 
sensors and configured to receive and discriminate between, 
for at least one ultrasound sensor of the array of ultrasound 
sensors, the respective source signals of at least one ultra 
sound source from each of at least two arrays of the multiple 
arrays of ultrasound sources. 
0033 According to an aspect of the present application, an 
apparatus is provided comprising a plurality of NXM radia 
tion Sources forming a two-dimensional or three-dimensional 
radiation source arrangement and configured to produce a 
first plurality of NXM respective source signals, wherein N is 
greater than or equal to M. The apparatus may further com 
prise a plurality of XXY radiation sensors forming a two 
dimensional or three-dimensional radiation sensor arrange 
ment, and processing circuitry coupled to the plurality of 
radiation sensors and configured to discriminate between 
greater than (XxYxN) received signals from the NXM respec 
tive source signals. 
0034 Conventional ultrasound imaging technologies also 
suffer from the drawback that the positions of ultrasound 
sources and sensors have little freedom of motion relative to 
each other. Conventional ultrasound devices therefore typi 
cally exhibit limited flexibility in movement and limited abil 
ity to be adjusted during operation. 
0035. According to an aspect of the present application, an 
apparatus is provided comprising a plurality of ultrasound 
elements in a fixed relationship with respect to each other and 
configured as ultrasound imaging elements, and a detector 
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configured to dynamically detect an orientation and/or posi 
tion of the plurality of ultrasound elements. 
0036 Aspects of the present application also relate to the 
relative positioning of ultrasound elements of an arrange 
ment. Conventional ultrasound devices utilize ultrasound ele 
ments that are spaced at regular intervals with respect to each 
other, for example along a line. Such regular spacing can 
create undesirable artifacts in images produced using Such 
devices. Also, such regular spacing represents a design con 
straint, the deviation from which is not generally tolerated, as 
device performance can Suffer. Furthermore, the spacing of 
the elements is conventionally sufficiently close to allow for 
sensing of at least sample point per wavelength of the ultra 
Sound radiation, which places constraints on the spacing and 
number of elements required to implement an ultrasound 
arrangement. 
0037 According to an aspect of the present application, an 
apparatus is provided, comprising a plurality of ultrasound 
sensors forming a two-dimensional or three-dimensional 
ultrasound sensor arrangement, and processing circuitry 
coupled to the plurality of ultrasound sensors and configured 
to process signals from the plurality of ultrasound sensors to 
produce ultrasound imaging data indicative of a subject 
imaged at least in part by the plurality of ultrasound sensors 
At least Some ultrasound sensors of the plurality of ultrasound 
sensors are not spaced at regular intervals with respect to 
neighboring ultrasound sensors, and may be said to create an 
irregular arrangement of ultrasound sensors (or elements 
more generally). 
0038 According to an aspect of the present application, an 
apparatus is provided comprising a plurality of radiation sen 
sors forming a two-dimensional or three-dimensional sensor 
arrangement and configured to receive radiation of wave 
length w emitted by one or more radiation sources. The spac 
ing between a first radiation sensor of the plurality of radia 
tion sensors and its nearest neighboring radiation sensor of 
the plurality of radiation sensors is greater than W2 in some 
embodiments, greater than W, in Some embodiments, greater 
than 2 in Some embodiments, and greater than 3W in some 
embodiments. Such arrangements may be termed sparse 
arrangements. 
0039. Aspects of the present application are also directed 
to three-dimensional image reconstruction techniques, for 
example for use in generating 3D medical images. Conven 
tional Solutions to reconstruction of 3D images either require 
stringent geometrical constraints of the imaging system or 
utilize 2D wave propagation codes which result in less faith 
ful reconstructions (since use of 3D wave propagation codes 
was conventionally impractical). 
0040 Accordingly, an aspect of the present application 
provides a method comprising accessing a plurality of mea 
Surements of a Subject, the plurality of measurements result 
ing at least in part from the detection of ultrasound radiation 
by an ultrasound imaging device operating in a transmissive 
modality, and generating, using at least one processor, at least 
one volumetric image of the subject from the plurality of 
measurements by using a compressive sensing image recon 
struction process. 
0041 According to an aspect of the present application, a 
method is provided comprising accessing at least one Volu 
metric image of a Subject generated using a plurality of mea 
Surements of the Subject, the plurality of measurements 
resulting at least in part from the detection of ultrasound 
radiation by an ultrasound imaging device operating in a 
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transmissive modality. The method further comprises apply 
ing Stereoscopic conversion to the at least one Volumetric 
image to obtain a first stereoscopic image and a second Ste 
reoscopic image, and displaying three-dimensionally, via a 
three-dimensional display, the first stereoscopic image and 
the second stereoscopic image to a viewer. 
0042. According to an aspect of the present application, a 
method is provided comprising accessing at least one Volu 
metric image of a subject calculated using a plurality of 
measurements of the Subject, the plurality of measurements 
resulting at least in part from the detection of radiation by an 
imaging device. The method further comprises identifying a 
point of view within the subject, wherein identifying the point 
of view comprises identifying a location within the Subject, 
and displaying the at least one Volumetric image to a viewer 
from the identified point of view. 
0043. According to an aspect of the present application, a 
method is provided comprising accessing a plurality of mea 
Surements of a Subject, the plurality of measurements result 
ing at least in part from the detection of ultrasound radiation 
by an ultrasound imaging device, the ultrasound imaging 
device comprising a plurality of ultrasound sources including 
a first ultrasound source and a plurality of ultrasound sensors 
including a first ultrasound sensor, and calculating, using at 
least one processor, a first image of the Subject from the 
plurality of measurements by using first path length informa 
tion for a path between the first ultrasound source and the first 
ultrasound sensor. The method may further comprise calcu 
lating, using the at least one processor, second path length 
information at least in part by computing refractive paths 
using the first image. The method may further comprise cal 
culating, using the at least one processor, a second image of 
the Subject from the plurality of measurements by using the 
second path length information. 
0044 Aspects of the present application relate to applica 
tion of high intensity focused ultrasound (HIFU) to a subject. 
HIFU may be used for various purposes, such as cauterization 
or tissue ablation, among others. It may be desirable to view 
the location at which HIFU is applied, for example to assess 
the progress or effectiveness of the HIFU. HIFU probes and 
imaging technologies were conventionally separate. 
0045 According to an aspect of the present application, an 
apparatus is provided comprising a Support, a first plurality of 
ultrasound elements configured as ultrasound imaging ele 
ments, and a second plurality of ultrasound elements config 
ured as high intensity focused ultrasound (HIFU) elements. 
The first plurality and second plurality of ultrasound elements 
may be physically coupled to the first Support, and at least 
some elements of the first plurality of ultrasound elements are 
arranged among at least Some elements of the second plural 
ity of ultrasound elements. 
0046 According to an aspect of the present application a 
system is provided comprising a first Support, a second Sup 
port, a first plurality of ultrasound elements configured as 
high intensity focused ultrasound (HIFU) elements and 
physically coupled to the first Support and configured as a first 
source of HIFU, and a second plurality of ultrasound ele 
ments configured as ultrasound imaging elements and 
coupled to the first support and distinct from the first plurality 
of ultrasound elements. The apparatus may further comprise 
a third plurality of ultrasound elements configured as HIFU 
elements and physically coupled to the second Support and 
configured as a second source of HIFU, and a fourth plurality 
of ultrasound elements configured as ultrasound imaging ele 
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ments and coupled to the second Support and distinct from the 
third plurality of ultrasound elements. The second plurality of 
ultrasound elements and the fourth plurality of ultrasound 
elements are configured to operate in combination in a trans 
missive ultrasound imaging modality. 
0047 According to an aspect of the present application, an 
apparatus is provided comprising a Substrate, a first plurality 
of ultrasound elements configured as ultrasound imaging ele 
ments coupled to the Substrate, and a second plurality of 
ultrasound elements configured as high intensity focused 
ultrasound (HIFU) elements coupled to the substrate. 
0048. An aspect of the present application provides a 
method comprising displaying a Volumetric image of a Sub 
ject to a user three dimensionally via a three-dimensional 
display, obtaining user input identifying at least one target 
point in the Volumetric image corresponding to at least one 
location in the Subject, and applying high intensity focused 
ultrasound (HIFU) energy to the at least one location in the 
Subject. 
0049 Conventional HIFU also suffered from the draw 
back of insufficient control over the location which HIFU was 
applied, particularly when apatient moved. Misapplication of 
HIFU to a patient can be dangerous in addition to being 
inefficient. 

0050. According to an aspect of the present application, a 
method is provided comprising applying high intensity 
focused ultrasound (HIFU) energy to a Subject, identifying, 
based at least in part on an image of the Subject, a first target 
point in the subject to which the HIFU energy was applied, 
and automatically determining whether to continue applying 
the HIFU energy to the first target point at least in part by 
comparing the first target point to a planned target point. The 
method may further comprise continuing to apply the HIFU 
energy to the first target point based at least in part on the 
comparison. 
0051. According to such an aspect, accurate detection and 
tracking of the location at which HIFU is applied relative to a 
desired HIFU location may be provided. The results of such 
detection and tracking may be used to control to which loca 
tions HIFU is applied. Thus, the accuracy of the HIFU appli 
cation may be improved, and effectiveness and safety of the 
HIFU process may be increased. 
0052 Aspects of the present application relate to process 
ing of signals received by large numbers of receiving ele 
ments, for instance in the context of an ultrasound imaging 
system. Conventional signal processing techniques of large 
amounts of data can be time-consuming, so that such tech 
niques may substantially limit the ability to rapidly create 3D 
images (e.g., 3D ultrasound images) based on the received 
signals. 
0053 According to an aspect of the present application, an 
apparatus is provided comprising a first ultrasound element 
configured as an ultrasound source, and transmit circuitry 
coupled to the ultrasound source and configured to provide to 
the ultrasound source a transmission signal to be emitted by 
the ultrasound source. The apparatus may further comprise a 
second ultrasound element configured as an ultrasound sen 
sor and processing circuitry coupled to the ultrasound sensor 
and configured to process a signal emitted by the ultrasound 
Source and received by the ultrasound sensor. The processing 
circuitry may be configured to combine the signal received by 
the ultrasound sensor with a reference signal to produce a 
combined signal. 
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BRIEF DESCRIPTION OF DRAWINGS 

0054 Various aspects and embodiments of the application 
will be described with reference to the following figures. It 
should be appreciated that the figures are not necessarily 
drawn to Scale. Items appearing in multiple figures are indi 
cated by the same reference number in all the figures in which 
they appear. 
0055 FIG. 1A illustrates opposed arrays of radiation (e.g., 
ultrasound) sources and sensors, according to a non-limiting 
embodiment. 
0056 FIG. 1B illustrates a detailed view of a portion of the 
arrays of FIG. 1A positioned relative to a subject of interest, 
according to a non-limiting embodiment. 
0057 FIG. 2 illustrates a system including radiation (e.g., 
ultrasound) sources and sensors and front-end circuitry, 
according to a non-limiting embodiment. 
0058 FIG. 3 illustrates a flowchart of the operation of the 
system of FIG. 2, according to a non-limiting embodiment. 
0059 FIGS. 4, 5, 6A and 6B illustrate more detailed 
examples of systems of the type illustrated in FIG. 2, accord 
ing to various non-limiting embodiments. 
0060 FIGS. 7A-7C illustrate examples of signal transmit 
ters as may be implemented in a system in accordance with 
one or more embodiments of the present application. 
0061 FIGS. 8A and 8B illustrate examples of waveforms 
which may be transmitted in an imaging mode, according to 
a non-limiting embodiment. 
0062 FIG. 8C demonstrates an example of a waveform 
derived from a binary sequence by using a box-car interpo 
lation waveform. 
0063 FIG. 9 illustrates a block diagram of a signal 
receiver as may be implemented in a system in accordance 
with one or more embodiments of the present application. 
0064 FIG. 10 illustrates a more detailed example of the 
signal receiver of FIG.9, according to a non-limiting embodi 
ment. 

0065 FIGS. 11A-11D illustrate alternative implementa 
tions of the signal receiver of FIG. 9, according to various 
non-limiting embodiments. 
0.066 FIG. 12 is a flowchart of a method of implementing 
code division multiple access (CDMA) processing, accord 
ing to a non-limiting embodiment. 
0067 FIG. 13 is a flowchart of an alternative to the meth 
odology of FIG. 12, adding further processing, according to a 
non-limiting embodiment. 
0068 FIG. 14 illustrates a non-limiting example of an 
implementation of a portion of the methods of FIGS. 12 and 
13. 
0069 FIG. 15 illustrates in block diagram form a signal 
receiver suitable for performing CDMA processing, accord 
ing to a non-limiting embodiment. 
0070 FIG. 16 illustrates a system configuration for per 
forming time division multiple access (TDMA) processing 
according to an embodiment of the present application. 
(0071 FIGS. 17A and 17B are flowcharts a methods of 
implementing TDMA processing, according to non-limiting 
embodiments. 
(0072 FIGS. 18A-18D illustrate irregular arrangements of 
radiation (e.g., ultrasound) elements, according to non-limit 
ing embodiments. 
0073 FIG. 19 illustrates a random arrangement of radia 
tion elements, according to a non-limiting embodiment. 
0074 FIG.20 illustrates a sparse arrangement of radiation 
elements, according to a non-limiting embodiment. 
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0075 FIG. 21 illustrates a three-dimensional arrangement 
of radiation elements according to a non-limiting embodi 
ment. 

0076 FIGS. 22A-22C illustrate imaging systems of 
Sources and sensors, according to a non-limiting embodi 
ment. 

0077 FIG. 23 illustrates two arrangements of radiation 
elements separated by a plane, according to a non-limiting 
embodiment. 

0078 FIG. 24 illustrates two arrangements of radiation 
elements separated in space, according to a non-limiting 
embodiment. 
0079 FIG. 25 illustrates a plurality of movable supports 
including arrangements of radiation elements, according to a 
non-limiting embodiment. 
0080 FIG. 26 illustrates an alternative to that of FIG. 25, 
in which the movable Supports are coupled together by a rigid 
connector, according to a non-limiting embodiment. 
0081 FIG. 27 illustrates an expansion on the system of 
FIG. 25 in which the movable supports may communicate 
with each other and/or with a remote device to determine 
orientation and/or position information, according to a non 
limiting embodiment. 
0082 FIG. 28 illustrates an apparatus utilizing flexible 
Supports on which arrangements of ultrasound elements may 
be disposed, according to a non-limiting embodiment. 
0083 FIG. 29 illustrates a flowchart of a process for gen 
erating one or more volumetric images of a subject, according 
to a non-limiting embodiment. 
0084 FIG. 30 illustrates a line segment, from one ultra 
Sound element to another ultrasound element, which inter 
sects a voxel in a Volume to be imaged, according to a non 
limiting embodiment. 
0085 FIG. 31 illustrates medical images at various levels 
of compression in the discrete cosine transform domain. 
I0086 FIG.32 illustrates an imaging system, which may be 
used to image a patient, according to a non-limiting embodi 
ment. 

I0087 FIGS. 33A and 33B provide alternate views of an 
apparatus comprising an arrangement of ultrasound elements 
and an impedance matching component, according to a non 
limiting embodiment. 
I0088 FIGS.34A,34B, and 35A-35I illustrate examples of 
apparatus including arrangements of ultrasound elements 
configured to perform HIFU and radiation (e.g., ultrasound) 
elements configured to perform imaging (e.g., ultrasound 
imaging), according to two non-limiting embodiments. 
0089 FIGS. 36A, 36B, 37 and 38 illustrate alternative 
configurations of radiation elements that may be used in an 
apparatus to perform high intensity focused ultrasound 
(HIFU) and ultrasound imaging, according to non-limiting 
embodiments. 

0090 FIG. 39 illustrates a system including two movable 
Supports including ultrasound elements configured as imag 
ing elements and ultrasound elements configured as HIFU 
elements, according to a non-limiting embodiment. 
0091 FIG. 40 illustrates a three-dimensional (3D) tem 
perature profile according to a non-limiting embodiment. 
0092 FIG.41 is a flowchart of a process for presenting one 
or more Volumetric images to a viewer using a three-dimen 
sional (3D) display, according to Some non-limiting embodi 
mentS. 
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0093 FIG. 42 illustrates an example of displaying stereo 
scopic images, obtained from a Volumetric image, by using a 
3D display, according to Some non-limiting embodiments. 
0094 FIG. 43 illustrates a system in which a user may 
view and manipulate a 3D image, according to a non-limiting 
embodiment. 
0.095 FIG. 44 is a flowchart of a process for displaying 
images from multiple points of view within the Subject being 
imaged, according to some non-limiting embodiments. 
0096 FIG. 45 is a flowchart of a process for identifying a 
path at least partially intersecting a Subject being imaged and 
applying HIFU along the identified path, according to some 
non-limiting embodiments. 
0097 FIG. 46 is a flowchart of a process for correcting 
how HIFU is applied to a subject based on one or more 
Volumetric images of the Subject, according to some non 
limiting embodiments. 
0098 FIG. 47 illustrates an embodiment in which an 
arrangement of radiation elements (e.g., ultrasound elements) 
does not occupy a Substantial Solid angle having its vertex 
located at the position of a subject. 

DETAILED DESCRIPTION OF EMBODIMENTS 

0099 Various embodiments described herein relate to 
imaging technology, both medical as well as that used for 
non-medical purposes. Imaging technologies generally 
require detection of radiation, which may take various forms. 
Various embodiments described herein apply irrespective of 
the type of radiation utilized. For purposes of illustration, the 
following description focuses on ultrasound radiation, and 
therefore many of the systems and methods disclosed are 
described as utilizing ultrasound radiation and ultrasound 
components. However, unless clearly indicated to the con 
trary, any reference to ultrasound is a non-limiting example 
and should be interpreted to also contemplate other types of 
radiation more generally. As an example, reference to an 
“ultrasound element’ should be understood to be a non-lim 
iting example, with the more general embodiment of “radia 
tion element also being contemplated herein. 
0100. Non-limiting examples of radiation to which 
embodiments of the present application may apply, in addi 
tion to ultrasound, include electromagnetic radiation as well 
as acoustic radiation other than ultrasound radiation (e.g., 
SubSonic radiation). Examples include any transfer of pho 
tons, and electromagnetic radiation (gamma-rays through 
X-rays, ultraviolet, visible, infrared (IR), THZ, and micro 
wave, as non-limiting examples). Non-limiting examples of 
imaging types to which embodiments of the present applica 
tion may apply (in addition to ultrasound, described in detail 
below) include electrical impedance tomography, proton 
radiography, positron emission tomography (PET), Single 
Photon Emission computed tomography (SPECT), and fluo 
rescence imaging/multi-photon imaging. 
0101. As used herein, unless indicated otherwise by the 
context, the term “approximately' is generally understood to 
mean, for example, within 15%, within 10%, or within 5%, 
although one of skill would appreciate there islatitude in such 
numbers depending on the context. As used herein, unless 
indicated otherwise by the context, the term “substantially' is 
understood to mean, for example, within 5%, within 3%, 
within 2%, or exactly, although one of skill would appreciate 
there islatitude in Such numbers depending on the context. 
0102. As used herein, the phrase “three-dimensional 
imaging (and words of similar import) encompasses Volu 
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metric imaging as well as slice-based imaging (i.e., the stack 
ing of multiple two-dimensional images to form a three 
dimensional image). Volumetric imaging, to be distinguished 
from slice-based imaging, may be described, in some 
embodiments, as imaging in which sensors receive signals 
transmitted from Sources arranged in at least two dimensions, 
imaging in which sensors receive signals transmitted by 
Sources defining a non-Zero Solid angle, non-planar imaging, 
non-tomographic imaging, or imaging in which a sensor 
receives signals transmitted by Sources arranged in a same 
plane as the sensor in addition to signals transmitted by 
Sources not arranged in the same plane as the sensor. 
Examples are described further below. 
0103. In some embodiments, two or more of the received 
signals may be distinguished (or discriminated) from each 
other, such that discrete measurements may be provided cor 
responding to particular source from which a sensor receives 
a signal. As will be described further below, discrimination 
between signals in various embodiments may be accom 
plished using code division multiple access (CDMA) modes, 
time division multiple access (TDMA) modes, frequency 
division multiplexing (FDM) modes, as well as combinations 
of any of two or more of these modes of operation. 
0104. It should be appreciated that various types of sub 

jects may be analyzed and imaged according to the aspects 
described herein. The Subjects may be human (e.g., medical 
patients), though not all embodiments are limited in this 
respect. For example, one or more aspects described herein 
may be used to analyze and image animals, bags, packages, 
structures, or other Subjects of interest. As another example, 
one or more aspects described herein may be used to analyze 
and image Small animals. Thus, the aspects described herein 
are not limited to the type of Subject being analyzed and 
imaged. 
0105. The aspects and embodiments described above, as 
well as additional aspects and embodiments, are described 
further below. These aspects and/or embodiments may be 
used individually, all together, or in any combination of two 
or more, as the application is not limited in this respect. 
0106. According to some embodiments of the present 
application, an imaging device (e.g., ultrasound imaging 
device) having opposed arrays of ultrasound sources and 
sensors is provided. FIG. 1A illustrates a non-limiting 
example. In some embodiments, the apparatus 100 includes a 
first array 102a of ultrasound elements 104 and a secondarray 
102b of ultrasound elements 104. In the non-limiting example 
shown, each of the first and secondarrays 102a-102b includes 
sixteen ultrasound elements 104. However, other numbers of 
elements may be implemented, including more or fewer ele 
ments. For example, one or both of the arrays 102a and 102b 
may have approximately 20 elements per side (e.g., a 20X20 
array), approximately 32 elements per side (e.g., a 32x32 
array), approximately 100 ultrasound elements per side (e.g., 
a 100x100 array), approximately 200 ultrasound elements 
per side (e.g., a 200x200 array), approximately 500 ultra 
Sound elements per side. Such as a 512x512 array, approxi 
mately one thousand ultrasound elements per side. Such as a 
1024x1024 array, any intermediate number of ultrasound 
elements between ten and 1024, or any other suitable number 
of elements. 

0107 Moreover, it should be appreciated that the arrays 
102a and 102b need not have sides of equal numbers of 
ultrasound elements. For example, the array 102a and/or 
102b may bean NxMarray, where N differs from M. Also, the 
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array 102a need not be the same size or configuration as array 
102b. Further alternatives will be described further below. 
0108. The arrays may occupy any suitable size. According 
to a non-limiting embodiment, array 102a may be approxi 
mately 1 mmx1 mm, approximately 1 cmx1 cm, less than 
approximately 15 cmx15 cm, less than approximately 100 
cmx100 cm, or have any other suitable size. The size may be 
determined, to at least Some extent, by Subjects of interest to 
be investigated using the arrays. For example, if the apparatus 
100 is to be used to examine a human breast, the arrays 102a 
and 102b may be sized accordingly to provide suitable exami 
nation. Also, the spacing between the arrays 102a and 102b 
may be any suitable spacing. For example, the arrays 102a 
and 102b may be separated (in the z-direction in FIG. 1A) by 
a millimeter, by a few millimeters, up to a few inches, up to a 
foot, up to several feet, or more, as non-limiting examples. 
According to a non-limiting embodiment, each of arrays 102a 
and 102b may be approximately 1 mm x1 mm arrays, and may 
be separated in the Z-direction by approximately 1 mm, Such 
that the volume defined between the arrays is approximately 
1 cubic mm. 

0109 The ultrasound elements of the array 102a and/or 
102b may be configured to operate at any suitable frequen 
cies, which in some embodiments may depend on the size(s) 
of the arrays. For example, the elements of one or both of the 
arrays may be configured to operate at a frequency in the 
range of 100 KHZ-10 MHz (e.g., 250 KHZ, 500 KHZ, 1 MHz, 
2.5 MHz, 5 MHz, etc.) to image a volume of approximately 
10 cubic cm. As another example, the elements of one or both 
of the arrays may be configured to operate at approximately 
40 MHz to image a volume of approximately 1 cubic mm. In 
some embodiments, the elements of one or both of the arrays 
may be configured to operate at one or more frequencies 
between approximately 5 MHz and approximately 50 MHz. 
Other frequencies of operation are also possible. 
0110. Furthermore, not all elements of an array need oper 
ate at the same frequencies. For example, one or more ele 
ments of arrays 102a may be configured to operate at a first 
frequency while one or more different elements of the array 
102a may be configured to operate at a second frequency. The 
first and second frequencies may take any Suitable values and 
may have any suitable relative values. 
0111. The arrays 102a and 102b of the apparatus 100 are 
opposed arrays in that the two arrays are configured in an 
opposing relationship with respect to each other. In the non 
limiting example of FIG. 1A, the two opposed arrays have an 
equal number of elements as each other and may be described 
as having corresponding pairs of elements (i.e., each element 
104 of the array 102a may be described as having a corre 
sponding element 104 of the array 102b), but not all embodi 
ments of opposed arrays according to the present application 
require the arrays to have equal numbers of ultrasound ele 
mentS. 

0112 Furthermore, it should be appreciated that the rela 
tive orientations of the arrays 102a and 102b shown in FIG. 
1A may be varied. FIG. 1A shows an embodiment in which 
the arrays 102a and 102b may be substantially parallel to each 
other. However, alternatives are possible. For example, the 
array 102a may be oriented at any suitable angle with respect 
to array 102b, such as between 0 degrees (parallel) and 90 
degrees. 
0113. As illustrated in FIG.1A, the ultrasound elements of 
each of the arrays 102a and 102b may be arranged in two 
dimensions. For example, the array 102a includes ultrasound 
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elements 104 arranged in both the X and y directions. Simi 
larly, the array 102b includes ultrasound elements 104 
arranged in both the X and y directions. The arrays 102a and 
102b define therebetween a volume having a third dimension, 
i.e., in the Z-direction in the non-limiting example shown, in 
addition to the X and y dimensions. As will be described 
further below, the arrays 102a and 102b may be used to 
analyze a Subject located within the Volume. As shown in 
FIG. 1A, the arrangement of elements occupies multiple X 
positions and multiple y positions (e.g., a first element has 
coordinates Xo, yo Zo, a second element has coordinates X, 
yo, Zo, a third element has coordinates X2, yo, Zo, a fourth 
element has coordinates X, yo Zo, a fifth element has coor 
dinates Xo yi, Zo, a sixth element has coordinates X1, y1, Zo 
and so on). In the non-limiting embodiment of FIG. 1A, the 
elements of each array have the same Z-coordinate as each 
other, namely Z for the elements of array 102b and z for the 
elements of array 102a. However, in some embodiments, 
including examples described below, the elements of an array 
(e.g., of array 102a) may have different Z-coordinates. 
0114. As should be appreciated from FIG. 1A, an arrange 
ment of elements in two dimensions (which may also be 
referred to herein as a “two-dimensional arrangement, or a 
“multi-dimensional arrangement' (for arrangements in two 
or more dimensions), or a “two-dimensional layout' or by 
other similar phraseology) as used herein differs from a one 
dimensional arrangement of two-dimensional elements. 
More generally, the dimensionality of an arrangement as used 
herein is independent of the dimensionality of the elements 
included in the arrangement. The dimensionality of an 
arrangement as used herein relates to the dimensions spanned 
by the relative positioning of the elements of the arrangement, 
not to the dimensions of the individual elements themselves. 
AS but a single example, three elements arranged in a straight 
line form a one-dimensional arrangement, irrespective of the 
dimensionality of the three elements themselves. By contrast, 
three elements forming vertices of a triangle constitute a 
two-dimensional arrangement. Numerous examples of multi 
dimensional arrangements are described and illustrated 
throughout the present application. 
0115 Also, as will be described further below, the two 
dimensional arrangements of the arrays 102a and 102b are 
non-limiting. In some embodiments, one or both of arrays 
102a and 102b may employ arrangements in three dimen 
sions. Thus, FIG. 1A represents a non-limiting example only. 
0116. According to one embodiment, the ultrasound ele 
ments 104 of the array 102a may be configured as ultrasound 
sources while the ultrasound elements 104 of the array 102b 
may be configured as ultrasound sensors, or vice versa. For 
ease of explanation, the following description assumes that 
the ultrasound elements 104 of array 102a are configured as 
ultrasound sources while the ultrasound elements of the array 
102b are configured as ultrasound sensors. However, as 
described, not all embodiments are limited in this respect. For 
example, in Some embodiments, one or both of arrays 102a 
and 102b may include both sources and sensors 104. Further 
more, as will be described below, one or more of the ultra 
sound elements 104 may be configured to operate as both 
Sources and sensors, for example in a time-varying manner. 
0117. In some embodiments, ultrasound elements 104 
configured as ultrasound Sources may be of the same type as 
ultrasound elements 104 configured as ultrasound sensors. 
The difference in configuration may relate to the manner in 
which the ultrasound elements are electrically configured 
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(e.g., the circuitry to which the ultrasound elements are elec 
trically coupled). Alternatively, in some embodiments, ultra 
Sound elements 104 configured as ultrasound Sources may be 
of a different type than ultrasound elements 104 configured as 
ultrasound sensors. 
0118. The opposed arrays 102a-102b of apparatus 100 
may be configured to operate in a transmissive ultrasound 
mode. Whereas conventional ultrasound imaging devices 
operate primarily by detection of ultrasound signals reflected 
back toward the source of the signals, the apparatus 100 may 
be operated such that the ultrasound elements 104 of array 
102a are configured to transmit ultrasound signals toward the 
ultrasound elements 104 of array 102b, which receive (e.g., 
sense or detect) the transmitted ultrasound signals sourced 
(e.g., radiated or emitted) by the ultrasound elements 104 of 
the array 102a. In this manner, detection of ultrasound signals 
transmitted through a subject of interest (not illustrated in 
FIG. 1A) may be performed. For instance, assuming that the 
Subject is a patient, the array 102a may be disposed on the 
patients front side while the array 102b is disposed on the 
patient’s back side. The ultrasound elements 104 of array 
102a may transmit ultrasound signals which pass through the 
patient to the ultrasound elements 104 of the array 102b. 
Alternatively or additionally, in some embodiments scattered 
(e.g., back-scattered and/or forward-scattered) ultrasound 
radiation may be utilized (e.g., when one or both of arrays 
102a and/or 102(b) include both ultrasound sources and sen 
sors). 
0119 FIG. 1A illustrates the general paths of ultrasound 
rays between the ultrasound elements 104 of array 102a and 
ultrasound elements 104 of array 102b. As illustrated, a dis 
tinct ray may be drawn between each pair of ultrasound 
elements 104 that includes an ultrasound element from the 
first array 102a and an ultrasound element from the second 
array 102b. 
I0120 Thus, it should be appreciated that one or more (e.g., 
all of) ultrasound elements 104 of a first of the arrays may 
each communicate with one or multiple ultrasound elements 
104 (e.g., all of) of the opposing array. Moreover, one or more 
ultrasound elements of one of the arrays may each commu 
nicate with one or multiple ultrasound elements of the oppos 
ing array arranged in at least two dimensions. A non-limiting 
example is described with respect to ultrasound elements 108, 
110, 112, 114, and 116. To facilitate understanding, these 
ultrasound elements (108-116) are assigned individual refer 
ence numbers even though they are all ultrasound elements 
104. 

I0121. As illustrated, the ultrasound element 108 may bean 
element of array 102b, and may, for purposes of explanation, 
be configured as a sensor for receiving ultrasound signals. As 
shown, the ultrasound element 108 may be configured to 
receive ultrasound signals from each of ultrasound elements 
110, 112, 114, and 116 (e.g., among others) of array 102a, as 
illustrated by the corresponding rays. The ultrasound ele 
ments 110, 112, 114, and 116 are arranged in two dimensions 
(i.e., they are arranged in the X and y directions of FIG. 1A 
with respect to each other). Thus, the ultrasound element 108 
is configured to receive ultrasound signals transmitted from a 
plurality of ultrasound elements 110, 112,114, and 116 of the 
array 102a arranged in two dimensions. Moreover, the signals 
received by the ultrasound element 108 from the plurality of 
ultrasound elements 110, 112, 114 and 116 may be discrimi 
nated from each other, thus providing multiple distinct mea 
surements corresponding to the ultrasound element 108. As 
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described further below (e.g., in connection with FIGS. 4, 5, 
6A, and 6B, among others), Suitable processing circuitry may 
be coupled to the ultrasound element 108 (among others of 
the array 102b) to facilitate discrimination between the sig 
nals received from a plurality of ultrasound elements of array 
102a. 

0122 FIG. 1B provides a more detailed view of the opera 
tion just described relating to ultrasound elements 108-116. 
Also shown is a subject 118, positioned relative to the ultra 
sound elements 108-116 such that signals emitted from the 
ultrasound elements 110-116 pass through the subject 118 to 
be sensed (or received) by the ultrasound element 108. The 
detailed view of FIG. 1B reinforces the previous description 
of FIG. 1A as providing operation in which an ultrasound 
element (e.g., ultrasound element 108) may receive signals 
from ultrasound sources (e.g., ultrasound elements 110-116) 
arranged in two dimensions. 
0123 FIG.1B also makes clear that in some embodiments 
an ultrasound element may be configured to receive signals 
emitted by ultrasound sources (e.g., ultrasound elements 110 
116) lying in different planes (e.g., imaging planes) with 
respect to the ultrasound element receiving the signals. 
Namely, FIG.1B illustrates that ultrasound elements 108,114 
and 116 lie in a first plane P. Ultrasound elements 108, 110, 
and 112 lie in a second plane P. The planes may intersect the 
respective center points of the ultrasound elements, as a non 
limiting example. For instance, plane P may intersect the 
respective center points clos, ca, and cle of ultrasound 
elements 108, 114 and 116. The plane P. may intersect the 
respective center points clos, co, and c 2 of ultrasound 
elements 108, 110 and 112. 
0.124 Thus, embodiments of the present application pro 
vide an apparatus in which one or more ultrasound sensors are 
configured to sense or receive signals emitted by multiple 
ultrasound sources defining multiple different planes with 
respect to the sensor. In this manner, non-slice based imaging 
(which may also be referred to herein as “out-of-plane' imag 
ing) may be provided according to some embodiments. 
Referring again to FIG. 1A and considering the rays 106, it 
can be seen that one or more ultrasound elements (e.g., ultra 
Sound element 108) may each be configured to receive signals 
from ultrasound sources lying in multiple, and in some cases 
numerous, planes with respect to the ultrasound element(s) 
receiving the signals. The distances (or angles) between Such 
planes will depend on the spacing between the ultrasound 
elements emitting the signals. For instance, considering 
FIGS. 1A and 1B in combination, the angle between P and P. 
will depend to some extent on the distance in the x-direction 
between x-coordinates x and x (in FIG. 1A). However, it is 
to be appreciated that the planes P and P are distinct. 
0125 FIG. 1B also makes clear that embodiments of the 
present application provide an apparatus in which an ultra 
Sound element configured as a sensor receives signals emitted 
from multiple ultrasound elements configured as ultrasound 
Sources which, together with the ultrasound element config 
ured as a sensor, define a non-Zero Solid angle. For example, 
a Solid angle having its vertex located at the center point cos 
of ultrasound element 108 may be defined by ultrasound 
elements 108, 110, 112, 114 and 116. Considering again FIG. 
1A, it is to be appreciated that multiple Solid angles may be 
defined by considering various combinations of the ultra 
sound elements 104 of arrays 102a and 102b. A further 
example is described with respect to solid angles 420 and 422 
of FIG.4, described below. 
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0.126 FIGS. 1A and 1B also illustrate that embodiments of 
the present application provide an apparatus in which a plu 
rality of radiation sources (e.g., ultrasound elements 104 of 
array 102a) are configured to emit respective sources signals 
incident upon a Volume to be characterized spanning orthogo 
nal x, y, and Z axes (e.g., the Volume between arrays 102a and 
102b). A plurality of radiation sensors (e.g., ultrasound ele 
ments 104 of array 102b) may be separated from the plurality 
of radiation sources in the z-direction. Both the radiation 
Sources and the radiation sensors may occupy multiple loca 
tions in the X and y-directions. Such an apparatus may be 
operated Suitably so that the radiation sensors receive respec 
tive source signals emitted by the radiation Sources and that 
Such signals are capable of being discriminated from one 
another (e.g., by Suitable processing). In some such embodi 
ments, receipt of and discrimination between the received 
signals may be performed for each of two or more (but not 
necessarily all) of the radiation sensors. 
0127 FIG. 1B also illustrates that embodiments of the 
present application provide an apparatus in which an ultra 
Sound element (e.g., ultrasound element 108) receives respec 
tive source signals emitted from ultrasound sources posi 
tioned such that the respective emitted signals pass through a 
Subject along paths bounding a Volume. For example, FIG. 1B 
illustrates that respective paths between ultrasound elements 
110-116 and ultrasound element 108 collectively bound a 
volume V of the subject 118. In this manner, receipt of the 
respect Source signals and discrimination between the 
received signals (e.g., using Suitable processing circuitry) 
may provide information about the volume V, rather than 
simply a slice (of substantially Zero thickness) of the subject 
118, and therefore may facilitate 3D imaging of the types 
described herein. The extent of the volume V may depend on 
the number and relative positioning of the ultrasound ele 
ments from which the ultrasound element 108 receives 
respective signals. Referring to FIG. 1A, it should be appre 
ciated that a Substantial Volume (e.g., significantly larger than 
a slice of substantially Zero thickness) may be bounded by the 
paths of respective signals received by any one or more ultra 
Sound elements configured as sensors. 
0.128 FIG. 1B also illustrates that embodiments of the 
present application provide an apparatus in which an ultra 
Sound element (e.g., ultrasound element 108) receives respec 
tive source signals emitted from ultrasound sources posi 
tioned such that the respective emitted signals are incident 
across a Surface area of a Subject. As shown, signals emitted 
by ultrasound elements 110-116 may be incident across a 
surface area SA of the subject 118. The extent of the surface 
area may depend on the number and relative positioning of 
the ultrasound elements which emit respective source signals 
received by the ultrasound element 108. Referring to FIG. 1A 
and the illustrated rays 106, it should be appreciated that a 
Substantial Surface area (e.g., significantly larger than would 
be impacted in a slice-based imaging approach) of a subject 
may be impacted by the paths of respective signals received 
by any one or more ultrasound elements configured as sen 
sors. In some embodiments, the Surface area is between 
approximately 1 cm and approximately 100 cm. In some 
embodiments, the Surface area may be between approxi 
mately 50 cm and approximately 100 cm, or between 
approximately 100 cm and 500 cm. In some embodiments, 
the Surface area may be up to one square meter or more. 
Discrimination between respective signals (e.g., using Suit 
able processing circuitry) incident across a Surface area as 
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described may provide data useful for 3D imaging and/or 3D 
thermometry of the types described herein. 
0129 FIG. 1B also illustrates that embodiments of the 
present application provide an apparatus in which an ultra 
Sound element receives respective source radiation signals 
emitted by three non-linearly arranged ultrasound elements 
configured as sources. The sources may be arranged in mul 
tiple dimensions. For example, ultrasound element 108 is 
configured to receive respective source signals emitted by 
ultrasound elements 110, 112, and 114, which represent three 
non-linearly arranged ultrasound elements. Discrimination 
between the respective received signals may be performed 
using Suitable processing circuitry (examples of which are 
described below), according to non-limiting embodiments. It 
should be appreciated by reference to FIG. 1A that multiple 
ultrasound elements configured as sensors (e.g., in addition to 
ultrasound element 108) may similarly be configured to 
receive respective source signals emitted by multiple non 
linearly arranged ultrasound elements configured as sources. 
However, not all ultrasound elements of the array 102b con 
figured as ultrasound sensors need operate in this manner. 
0130 FIGS. 1A and 1B also illustrate that embodiments of 
the present application provide an apparatus including a plu 
rality of radiation sources (e.g., ultrasound elements 104 of 
array 102a) arranged nonlinearly in a first plane or three 
dimensional space and configured to emit respective source 
signals through a volume to be characterized (e.g., imaged). A 
plurality of radiation sensors (e.g., ultrasound elements 104 
of array 102b) may be arranged nonlinearly in a second plane 
or three-dimensional space and configured to oppose the first 
plane or three-dimensional space, and the Volume. One or 
more (e.g., all) of the plurality of radiation sensors may be 
configured to sense the Source signals emitted by one or more 
(e.g., all) of the plurality of radiation sources after the Source 
signals pass through the Volume (e.g., after passing through a 
Subject, such as Subject 118). In some embodiments, process 
ing circuitry (non-limiting examples of which are described 
below) coupled to the plurality of radiation sensors may also 
be provided and configured to receive and discriminate 
between the source signals sensed by the plurality of radiation 
sensors. The received signals may be indicative of at least one 
characteristic of the Volume, such as density or refractive 
index, as non-limiting examples. The plurality of radiation 
Sources and radiation sensors may be arranged in any com 
bination of planes and three-dimensional spaces. For 
example, the radiation sources may be arranged in a first plane 
and the radiation sensors arranged in a second plane. The 
radiation sources may be arranged in a plane and the radiation 
sensors arranged in a three-dimensional space, or vice versa. 
The radiation sources and the radiation sensors may be 
arranged in respective three-dimensional spaces. 
0131 Considering FIG. 1A again, it is to be appreciated 
that in Some embodiments, each ultrasound sensor may be 
configured to receive distinct ultrasound signals from each 
ultrasound source as illustrated by the rays 106, and discrimi 
nation between Such signals may be provided (e.g., using 
Suitable processing circuitry or otherwise, non-limiting 
examples of which are described in further detail below in 
connection with FIGS. 4, 5, 6A, and 6B, among others). Such 
operation may be referred to as “all pairs correlation.” For 
example, for purposes of illustration, the ultrasound elements 
104 of array 102b may be configured as ultrasound sensors 
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while the ultrasound elements 104 of array 102a may be 
configured as ultrasound sources, according to a non-limiting 
embodiment. 

0.132. It should be appreciated, however, that not all 
embodiments are limited to having all ultrasound elements 
configured as sensors receive signals from all ultrasound ele 
ments configured as sources. Rather, the number (or percent 
age) of ultrasound sources from which ultrasound sensors 
may receive and discriminate signals may depend, for 
example, on the size of the ultrasound source arrangement, 
the number of ultrasound sources in the ultrasound source 
arrangement, and/or the layout of the ultrasound source 
arrangement. Data Sufficient for Volumetric imaging (or other 
3D data collection) may be obtained from a smaller percent 
age of available sources if the arrangement of available 
Sources has a large number, whereas receipt and discrimina 
tion between signals from a greater percentage of available 
ultrasound Sources of an arrangement may be preferred for 
ultrasound source arrangements having a smaller number of 
ultrasound sources. 

0.133 For example, according to an embodiment, an ultra 
sound sensor of the apparatus 100 may be configured to 
receive, and an apparatus or system comprising apparatus 100 
may be configured to discriminate between, distinct signals 
from at least 0.2% of the ultrasound sources of an opposed 
arrangement or array, from at least 0.5% of the ultrasound 
Sources of an opposed arrangement or array, at least 1% of the 
ultrasound Sources of an opposed arrangement or array, from 
at least 10% of the ultrasound sources of the opposed arrange 
ment or array, from at least 25% of the ultrasound sources of 
the opposed arrangement or array, from at least 40% of the 
ultrasound sources of the opposed arrangement or array, from 
at least 50% of the ultrasound Sources of an opposed arrange 
ment or array, from at least 60% of the ultrasound sources of 
the opposed arrangement or array, from at least 75% of the 
ultrasound sources of the opposed arrangement or array, from 
at least 80% of the ultrasound sources of the opposed arrange 
ment or array, from at least 85% of the ultrasound sources of 
the opposed arrangement or array, from at least 90% of the 
ultrasound sources of the opposed arrangement or array, from 
at least 95% of the ultrasound sources of the opposed arrange 
ment or array, from Substantially all of the ultrasound sources 
of the opposed arrangement or array, or any other Suitable 
percentage of ultrasound Sources of an opposed array. 
Depending on the number of ultrasound sources of an 
arrangement, such percentages may represent a large number 
of sources. For example, even 0.2% of ultrasound sources of 
an arrangement including 1,000 ultrasound Sources (i.e., 2 
sources out of the 1,000 sources) may represent a sufficient 
number of ultrasound sources from which an ultrasound sen 
Sor may receive and discriminate between distinct signals for 
purposes of Volumetric imaging, as a non-limiting example, 
particularly where each sensor discriminates two different 
Sources. In some such embodiments, the arrangement of 
ultrasound sources may include at least fifty ultrasound 
SOUCS. 

0.134 Considering absolute numbers, an ultrasound sen 
sor of the apparatus 100 may be configured in Some non 
limiting embodiments to receive, and an apparatus or system 
comprising apparatus 100 may be configured to discriminate 
between, distinct signals from at least three ultrasound 
Sources of an opposed arrangement or array, from at least five 
ultrasound sources of the opposed arrangement or array, from 
at least ten ultrasound sources of the opposed arrangement or 
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array, from at least fifty ultrasound sources of the opposed 
arrangement or array, from at least 100 ultrasound sources of 
the opposed arrangement or array, from at least 1,000 ultra 
Sound Sources of the opposed arrangement or array, from at 
least 10,000 ultrasound sources of the opposed arrangement 
or array, from between ten and 10,000 ultrasound sources of 
the opposed arrangement or array, from between 100 and 
20,000 ultrasound sources of the opposed arrangement or 
array, or from any other suitable number of ultrasound 
SOUCS. 

0135 Moreover, it should be appreciated that different 
ultrasound sensors of the array 102b may be configured to 
receive ultrasound signals from different percentages of the 
ultrasound sources of array 102a. However, as previously 
described, according to an embodiment, at least some ultra 
sound sensors of the array 102b may be configured to receive 
signals from ultrasound sources of the array 102a arranged in 
at least two dimensions. Operation in this manner may pro 
vide a relatively large amount of data about a Subject located 
between the arrays 102a and 102b, as will be described fur 
ther below, and therefore may facilitate rapid and accurate 3D 
data collection and/or imaging of the Subject. 
0136. As will be described in greater detail below, the 
apparatus 100 may be coupled to suitable circuitry to facili 
tate its operation. For example, the apparatus 100 may be 
coupled to suitable circuitry to discriminate between multiple 
ultrasound signals received by an ultrasound sensor from 
multiple ultrasound sources arranged in at least two dimen 
S1O.S. 

0.137 While the operation of an apparatus 100 according 
to some embodiments of the present application may take 
several variations, multiple of which are described in detail 
below, a general overview is now provided. The arrays 102a 
and 102b may be suitably positioned with respect to a subject 
of interest. For example, if the Subject is a patient, the arrays 
102a and 102b may be suitably positioned in an opposing 
configuration to investigate the patient’s abdomen, breast, 
head, or any other portion of interest. The ultrasound sources 
of array 102a may be configured to concurrently (and in some 
embodiments, simultaneously) transmit ultrasound signals. 
According to an embodiment, two of more of the ultrasound 
Sources may concurrently transmit distinct ultrasound sig 
nals. In a non-limiting scenario, each ultrasound source may 
transmit a distinct ultrasound signal. 
0.138. As used herein, the transmission of two signals is 
concurrent if the signals have any overlap in time as they are 
being transmitted. Depending on the context, the transmis 
sion of signals is substantially concurrent if overlapping in 
time by at least 80%, by at least 90%, or more. In some 
embodiments, signals may be transmitted generally serially 
Such that a first one or more signals is concurrent with a 
second one or more signals, the second one or more signals is 
concurrent with a third one or more signals, etc., even though 
the third one or more signals may or may not be concurrent 
with the first one or more signals. The transmission of two 
signals is Substantially simultaneous if overlapping in time by 
approximately 95% or more. 
0.139. As will be described further below, not all embodi 
ments involve concurrent or simultaneous transmission of 
signals from a plurality of ultrasound sources. The ultrasound 
sensors of array 102b may receive the ultrasound signals 
sourced by the ultrasound sources of array 102a. The signals 
may be discriminated between (e.g., based on code, time, 
frequency or in any other Suitable manner, non-limiting 
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examples of which are described below) and processed to 
determine properties of interest of the patient (or other sub 
ject). Such as density of tissue, speed of Sound in the tissue, 
and/or index of refraction of the tissue, among other possi 
bilities. One or more images may then be reconstructed based 
on Such data. 

0140. As described, various properties of interest of a sub 
ject may be determined, as will be described in greater detail 
below. Determination of such properties may be made by 
consideration of characteristics of the ultrasound signals 
received by the ultrasound sensors of array 102b. For 
example, one or both of attenuation and time-of-flight 
through a subject of the ultrasound signals may be measured. 
The attenuation may be determined, for example, by consid 
eration of the amplitude (and/or power) of an ultrasound 
signal received by an ultrasound sensor of the array 102b 
relative to the amplitude (and/or power) of the ultrasound 
signal transmitted by an ultrasound Source of the array 102a. 
The time-of-flight may be determined, for example, by con 
sideration of a phase shift of the transmitted signal induced by 
passage of the signal through the Subject. 
0.141. The measured attenuation and/or time-of-flight of 
ultrasound signals as determined as part of operation of the 
apparatus 100 may be used to calculate (or otherwise deter 
mine) one or more physical properties of interest of the Sub 
ject. For instance, time-of-flight may be indicative of speed of 
Sound, and therefore may also provide information about 
density and/or temperature within the Subject. Attenuation 
and/or time of flight may be indicative of the index of refrac 
tion within the subject. 
0142. One or both of the arrays may be operated according 
to beam forming techniques to form a beam. Beamforming is 
described in detail below with respect to operation of HIFU 
arrays, but may also be applied in the context of imaging. For 
example, beam forming may be applied on the transmission 
side (source side) of a system and/or on the receiving side of 
the system (termed “receive beam forming” or “receiving 
beam forming”). Beamforming may facilitate focused evalu 
ation of a point of interest within the volume enclosed by the 
arrays. Beamforming may be used to form any Suitable type 
of beam such as a low aperture beam, sometimes called a 
pencil beam, as one example. Various beam forming tech 
niques may be used, including but not limited to broadband 
beam forming, dynamic beam forming, adaptive beam form 
ing, transmit beam forming, and receiving beam forming. 
Apodization may also be used to augment beam forming, for 
example by Suitable weighting of signals sent/received by the 
arrays. Any of the above beam forming techniques may be 
implemented by using digital processing circuitry, analog 
processing circuitry, or by using a combination of digital and 
analog processing circuitry. 
0.143 Operation of an apparatus 100 may provide various 
benefits in terms of data collection and/or imaging. Some of 
which are described in further detail below. For example, high 
resolution Volumetric imaging may be achieved using data 
collected by an apparatus of the type shown in FIG. 1A. 
Resolution may provide a measure of the Smallest Volume in 
which the ultrasound imaging device may discern a distinct 
value of a property (e.g., index of refraction, attenuation, 
density, temperature, speed of Sound, etc.) of the Subject 
being imaged. The higher the resolution, the Smaller the Vol 
ume in which Such a change may be detected by operating the 
ultrasound imaging device. Resolution on the order of milli 
meters (e.g., 5 cubic mm or finer, 2 cubic mm or finer, 1 cubic 



US 2014/0180 100 A1 

mm or finer, etc. in some non-limiting embodiments) may be 
achieved by Suitable spacing of ultrasound elements in the 
imaging device. Such resolution may be achieved for various 
Volumes and, for example, may be achieved for Volumes on 
the order of 0.1-1 cubic mm, 1-10 cubic mm, 10-100 cubic 
mm, 100 cubic mm-1 cubic cm, 1-10 cubic cm, 10-25 cubic 
cm, 25-200 cubic cm, 200-500 cubic cm, 500-1000 cubic cm, 
1000-2500 cubic cm, etc., in some non-limiting embodi 
ments. As the Volume being imaged gets Smaller, imaging that 
Volume at a higher resolution may be possible. 
0144. It should be appreciated that although, in some 
embodiments, a Volumetric image may comprise Voxels hav 
ing a Volume approximately the same as the resolution of the 
ultrasound imaging device (e.g., the Volume of each Voxel in 
the Volumetric image is approximately 5 cubic mm when the 
resolution of the ultrasound imaging device is approximately 
cubic 5 mm), aspects of the present application are not limited 
in this respect. For example, in Some embodiments, the Vol 
ume of one or more Voxels in a Volumetric image may be 
Smaller than the resolution of the ultrasound imaging device. 
0145 Rapid operation of the apparatus 100 may also be 
provided. For example, data collection corresponding to each 
Source transmitting a signal and each sensor receiving the 
signal may be performed at a rate of approximately up to 5 
frames per second, up to 10 frames per second, up to 25 
frames per second, up to 50 frames per second, up to 75 
frames per second, up to 100 frames per second, up to 125 
frames per second, or any other Suitable rate. Thus, as a 
non-limiting example, data collection corresponding to each 
Source transmitting a signal and each sensor receiving the 
signal may be collected in less than approximately 0.5 sec 
ond, less than approximately 300 milliseconds, less than 
approximately 200 milliseconds, or at any other suitable rate. 
The rate may depend, at least partially, on the number of 
Sources and sensors of the apparatus. 
014.6 Reconstruction of volumetric images using data col 
lected with apparatus 100 may also be performed rapidly. Due 
to the high speeds of data collection possible with apparatus 
of the type described, Volumetric images may be recon 
structed at a rate up to approximately six volumetric images/ 
second, as a non-limiting example. In some embodiments, 
real time Volumetric imaging may be provided. 
0147 Another benefit that may be realized from use of an 
apparatus 100 is high signal fidelity. As described, the appa 
ratus 100 of FIG. 1A may be used to collect large amounts of 
data in relatively short time periods. For example, in embodi 
ments where the arrays 102a and 102b have NXN ultrasound 
elements, a single scan with the apparatus 100 may produce 
on the order of N'distinct measurements. A scan represents a 
single activation and collection of data from a group of ele 
ments (sometimes representing all elements of a system and 
other times representing a Subset), and thus results in collec 
tion of a frame of data. N is four in the non-limiting example 
of FIG. 1A, but may be any suitable number, examples of 
which have been previously given, and which may include 
tens, hundreds, or thousands of ultrasound elements. For 
example, according to Some embodiments arrangements of 
ultrasound elements configured to perform ultrasound imag 
ing may include, as non-limiting examples, at least three 
ultrasound elements, at least ten ultrasound elements, at least 
twenty-five ultrasound elements, at least fifty ultrasound ele 
ments, at least 100 ultrasound elements, at least 1,000 ultra 
Sound elements, or any other Suitable number. In the non 
limiting example of FIG. 1A, the array 102a is an NxNarray, 
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but not all embodiments are limited to arrays having sides of 
equal dimension. For example, one or both of the arrays may 
be NxMarrays, where N and M differ. However, for ease of 
explanation, it is currently assumed the arrays are NXN 
arrays. 

0.148. As described previously, the apparatus 100 may be 
operated Such that, in some embodiments, each ultrasound 
sensor receives a distinct signal sourced by each ultrasound 
Source. Distinct signals may be signals that are distinguish 
able (i.e., that the processing circuitry can discriminate), at 
least in part, on the basis of content of the signals, the times at 
which the signals are sent, the elements transmitting the sig 
nals, the elements receiving the signals, the channel over 
which the signals are transmitted, etc. Therefore, in the non 
limiting example of FIG. 1A, each ultrasound sensor of array 
102b may receive up to NxN-N distinct ultrasound signals 
per Scan, which signals may have been produced concurrently 
by the NxN sources in some non-limiting embodiments 
(though not all embodiments are limited in this respect). 
Considering that the array 102bitselfincludes NxN=Nultra 
Sound sensors, a single scan with the apparatus 100 may result 
in N distinct measurements. More generally, in some 
embodiments, an NXM arrangement of radiation Sources 
emitting respective source signals to an XXY arrangement of 
radiation sensors may provide for receipt of, and discrimina 
tion between (e.g., using Suitable processing circuitry) 
greater than XxYxN received signals from the NXM radiation 
sources. In some embodiments, up to (XxYxNxM) respec 
tive signals may be received by the XXY arrangement of 
radiation sensors from the NXM arrangement of radiation 
Sources, and in some embodiments discrimination may be 
provided between approximately (XxYxNxM) respective 
signals. In some non-limiting embodiments, N=M=X=Y. 
Such large numbers of measurements may improve signal 
fidelity and/or facilitate real time imaging functions (e.g., 
generation of 3D images), real time thermometry functions 
(e.g., generation of 3D temperature profiles), or other desir 
able functions. 

10149. The provision of N' measurements using the appa 
ratus 100 of FIG. 1A is to be contrasted with the number of 
measurements which could be achieved by operating an appa 
ratus in a slice-based (“tomographic) modality in which 
sensors can sense signals only from Sources of a single one 
dimensional row. Although operation of an apparatus in Such 
a manner may allow for generation of 3D images by stacking 
"slices, the amount of data obtained from slice-based 
approaches is significantly less and the need to generate mul 
tiple slices can take significantly more time. Thus, operation 
of the apparatus 100 in the manner described above, in which 
ultrasound sensors may receive distinct signals from ultra 
Sound sources arranged in at least two dimensions (and for 
which the signals may be discriminated, for example using 
Suitable processing circuitry) may provide a significant 
increase in the number of measurements which may be made 
per scan and/or the timeframe within which they can be made 
compared to a slice-based approach. 
0150. Furthermore, it should be appreciated from that in 
some embodiments the apparatus 100 of FIG. 1A may be used 
to achieve Volumetric imaging of a Subject without the need to 
mechanically scan the arrays of ultrasound elements. Rather, 
the arrays may be maintained in a static relationship with 
respect to each other according to some aspects, while still 
providing data suitable to reconstruct a Volumetric represen 
tation of a subject, and again without using slice-based tech 
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niques. The ability to maintain the arrays static relative to 
each other during operation may facilitate rapid collection of 
data, since mechanical scanning of ultrasound elements 
would, in many if not all situations, require more time than 
electrical excitation of different elements of the arrays. For 
example, the time needed to emit distinct signals from each of 
the ultrasound elements 104 of array 102a may be signifi 
cantly less than the time which would be needed to mechani 
cally scan a row of ultrasound elements across the distance 
occupied by the array 102a. 
0151. The prior description has assumed that ultrasound 
elements 104 of arrays 102a are configured as ultrasound 
sources and that ultrasound elements 104 of arrays 102b are 
configured as ultrasound sensors. However, as previously 
described, the apparatus 100 is not limited to the ultrasound 
elements 104 of the arrays 102a and 102b being limited to 
performing a single function. Rather, according to a non 
limiting embodiment, the ultrasound elements 104 of arrays 
102a and 102b may be configured to operate as both ultra 
Sound Sources and sensors, or may be configured to exhibit 
time-varying functionality. For example, in a non-limiting 
embodiment, the ultrasound elements 104 of array 102a may 
be configured to operate as ultrasound Sources during a first 
time interval and as ultrasound sensors during a second time 
interval. The ultrasound elements 104 of array 102b may be 
configured to operate as ultrasound sensors during the first 
time interval and as ultrasound sources during the second 
time interval, as a non-limiting example. Thus, the operation 
of the ultrasound elements 104 may vary with time. A non 
limiting example is described below with respect to FIG. 6B. 
0152. As described, according to an aspect of the present 
application, an apparatus of the type illustrated in FIG. 1A 
may be coupled to Suitable circuitry (or other components), 
for example as part of a system. The circuitry may facilitate 
operation of the apparatus 100 in any of the manners previ 
ously described. A non-limiting example is shown in FIG.2 in 
the form of system 200. 
0153. As shown, the system 200, which may be considered 
an imaging system in some embodiments, comprises front 
end circuitry 202 coupled to the apparatus 100 of FIG. 1A, 
and more particularly to the array 102a, as well as front-end 
circuitry 204 coupled to the apparatus 100, and more particu 
larly to the array 102b. Front-end circuitry 202 and front-end 
circuitry 204 may be distinct circuitry in some embodiments 
or may be the same in other embodiments. 
0154 According to one embodiment, the front-end cir 
cuitry 202 and front-end circuitry 204 may in combination 
form a single control circuit. The front-end circuitry 202 and 
front-end circuitry 204 may be any suitable circuitry for con 
trolling operation of the apparatus 100 and processing data 
produced by the apparatus 100. As used herein, front-end 
circuitry may include circuitry which interfaces with arrange 
ments of radiation elements. Non-limiting examples are 
described below. 
0155 While apparatus 100 is illustrated as being part of 
the system 200, it should be appreciated that systems of the 
type illustrated are not limited to using opposed array con 
figurations of the type shown in FIG. 1A. Rather, the inclu 
sion of apparatus 100 in FIG. 2 is done for the purposes of 
illustration, and variations are possible, as will be described in 
greater detail below. 
0156 The front-end circuitry 202 may control generation 
of signals (e.g., ultrasound signals) to be sourced by the 
apparatus 100, for example from the array 102a. As described 
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previously, according to one mode of operation the signals 
may be transmitted from the array 102a to the array 102b, the 
elements of which may operate as sensors. The front-end 
circuitry 204 may process the signals received by the ele 
ments 104 of array 102b in any suitable manner. For example, 
as will be described in greater detail below, the front-end 
circuitry 204 may perform one or more of filtering, amplify 
ing, digitizing, Smoothing, and/or other conditioning of the 
received signals. The front-end circuitry 204 may analyze the 
received signals to determine characteristics such as one or 
more of time of arrival, phase, amplitude, frequency, and/or 
other characteristics of interest. The front-end circuitry 204 
may additionally or alternatively determine one or more prop 
erties of interest of a Subject based on the received signals, 
Such as speed of sound in the Subject, index of refraction in the 
Subject, density of the Subject, and/or temperature, among 
others. The front-end circuitry 204 may, in some embodi 
ments, control generation of volumetric images based on data 
determined from the signals received by the array 102b. 
(O157 FIG. 3 illustrates a flowchart of an example of the 
operation of the system 200 of FIG. 2, according to a non 
limiting embodiment. The method of operation 300 may 
begin at 302 with generation of the signals (e.g., ultrasound 
signals or any other Suitable signals) to be transmitted, for 
example by the array 102a of ultrasound elements 104. The 
generated signals may then be transmitted at 304 from one or 
more of the ultrasound elements, for example from one or 
more of the ultrasound elements 104 of the array 102a. As 
will be described in greater detail below, the transmission of 
signals may be performed in any Suitable manner, such as 
using code division multiplexing, time division multiplexing, 
frequency division multiplexing, a combination of two or 
more of these multiplexing techniques, or in any other Suit 
able manner. 

0158. At 306, the transmitted signals may be received by 
one or more of the ultrasound elements 104, for example by 
one or more of the ultrasound elements 104 of the array 102b. 
Depending on the manner in which the signals were transmit 
ted at 304, the reception of signals at 306 may occur concur 
rently for multiple ultrasound elements configured as sensors, 
may occur Substantially simultaneously, or may occurat dif 
ferent times for different ultrasound elements 104 configured 
a SSSOS. 

0159. At 308, the received signals from 306 may be pro 
cessed in any suitable manner. For example, the signals may 
be processed in any of the manners described above (e.g., 
filtering, amplifying, digitizing, Smoothing, etc.) or in any 
other Suitable manner, as the aspects of the application are not 
limited in this respect. 
0160. At 310, one or more volumetric images may be 
reconstructed based at least in part on the signals received at 
306 and processed at 308. It should be appreciated that any 
one, any two or all three acts 306, 308, and/or 310 may be 
performed in real time. For example, in Some embodiments, 
signals may be received in real time at 306, processed in real 
time at 308, and used to reconstruct one or more volumetric 
images in real time at 310. In other embodiments, signals may 
be received in real time at 306, processed in real time at 308, 
but used to reconstruct one or more Volumetric images at a 
later time at 310. In yet other embodiments, signals may be 
received in real time at 306, but processed at a later time at 308 
and afterward used to reconstruct one or more Volumetric 
images at 310. 
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0161 Regardless of whether volumetric images are recon 
structed in real-time or offline, when multiple volumetric 
images of a Subject being imaged are obtained, in some 
embodiments, the obtained Volumetric images may be pro 
cessed to produce a sequence or movie of volumetric images. 
For example, if the Subject being imaged is in motion (e.g., a 
fetus, an organ of a patient such as a heart, kidney, breast, 
ovary, etc.) a movie of the Subject undergoing motion (e.g., a 
movie of a heartbeating, a movie of a fetus moving, etc.) may 
be created. 

0162 FIG. 4 illustrates a non-limiting example of an 
embodiment of the system 200 of FIG. 2. As shown, the 
system 400 may include opposed arrays 402a and 402b of 
ultrasound elements positioned on opposite sides of a subject 
410, and defining a volume 418 therebetween. The system 
400 may further comprise front-end circuitry (e.g., front-end 
circuitry 202 or any other suitable front-end circuitry) com 
prising a user interface 404, a control system 406, and a 
transmitter 408 configured on the front-end of opposed arrays 
402a and 402b. The user interface may be any suitable user 
interface, including but not limited to a computer interface 
with which the user may interact visually (e.g., a screen, a 
touchscreen, etc.), Verbally, via remote control, or in any other 
Suitable manner. 

0163 According to a non-limiting embodiment, the user 
(e.g., a technician, doctor, investigator, or any other user) may 
control operation of the system 400 via the user interface. As 
a non-limiting example, one or more pre-programmed imag 
ing routines may be available to the system, and may be stored 
in the system in Suitable computer memory. Such routines 
may relate to aspects of the operation of the system 400 such 
as duration of operation, number of scans to perform, type of 
scan to perform, etc. For example, the user may select a 
pre-programmed imaging routine via the user interface. 
Alternatively, the user may create an imaging routine via the 
user interface. Others controls of the system 400 may also be 
provided via the user interface. 
0164. The control system 406 may control generation of 
signals to be sent by ultrasound elements of one or both of the 
opposed arrays 402a and 402b. The control system may 
include any Suitable circuitry. For example, according to a 
non-limiting embodiment, the control system may be a field 
programmable gate array (FPGA). However, alternatives are 
possible, including at least one general-purpose processor, as 
a non-limiting example. The control system may operate in 
any Suitable manner, for example by executing a computer 
program of other executable instructions governing its opera 
tion. The control system may therefore control operation of 
the system to perform imaging functions (e.g., collecting one 
or more images), HIFU functionality (described in greater 
detail below), or a combination of the two. 
0.165. The transmitter 408 may performany suitable func 
tions for transmitting the signals generated by the control 
system 406 from the ultrasound elements of the opposed 
arrays 402a and 402b. For example, the transmitter 408 may 
include one or more amplifiers, one or more filters, and/or one 
or more digital-to-analog converters, as non-limiting 
examples. The transmitter 408 may include distinct circuitry 
for one or more (and in Some embodiments, each) ultrasound 
element of the array 402a, though not all embodiments are 
limited in this manner. For instance, the transmitter 408 may 
additionally or alternatively include circuitry shared among 
two or more (e.g., all) ultrasound elements of the array 402a. 
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Non-limiting examples of Suitable transmitting circuitry are 
described in further detail below. 

0166 The system 400 also includes a receiver 412, pre 
processing circuitry 414, and reconstruction computer 416. 
The receiver 412 may comprise circuitry suitable for, for 
example, conditioning the received signals detected by ultra 
Sound elements (e.g., of the array 402b) configured as ultra 
Sound sensors. For example, the receiver 412 may include 
amplifiers, filters, one or more analog to digital converters, 
and/or any other Suitable circuitry. According to an embodi 
ment, the receiver 412 includes distinct circuitry for one or 
more (and in Some embodiments, each) ultrasound elements 
of the array 402b. Additionally or alternatively, the receiver 
412 may include circuitry shared among two or more ultra 
sound elements of the array 402b. 
0167. The pre-processing circuitry 414 may perform one 
or more functions on the received signals in addition to those 
performed by the receiver 412. Such as determining one or 
more characteristics of the received signals. As non-limiting 
examples, the pre-processing circuitry 414 may perform 
matched filtering, correlation (e.g., as described further 
below with respect to pulse compression), and/or may detect 
an amplitude of a received signal, a phase of the received 
signal, and/or a frequency of the received signal, among other 
signal characteristics. Other functions may additionally and/ 
or alternatively be performed, as those listed represent non 
limiting examples. Further details are provided below. In 
Some embodiments, receiver 412 and pre-processing cir 
cuitry 414 may be combined and their functions performed by 
the same circuitry or computer. 
0.168. The reconstruction computer 416 may receive data 
from the pre-processing circuitry and reconstruct one or more 
Volumetric images (or three-dimensional temperature pro 
files, described further below with respect to FIG. 40) of the 
subject 410, non-limiting examples of which will be shown 
and described below. Additionally or alternatively, the recon 
struction computer 416 may receive data from control system 
406. The reconstruction computer 416 may be any suitable 
computer and may utilize any Suitable reconstruction process 
(es), as aspects of the invention described herein are not 
limited in this respect. As one non-limiting example, in some 
embodiments, one or more compressive sensing techniques 
may be utilized to reconstruct one or more Volumetric images 
of data collected by an ultrasound imaging system. The 
reconstruction computer 416 may, therefore, implement one 
or more compressive sensing techniques according to some 
embodiments. As another non-limiting example, in some 
embodiments, one or more algebraic reconstruction tech 
niques may be utilized to reconstruct one or more Volumetric 
images of data collected by an ultrasound imaging system. 
The reconstruction computer 416 may, therefore, implement 
one or more algebraic reconstruction techniques according to 
Some embodiments. 

0169. While the reconstruction computer 416 is illustrated 
as a single computer, it should be appreciated that the various 
aspects described herein in which Volumetric images are 
reconstructed are not limited in this manner. Rather, recon 
struction of a Volumetric image (or multiple Volumetric 
images) may be performed by two or more computers, serv 
ers, graphical processing units, and/or other processors. For 
example, the reconstruction computer 416 may include two 
or more computers which perform distinct steps of a recon 
struction process. Alternatively, the reconstruction computer 
416 may include two or more computers which perform one 
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or more common reconstruction functions in parallel. The 
reconstruction computer (or other reconstruction hardware) 
may be located local to the other components of the system 
400, may be located remotely, or may include some hardware 
located locally and some located remotely. If reconstruction 
hardware is located remotely, communication between the 
reconstruction hardware and the pre-processing circuitry may 
be performed in any suitable manner, including wirelessly, 
via a wired connection, via the internet, via a cloud (as in 
cloud computing), or in any other suitable manner. Moreover, 
it should be appreciated that the functionality of the recon 
struction computer 416 and the receiver 412 and/or pre-pro 
cessing circuitry 414 may be performed by a single unit, e.g., 
a single processor. For example, a single processor may per 
form the functionality of 412,414, and 416. Thus, it should be 
appreciated that in some embodiments a single processor may 
function to receive and discriminate signals sensed by radia 
tion sensors and create a 3D image and/or 3D temperature 
profile based on the received and discriminated signals. Alter 
natively, such functionality may be divided between multiple 
hardware units in any Suitable manner. 
0170 As described previously, in some embodiments a 
sensor, Such as a sensor of array 402b, may be configured to 
receive signals originating from multiple sources whose posi 
tions define a substantial Solid angle with respect to each 
sensor, Such as, for example, a solid angle of at least TL/10 
steradians, at least U/5 steradians, at least L/4 steradians, at 
least U/2 steradians, at least at Steradians, at least 2L steradi 
ans, between approximately L/10 and 27C steradians, between 
approximately L/5 and JL Steradians, or any other Suitable 
non-Zero Solid angle. A non-limiting example is shown in 
FIG. 4 with respect to solid angle 420. As shown, a single 
sensor may be configured to receive signals originating from 
Sources occupying the solid angle. Namely, non-Zero Solid 
angle 420 has a vertex Volocated on a sensor of array 402b 
(e.g., on the center point of the sensor). The Solid angle 420 
encompasses eight elements of the array 402a in the illus 
trated non-limiting example, and thus the sensor defining the 
Vertex of the Solid angle 420 is configured to receive signals 
emitted by at least each of the eight elements of the array 402a 
encompassed by the Solid angle. The Solid angle 420 may 
have any of the values previously listed herein for solid 
angles, or any other Suitable value. 
0171 In some embodiments, sensors of an array may be 
configured to define multiple different solid angles with 
respect to sources of an opposed array. For example, FIG. 4 
illustrates a non-Zero Solid angle 422 in addition to the non 
Zero Solid angle 420. The non-zero Solid angle 422 has a 
vertex V located on a different sensor of the array 402b 
than that on which the vertex V of solid angle 420 is 
located. In the non-limiting example illustrated, solid angle 
422 includes the same eight elements of array 402a as solid 
angle 420. The Solid angles are distinct, however, since their 
vertices are aligned on different sensors of the array 402b. 
0172 Generally, then, it should be appreciated that 
embodiments of the present application provide apparatus in 
which sensors of an arrangement are configured to receive 
signals emitted from sources defining multiple different Solid 
angles with respect to the sensors. Such a geometry may allow 
for collection of large amounts of data from the Source-sensor 
arrangement, without the need to mechanically scan the 
arrangement and in a relatively short period of time. For 
example, much more data may be collected with Sucha geom 
etry than that allowed by slice-based imaging systems. 
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0173 The components in FIG. 4 may be coupled in any 
Suitable manner, including wired and/or wireless connec 
tions. In some embodiments, high speed connections may be 
used to facilitate collection and processing of large amounts 
of data, as may be desired in various imaging applications. 
According to an embodiment, the arrays 402a and/or the 
array 402b may be coupled to the processing circuitry via a 
Thunderbolt'TM interface, fiber-optics, Rocket IOTM from Xil 
inx Inc. of San Jose, Calif., or other high-speed interface. 
0.174. The operation of one or more components of system 
400 may be synchronized according to a non-limiting 
embodiment. Such synchronization may be achieved in any 
Suitable manner. According to an embodiment, a common 
clock may be distributed to one or more of the various com 
ponents of system 400 which utilize clock signals. For 
example, in some embodiments, a common clock may be 
distributed to the one or more digital-to-analog converters 
and analog-to-digital converters in System 400. Additionally, 
a common clock may be distributed to one or more FPGAs in 
system 400. Alternatively, multiple synchronized clocks may 
be provided to appropriate components of the system 400. 
Thus, the various aspects of the present application are not 
limited to synchronizing the operation of components in any 
particular manner. As another example, one or more phase 
locked loops may be used to synchronize operation of com 
ponents of the system 400. Moreover, it should be appreciated 
that such synchronization is not limited to the configuration 
of FIG. 4, but may be implemented in any of the systems 
described herein. 

0.175. In some embodiments, ultrasound elements, such as 
those shown in FIG. 4 and the other figures herein, may be 
integrated with corresponding circuitry. For example, refer 
ring to FIG. 4 as a non-limiting example, the transmitter 408 
may be integrated with the array 402a and/or the receiver 412 
may be integrated with the array 402b. The components may 
be integrated on a single Substrate, for example by flip-chip 
bonding, flex-circuit bonding, solder bump bonding, mono 
lithic integration, or in any other Suitable manner. As an 
example, the transmitter 408 may be monolithically inte 
grated on a same Substrate as the ultrasound elements of array 
402a. Alternatively, the transmitter 408 may be formed on a 
first substrate and flip-chip bonded to a substrate on which the 
ultrasound elements of array 402a are formed. Examples of 
suitable transmit circuitry and receive circuitry are described 
in greater detail below (e.g., see FIGS. 7, 9, 10, and 11A 
11D), and represent non-limiting examples of circuitry which 
may be integrated with ultrasound elements of one or more 
arrays. In some embodiments, the Substrate may be acousti 
cally insulating, and thus formed of any suitable acoustically 
insulating material. 
0176 A system like that in FIG. 4, as well as the other 
systems described herein, may be operated in a manner to 
provide beam forming functionality from one or more arrays. 
Beamforming may be valuable in the imaging context to 
facilitate focused imaging of a desired part of a Subject. 
Beamforming may be applied on the transmission side 
(Source side) of a system and/or on the receiving side of the 
system. 
0177. When beam forming is used, various beam forming 
techniques may be applied. In some embodiments, broadband 
beam forming may be implemented. In such embodiments, 
coded signals may be transmitted on top of a single frequency, 
as a non-limiting example. Non-linear chirps represent one 
example of suitable waveforms that may be transmitted in the 
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beam forming context. If beam forming is to be performed on 
a receiving side of the system (by an array like array 402b in 
FIG. 4), Suitable techniques may include Fourier resampling 
and/or delay and Sum techniques, and may be performed in 
analog or digital domains. If beam forming is to be performed 
on the transmitting side of the system (by an array like array 
402a in FIG. 4), analog signal delay processing and/or digital 
signal delay processing may be implemented. In the analog 
domain, a single waveform may be delayed using Suitable 
delay circuitry. In the digital domain, delay processing may 
involve using multiple waveforms. Other techniques may 
also be used. 
0178. In some embodiments, beam forming may be aug 
mented by use of apodization, for example by weighting 
signals transmitted and/or received in any suitable manner to 
reduce sidelobes. Any Suitable implementation of apodiza 
tion to achieve a desired type and degree of beam forming may 
be implemented. 
0179. In some embodiments, time-reversal beam forming 
may be used in the imaging context. For example, time rever 
sal beam forming may be valuable when imaging fatty tissue. 
0180. When beam forming is used, any suitable type of 
beam may beformed. Examples of beams that may beformed 
include, but are not limited to, Bessel beams, plane waves, 
unfocused beams, and Gaussian beams. Other types of beams 
are also possible. The type of beam formed may depend, in 
Some embodiments, on the geometry of the imaging configu 
ration. For example, depending on the shape of the Subject 
and the configuration of ultrasound elements, a particular 
beam type may be chosen. 
0181. As described, the system 400 of FIG. 4 represents a 
non-limiting implementation of a system of the type illus 
trated in FIG. 2. An alternative implementation is illustrated 
in FIG. 5 as system 500. As shown, the system 500 includes 
transmit circuitry 502, an FPGA correlator 504, and receive 
circuitry 506. The FPGA correlator 504 is configured to gen 
erate and provide to the transmit circuitry 502 signals for 
transmission from one or more ultrasound elements (e.g., of 
the array 402a). The receive circuitry 506 is configured to 
receive signals detected by one or more ultrasound elements 
(e.g., of the array 402b) and provide received signals to the 
FPGA correlator 504 for further processing (e.g., correlation 
of the signals, etc.). The FPGA correlator 506 provides its 
output to the reconstruction computer 416, which may oper 
ate in the manner previously described with respect to FIG. 4. 
0182 FIG. 6A illustrates another embodiment of a system 
of the type illustrated in FIG. 2. The system 600 of FIG. 6A 
includes a display and graphical user interface (GUI) 602 via 
which a user may input information to the system (e.g., selec 
tions of imaging parameters, operating schemes, pre-pro 
grammed imaging routines, and/or other Suitable informa 
tion) and/or view output data and images. The system 600 
further comprises a reconstruction process 604 and pre-pro 
cessing block 606. The reconstruction process, which may be 
stored by any Suitable computer readable media and executed 
by any Suitable hardware (e.g., a computer, Such as a recon 
struction computer), may receive data from the pre-process 
ing block 606 and generate one or more reconstructions (e.g., 
reconstructed images). For example, the reconstruction pro 
cess 604 may be used to generate one or more Volumetric 
images of the Subject 410, in a non-limiting embodiment. The 
pre-processing block may performany suitable processing on 
signals received (e.g., by the array 402b) and initially pro 
cessed by the receiver 412 and analog to digital converter 
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(ADC) 610. For example, the pre-processing block 606 may 
perform the functions previously described with respect to 
pre-processing circuitry 414, or any other Suitable functions. 
0183 In some embodiments, the pre-processing block 606 
may provide initial digital waveforms to the digital to analog 
converter (DAC) 608. The DAC may then generate one or 
more analog signals to be transmitted from the array 402a 
using the transmitter 408. Although only a single signal chain 
is illustrated in system 600 for both the transmit and receive 
portions of the system, it should be appreciated that the sys 
tem may alternatively include a respective transmit chain (one 
or more transmitter components) for each of two or more 
ultrasound elements of the arrays 402a and a respective 
receive chain (one or more receiver components) for each of 
two or more ultrasound elements of the array 402b. In some 
embodiments, a respective signal transmit chain may be pro 
vided for each ultrasound element of the array 402a and a 
respective signal receive chain may be provided for each 
ultrasound element of the array 402b. 
0.184 As described previously, in some embodiments one 
or more ultrasound elements of an arrangement may be con 
figured to exhibit time-varying operation as a source and 
sensor. FIG. 6B illustrates an example of a suitable configu 
ration for achieving such operation. The system 650 of FIG. 
6B differs from the system 600 of FIG. 6A in that the array 
402a is additionally coupled to a switch 652, a receiver 654, 
and an ADC 656. In this manner, the ultrasound elements of 
array 402a may be configured to operate both as ultrasound 
sources and ultrasound sensors. To operate the array 402a as 
a transmitting array, the switch 652 (which may be any suit 
able type of switch) may couple the array 402a to the trans 
mitter 408, in which case the array 402a operates as previ 
ously described herein. To operate the array 402a as a 
receiving array, the switch 652 couples the array 402a to the 
receiver 654, which may operate in the manner previously 
described herein with respect to receiver 412. The ADC 656 
may operate in the manner previously described with respect 
to ADC 610. Thus, suitable (time-varying) operation of the 
switch 652 may provide desired time-varying operation of the 
array 402a. 
0185 FIGS. 7A-7C illustrate non-limiting implementa 
tions of a signal transmit chain (also referred to as a transmit 
ter) in accordance with one or more aspects of the present 
application, as may be used to transmit ultrasound signals 
from an ultrasound element. Thus, FIGS. 7A-7C illustrate 
non-limiting examples of signal transmit chains as may be 
used in systems of the types illustrated in FIGS. 2-6, or any 
other suitable systems. The signal chains may be linear in 
some embodiments. In each FIG. 7A-7C, only a single signal 
transmit chain is illustrated. Such a signal transmit chain may 
be shared among two or more ultrasound elements of an array 
(e.g., array 402a) or may be dedicated to a single ultrasound 
element of an array. According to a non-limiting embodi 
ment, a respective signal transmit chain of the types illus 
trated may be dedicated to each ultrasound element config 
ured as an ultrasound source. 

0186. The signal transmit chain 700a of FIG. 7A includes 
a waveform generator 701 and an amplification stage 705 
coupled to the array 402a. The waveform generator 701 may 
be any Suitable type of waveform generator for generating 
signals of the type to be sent from ultrasound elements of the 
opposed arrays. Thus, the waveform generator 701 may be an 
analog or digital waveform generator. 
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0187. The waveforms to be generated by the waveform 
generator 701 may have any Suitable frequency. For example, 
according to aspects of the present application, one or more 
systems of the types described herein may be configured to 
transmit and receive ultrasound signals having frequencies in 
a range from approximately 1 MHZ to approximately 10 
MHz, from approximately 3 MHz to approximately 8 MHz, 
or from approximately 4 MHZ to approximately 7 MHz. The 
listed frequency ranges are non-limiting examples, as alter 
native frequency ranges are also possible. According to some 
embodiments, the signals may be broadband signals, which 
may be beneficial to spread the power of the signals across a 
frequency range. In some embodiments, the signals may have 
center frequencies of approximately 2.5 MHz, or approxi 
mately 5 MHz as non-limiting examples, with a bandwidth of 
approximately 50% of the center frequency. 
0188 The type of waveform generated by waveform gen 
erator 701 may depend, at least partially, on the desired use of 
the signals and therefore the desired characteristics of the 
signals to be transmitted by the ultrasound elements. For 
example, as described, it may be desirable to utilize a wide 
band waveform rather than a narrowband (or, in the extreme, 
a single frequency) waveform. Use of a wideband waveform 
may make more practical the attainment of high power sig 
nals, since the power may be spread across frequencies rather 
than concentrated at a single frequency. Also, as previously 
described with respect to FIG. 1A, in at least one embodiment 
it may be desirable for a system to distinguish (or discrimi 
nate) between multiple ultrasound signals received by a 
single ultrasound sensor from multiple ultrasound sources. 
Thus, it may be desirable in at least Some circumstances for 
the signal generated by the waveform generator 701 to be of 
a type which may be decoded on the receiving end of the 
system, for example using a matched filter or any other Suit 
able decoding technique. 
0189 As a non-limiting example, the waveform generated 
by waveform generator 701 may be a wideband waveform. 
The wideband waveform may have a center frequency chosen 
to Substantially correspond to a center frequency of an ultra 
sound element from which the waveform will be sent (e.g., 
the ultrasound elements of array 402a) and having a band 
width in suitable proportion to a bandwidth of the ultrasound 
element. For example, the bandwidth of the waveform may be 
selected to be approximately 100% of the bandwidth of the 
ultrasound elements from which it will be transmitted, may be 
selected to be approximately 75% of the bandwidth of the 
ultrasound elements from which it will be transmitted, may be 
selected to be approximately 50% of the bandwidth of the 
ultrasound element from which it will be transmitted, may be 
selected between approximately 40% and approximately 
60% of the bandwidth of the ultrasound element from which 
it will be transmitted, or may have any other suitable relation 
ship to the bandwidth of the ultrasound element, as the num 
bers listed are non-limiting examples. 
0190. Waveform generator 701 may generate any of 
numerous types of wideband waveforms. One non-limiting 
example of a wideband waveform is a chirp. The chirp may be 
generated to have any Suitable characteristics. For example, 
the chirp may be a linear chirp whose instantaneous fre 
quency changes linearly over time. FIG. 8A illustrates a non 
limiting example of a linear chirp waveform 802. As another 
example, the chirp may be non-linear chirp whose instanta 
neous frequency changes non-linearly over time (e.g., geo 
metrically, logarithmically, or in any other suitable way). In 

Jun. 26, 2014 

Some non-limiting embodiments, the edges of the chirp may 
be amplitude modulated by the application of a window (e.g., 
a Hamming window, a Hanning window, a Chebyshev win 
dow, a prolate-spheroidal window, a Blackmann-Tukey win 
dow, etc.) to reduce the presence of sidelobes in the corre 
sponding received waveform. 
0191 The chirp may have any suitable duration. The dura 
tion may be selected, for example, to provide balance 
between competing constraints of signal-to-noise ratio (SNR) 
and power. The greater the chirp duration, the greater the 
SNR, but the greater the average power carried by the signal. 
In certain applications, such as imaging of human patients, 
limits on power deposition may be set which may factor into 
the desired power of a signal generated by the waveform 
generator. For example, in ultrasound imaging applications, 
guidelines or regulations (e.g., those set by the FDA, National 
Electrical Manufacturers Association, NEMAR), etc.) may 
place limits on power deposited in a patient. A balance 
between such considerations as power deposition and SNR 
may be guide selection of a chirp duration. As a non-limiting 
example, the chirp may have a duration of less than 200 
microseconds, less than 100 microseconds (e.g., approxi 
mately 80 microseconds, approximately 70 microseconds, 
approximately 50 microseconds, or any other Suitable value), 
less than approximately 50 microseconds, or any other Suit 
able value. 

0.192 In some embodiments, a chirp may be generated as 
part of a pulse compression technique employed by the ultra 
Sound imaging device. Pulse compression may be used to 
achieve balance between the above-described competing 
constraints of signal-to-noise ratio (SNR) and power. Instead 
of transmitting a narrowband (e.g., a single-frequency sinu 
soid) signal at a desired power level, the power being concen 
trated at the frequencies of the narrowband signal (e.g., the 
frequency of the sinusoid), a pulse compression technique 
may comprise transmitting a wideband waveform (e.g., a 
chirp), so that the power is spread over the frequencies in the 
wideband waveform (e.g., over the frequencies in a range 
swept by the chirp). As described in more detail below, a pulse 
compression technique further comprises using a pulse com 
pression filter to process the transmitted wideband waveform 
upon its receipt by one or more ultrasound sensors. The pulse 
compression filter may be a matched filter that is matched to 
the transmitted waveform. Though, it should be recognized 
that the application of a pulse compression technique is not 
limited to transmitting chirps as any of numerous other wave 
forms may be used for pulse compression, as known in the art. 
For example, phase modulated waveforms rather than linear 
or non-linear frequency modulated waveforms may be used 
for pulse compression. 
0193 As described, a chirp is a non-limiting example of a 
wideband waveform, which may be used according to one or 
more non-limiting embodiments of the present application. 
An alternative includes an impulse, an example of which is 
shown as impulse 804 in FIG. 8B. An impulse may be ben 
eficial in terms of simplifying detection on a receiving end 
(e.g., by ultrasound elements of array 402b configured as 
sensors), but may require significant instantaneous power 
output for generation. 
0194 Another example of a class of wideband waveforms, 
which may be used according to one or more non-limiting 
embodiments of the present application, are binary wave 
forms. Binary waveforms may be derived from binary 
sequences having Suitable time localization properties (e.g., 



US 2014/0180 100 A1 

having a narrow auto-correlation function) and may be 
obtained in any suitable manner. Examples of suitable binary 
waveforms include, but are not limited to, linear maximum 
length codes (LML codes), Barker codes, and other pseudo 
random codes. A binary waveform may be obtained from a 
binary sequence in any suitable way. For example, in some 
embodiments, a binary waveform may be obtained by arrang 
ing a sequence of impulses in time with the polarity of each 
impulse being derived from the binary value of the corre 
sponding element in the binary sequence. Other ways of 
obtaining binary waveforms from binary sequences include 
convolving a sequence of impulses (e.g., such as the above 
described sequence of impulses) with any Suitable interpo 
lation waveform. Examples of such interpolation wave 
forms include, but are not limited to, box-car functions, 
triangle functions, sinusoidal pulses, sinc functions, or any 
function modeling the impulse response of a system, Such as, 
for example, a measurement system including front-end cir 
cuitry, radiation sources, and signal transmission medium. 
FIG. 8C demonstrates an example of such a waveform 
derived from a binary sequence by using a box-car interpo 
lation waveform. 

0.195 Another class of binary waveforms include comple 
mentary sequences, or Golay codes. Such codes comprise 
pairs of sequences sometimes termed complementary pairs. 
Each of the sequences in a complementary pair typically 
satisfies the time localization properties desired in a binary 
sequence. The complementary pairs have the additional prop 
erty that their respective autocorrelation functions (i.e., the 
pulse compressed waveform) may be additively combined to 
form a signal with reduced sidelobes. Utilizing Such codes 
may comprise transmitting two distinct pulses for each mea 
Surement and combining them after matched filtering in the 
processing circuitry. 
0196. In considering the use of wideband signals, it should 
be noted that signals of different frequency may interact dif 
ferently with a subject. For example, attenuation of ultra 
Sound signals in a Subject may be frequency dependent. Simi 
larly, index of refraction in a Subject may be frequency 
dependent. Other properties of a subject may also be fre 
quency dependent. Thus, according to an aspect of the present 
application, signals of different frequency may be used to 
analyze a subject (e.g., by an apparatus of the types described 
herein), thus providing different (and in Some cases, more) 
information than may be obtained by using signals of only a 
single frequency. Such operation is not limited to the use of 
wideband signals. 
0197) It should be appreciated that some embodiments of 
the present application are not limited to using wideband 
waveforms. In some embodiments, additionally or alterna 
tively, narrowband waveforms may be used. In one non 
limiting illustrative example, a sinusoid having a single fixed 
frequency may be used. Such a fixed-frequency sinusoid is an 
example of a continuous waveform that may be transmitted 
by one or multiple ultrasound elements. Such continuous 
waveforms may be used to calculate values of one or more 
properties of the Subject being imaged at one or more fre 
quencies. Such a mode of operation may be advantageous in 
that the measurement of properties of a Subject (e.g., index of 
refraction, attenuation, etc.) may depend on the frequency of 
the waveform. It should be appreciated that the above-de 
scribed examples of waveforms are provided for purposes of 
illustration, and that alternative waveform types may be 
implemented. 
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0198 The amplification stage 705, which is coupled to the 
output of the waveform generator 701, may be configured to 
amplify the signals generated by the waveform generator 701 
in preparation for their transmission from the array 402a, as a 
non-limiting example. Also, the amplification stage 705 may 
perform one or more functions in addition to amplification, 
including, for example, filtering. In an embodiment, the 
amplification stage 705 may include a single amplifier and/or 
a single filter. In an embodiment, the amplification stage 705 
may include multiple amplifiers and/or multiple filters, as the 
various aspects described herein implementing an amplifica 
tion stage in a signal transmit chain are not limited to utilizing 
any particular amplification stage. 
(0199 FIG. 7B illustrates a signal transmit chain 700b 
representing a non-limiting, more detailed example of a man 
ner of implementing the signal transmit chain 700a of FIG. 
7A, providing an example of a waveform generator and an 
amplification stage. The signal transmit chain 700b includes 
an arbitrary waveform generator 718. The arbitrary waveform 
generator 718 may be a digital waveform generator and may 
be configured to produce any suitable arbitrary waveform(s) 
of any suitable frequencies, such as those described above or 
any other suitable frequencies. The output of the arbitrary 
waveform generator 718 is provided to a digital-to-analog 
converter (DAC) 704, the output of which is provided to the 
amplification stage 705. The DAC 704 may be any suitable 
DAC having any Suitable sampling frequency, as the various 
aspects described herein implementing a DAC are not limited 
to use of any particular type of DAC. 
0200. The signal transmit chain 700b illustrates an 
example of the amplification stage 705 in which the amplifi 
cation stage includes filters 706 and 712, amplifiers 708, 710, 
and 714, and an optional impedance matching network (IMN) 
716. The order of components illustrated in FIG. 7B illus 
trates a non-limiting configuration of a signal transmit chain 
as may be used in Systems of the types described herein. 
0201 The filters 706 and 712 and amplifiers 708, 710, and 
714 may be any suitable filters and amplifiers. The amplifiers 
708, 710 and 714 may be linear amplifiers, and multiple 
amplifiers 708, 710, and 714 may be included to provide a 
desired amplification level recognizing that in practice each 
amplifier alone may not be able to provide the desired level of 
amplification. The filters 706 and 712 may be low pass filters 
having cutoff frequencies Sufficient to pass the desired sig 
nals. Additionally or alternatively, filters 706 and 712 may 
filter out signal components such as harmonics and/or other 
spurious signal components. 
0202 The impedance matching network 716 may be any 
Suitable active or passive impedance matching network for 
providing desired impedance matching between the array 
402a and the signal transmit chain. In some embodiments, the 
array 402a is used to transmit wideband signals of long dura 
tion (i.e., not impulses). In Such embodiments, the impedance 
matching network 716 may be configured to provide wide 
band impedance matching. In some embodiments, the imped 
ance matching network 716 may be selected to provide a low 
quality factor (Q) impedance match. 
0203 FIG. 7C illustrates an alternative signal transmit 
chain 700c to that of FIG. 7B, and in accordance with the 
general architecture of FIG. 7A. As shown, the waveform 
generator of the signal transmit chain 700c may comprise or 
consist of a voltage controlled oscillator (VCO) 703 having 
any suitable oscillation frequency. For example, the VCO 703 
may be configured to generate oscillating signals (e.g., sinu 
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soidal signals) having any of the frequencies described above, 
or any other suitable frequencies. The output of the VCO 703 
may be provided to the amplification stage 705, which may 
take the form of previously-described signal chain 700b. 
However, it should also be appreciated that alternatives con 
figurations are also possible. 
0204 FIG. 9 illustrates a non-limiting example of a signal 
receive chain (also referred to as a receiver) as may be imple 
mented by Systems according to one or more aspects of the 
present application (e.g., the systems of FIGS. 2 and 4-6 or 
any other Suitable systems). For example, the illustrated sig 
nal receive chain may represent the receiver 412 of FIGS. 4 
and 6, though the receiver 412 may take alternative forms in 
other embodiments. The signal chain may be linear in some 
embodiments. 
0205 As shown, the signal receive chain 900 of FIG. 9 
comprises an amplification stage 902 (e.g., coupled to the 
array 402b) and configured to receive signals detected by the 
ultrasound elements of the array 402b configured as sensors. 
The signal receive chain 900 further comprises a post-ampli 
fication stage 904 which may take various forms, non-limit 
ing examples of which are illustrated in FIGS. 11A-11D and 
described below. 
0206. The amplification stage 902 may be any suitable 
amplification stage and may comprise any suitable circuitry 
for amplifying signals received by the elements of the array 
402b. The amplification stage 902 may also perform addi 
tional functions, such as filtering the received signals. 
According to a non-limiting embodiment, the amplification 
stage 902 includes only a single amplifier and/or filter. Alter 
natively, the amplification stage 902 may include multiple 
amplifiers and/or filters. A non-limiting example is illustrated 
in FIG. 10. 
0207. As shown in FIG. 10, the amplification stage 902 
may include multiple amplifiers 1004 and 1008. The ampli 
fiers 1004 and 1008 may be any suitable types of amplifiers, 
and one or both may be a linear amplifier. The amplifier 1004 
may be a variable gain amplifier in the non-limiting embodi 
ment illustrated. 
0208. The amplification stage 902 may also include filters 
1002, 1006, and 1010, which may be any suitable filters. For 
example, any one of the filters 1002, 1006, and 1010 may be 
a low pass filter or a high pass filter having any suitable cutoff 
frequency to pass the signals of interest. In some non-limiting 
embodiments, one of the filters 1002, 1006, and 1010 may be 
a high pass filter to separate out signals used for imaging from 
signals used for HIFU. As another example, any of filters 
1002, 1006, and 1010 may be a notch filter or any other 
suitable type offilter for filtering out unwanted narrowbandor 
other signal components, respectively. 
0209. The ordering of components illustrated in FIG. 10 is 
non-limiting, and it should be appreciated that various alter 
native orderings may be implemented. Also, it should be 
appreciated from the foregoing description of signal transmit 
chains and signal receive chains that both types of signal 
chains may be linear according to one or more embodiments 
of the present application. 
0210 FIGS. 11A-11D illustrate non-limiting examples of 
the post-amplification stage 904 of signal receive chain 900. 
FIG. 11A illustrates an alternative in which the signal receive 
chain 1100a is configured so that the output of the amplifica 
tion stage 902 is provided directly to the ADC 1106. The ADC 
1106 then provides a digital output signal 1110. The output 
signal 1110 represents a raw received waveform, in this non 
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limiting embodiment. The waveform may be analyzed to 
determine characteristics of interest Such as amplitude, phase, 
and/or frequency, which may be used to determine properties 
of interest of a subject such as index of refraction, speed of 
Sound in the Subject, attenuation in the Subject, density, and/or 
other properties. 
0211 FIG. 11B illustrates another embodiment of a signal 
receive chain 1100b, providing a further alternative for the 
post-amplification stage 904. The signal receive chain 1100b 
comprises analog pulse compression stage 1116 coupled to 
the amplification stage 902 and configured to receive an out 
put signal from the amplification stage 902. The analog pulse 
compression stage 1116 provides an output signal 1118. The 
analog pulse compression stage 1116 may apply a pulse com 
pression filter to the received signal. To this end, in some 
embodiments, the received signal may be correlated with the 
transmitted signal to produce a correlated signal. The corre 
lated signal may be digitized by an analog to digital converter 
to produce output signal 1118. 
0212 FIG. 11C illustrates another embodiment of a signal 
receive chain providing a further alternative for the post 
amplification stage 904. In the signal receive chain 1100c, the 
output of the amplification stage 902 is provided to a detector 
1112. In some embodiments, detector 1112 may be a square 
law detector, a logarithmic amplifier detector, a linear detec 
tor, a phase detector, a frequency detector, or any other Suit 
able signal detector, as aspects of the present application are 
not limited in this respect. In some embodiments, the detector 
may be used to identify the location of a peak of the received 
signal, which, may be provided as output signal 1114. The 
output signal, in turn, may be used to obtain one or more 
measurements of the Subject being imaged (e.g., attenuation 
measurements). 
0213 FIG. 11D illustrates yet another alternative embodi 
ment of a signal receive chain including a post-amplification 
stage 904. According to the non-limiting embodiment of FIG. 
11D, the signal receive chain 1100d includes a post-amplifi 
cation stage comprising circuitry configured to perform a 
heterodyning-type function. The post-amplification stage 
comprises circuitry including a mixer 1102, a filter 1104 and 
the analog-to-digital converter (ADC) 1106. 
0214. The mixer 1102 obtains a reference signal as well as 
an output signal of the amplification stage 902, and combines 
the output signal with the reference signal to produce a com 
bined signal. The reference signal may be obtained in any 
Suitable way. As one illustrative non-limiting example, the 
reference signal may be a transmission signal obtained from 
transmit circuitry of the system (e.g., from transmitter 408 or 
any other suitable transmitter). As another illustrative non 
limiting example, the reference signal may be generated by 
processing circuitry in the post-amplification stage (and/or by 
any other Suitable processing circuitry). The processing cir 
cuitry may be configured to generate the reference signal at 
least in part by using a local oscillator. The reference signal 
may be a chirp, a pulse, a pulse train, a sinusoid, and/or any 
other suitable waveform. 

0215. In some embodiments, the mixer 1102 may combine 
the output signal with the reference signal by multiplying the 
signals and may output the product of the two received signals 
to a filter 1104, which may be a low pass filter or any other 
suitable filter. The filtered output of the filter 1104 is provided 
to the ADC 1106, which produces a digital output signal 1108 
suitable for further processing. Examples of such further pro 
cessing are described further below. 
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0216. In embodiments where the transmitted waveform is 
a linear FM waveform having a pulse length greater than the 
time it takes for a signal to propagate from array 402a to array 
402b, the output signal of the ADC 1106 may be a tone 
representing a frequency difference between the transmitted 
signal (e.g., from transmitter 408) and the signal received by 
the ultrasound element of the array 402b and output by the 
amplification stage 902. For example, in some embodiments 
the data received by the ADC represents the Fourier transform 
of the time of flight data. The transmissive component of such 
data may be the largest tonal contributor. As such, performing 
a Fourier transform of the received data may yield a time 
domain signal representing the pulse-compressed data— 
thus, the transmissive component will likely represent a peak 
in this signal. Therefore, the time-of-flight (TOF) may pro 
vide information about the speed of Sound in a subject, index 
of refraction in the subject, and/or information about other 
properties of the subject. The amplitude of the tone repre 
sented by the output signal 1108 may be used to determine 
attenuation of a signal transmitted from an ultrasound ele 
ment of the array 402a, which therefore may provide infor 
mation about attenuation within a subject. 
0217. The output signals provided by the signal receive 
chains of FIGS. 9, 10, and 11A-11D may be further processed 
in Some embodiments, for example by pre-processing cir 
cuitry 414 and/or any other Suitable processing circuitry. For 
example, further processing may be performed to measure 
amplitude, phase, and/or frequency of a signal, among other 
potential signal characteristics of interest. Such pre-process 
ing may be an end result in Some embodiments, or may lead 
to further analysis of the measured values in other embodi 
ments, for example to determine properties of a subject Such 
as density, speed of Sound, and/or index of refraction. Fur 
thermore, as previously described (e.g., with respect to FIG. 
3), one or more Volumetric images may optionally be recon 
structed illustrating properties of the Subject or any other 
suitable data of interest. The type of processing performed by 
pre-processing circuitry (e.g., pre-processing circuitry 414) 
may depend, at least in part, on the manner of operation of the 
system and the types of signals transmitted by the opposed 
arrays. Thus, a description of modes of operation of systems 
of the type described herein is now provided. 
0218. According to an embodiment, signals received by 
ultrasound elements of an arrangement of the types described 
herein may be separated by frequency (or frequency band) for 
further processing. As described previously, the ultrasound 
signals transmitted by an arrangement of ultrasound elements 
may contain multiple frequencies, for example being wide 
band signals. The different frequencies of the transmitted 
signal may interact differently with the subject, for example 
in terms of attenuation and refraction, among other possible 
differences. Thus, according to an aspect of the present appli 
cation, receiving circuitry may process received signals to 
determine information with respect to specific frequencies, 
for example by separating received wideband signals into 
frequency components and analyzing those frequency com 
ponents. In such cases, Suitable circuitry may be provided at 
any point in a signal receive chain (e.g., in the signal receive 
chains of FIGS. 11A-11D or at any other suitable location 
within a system) to separate out frequencies of interest and 
separately process the different frequency components of a 
received signal. 
0219 Moreover, in such embodiments, separate images 
may be generated for separate frequencies. For example, mul 
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tiple images of index of refraction of a subject may be gen 
erated, with each image corresponding to a different fre 
quency (or frequency band). Thus, additional data may be 
provided beyond what may be achieved by considering only 
a single frequency (or frequency band). 
0220. As previously described, according to some 
embodiments of the present application, a system may be 
configured to distinguish or discriminate among multiple 
ultrasound signals received by an ultrasound sensor from 
multiple ultrasound Sources. As also described previously, 
according to Some embodiments of the present application, a 
system may be configured to distinguish or discriminate 
among multiple ultrasound signals transmitted from ultra 
Sound elements arranged in at least two dimensions and 
received by a single ultrasound element configured as a sen 
sor. Multiple modes of operation of systems of the types 
described herein may be employed to achieve such results, 
including code division multiple access (CDMA), time divi 
sion multiple access (TDMA) modes, frequency division 
multiplexing (FDM) modes, as well as combinations of any 
of two or more of these modes. Non-limiting examples are 
described below. 

0221) The use of CDMA according to an aspect of the 
present application is described in the context of system 400 
of FIG.4, for purposes of illustration. It should be appreciated 
that CDMA may similarly be employed in systems of other 
types described herein as well. 
0222. According to an embodiment in which CDMA is 
implemented by the system 400, the ultrasound elements of 
the array 402a configured as sources may transmit distinct 
ultrasound signals concurrently or Substantially simulta 
neously. The distinct ultrasound signals may be obtained by 
using one or more codes to encode a waveform. For example, 
in some embodiments, a waveform to be transmitted by mul 
tiple ultrasound sources (e.g., a wideband waveform Such as 
a chirp) may be coded, prior to being transmitted by an 
ultrasound Source, by using a code associated with that ultra 
Sound source. As such, multiple ultrasound sources may 
transmit distinct waveforms obtained by coding the same 
underlying waveform by using CDMA codes corresponding 
to the ultrasound Sources. 

0223) A waveform may be coded by using a CDMA code 
in any of numerous ways. In some non-limiting embodi 
ments, an underlying waveform (or a sequence of waveforms) 
may be coded using a so-called intrinsic CDMA coding 
scheme in which the CDMA code may be used to modulate 
the underlying waveform directly (e.g., by computing an 
exclusive-or between the CDMA code and the waveform) to 
produce a coded waveform. The coded waveform may then be 
transmitted. Alternatively, an underlying waveform may be 
coded using a so-called extrinsic CDMA coding scheme in 
which the CDMA code may be used to modulate a waveform 
indirectly. In this case, the coded waveform, for a particular 
ultrasound source, may be obtained by sequentially joining 
multiple copies of the underlying waveform, with each copy 
being phase modulated in accordance with the CDMA code 
corresponding to that ultrasound source. Since the phase 
modulation of the set of copies of the underlying waveform 
depends on the CDMA code corresponding to the ultrasound 
Source to transmit the coded waveform, distinct coded wave 
forms will be obtained for each of the ultrasound sources. 
These waveforms may then be transmitted. It should be 
appreciated that the number of copies of the underlying wave 
form depends on the length of the CDMA code. For example, 
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if a binary CDMA code of length 10 is used (e.g., to distin 
guish among 2 10=1024 ultrasound sources), the coded 
waveform may comprise 1024 phase modulated copies of the 
underlying waveform. 
0224 Non-limiting examples of suitable CDMA codes 
include Hadamard codes, Walsh functions, Golay codes, 
pseudo-random codes (e.g., LML codes) and poly-phase 
sequences, among others. 
0225. The ultrasound elements of array 402b configured 
as sensors may be active Substantially simultaneously, and 
thus may receive the ultrasound signals transmitted by the 
ultrasound elements of the array 402a. The front-end circuitry 
Such as receiver 412 and/or pre-processing circuitry 414 may 
distinguish (or discriminate between), for each of the ultra 
sound elements of the array 402b, each of the received ultra 
Sound signals from each of the ultrasound elements of the 
array 402a by decoding the signals (e.g., using matched fil 
tering, or in any other Suitable manner). In this manner, a large 
number of distinct measurements (e.g., on the order of N in 
Some embodiments, as previously explained with respect to 
FIG. 1A) may be made by the system in a relatively short time 
period since all the ultrasound signals are transmitted concur 
rently or Substantially simultaneously. 
0226. While the use of CDMA according to an embodi 
ment of the present application may involve transmitting 
respective coded signals from each ultrasound element of the 
array 402a and receiving each of the respective coded signals 
with each of the ultrasound elements of the array 402b, it 
should be appreciated that alternative implementations of 
CDMA according to one or more aspects of the present appli 
cation are also possible. For example, in Some embodiments 
distinctly coded signals may be concurrently transmitted by 
two or more ultrasound elements of the array 402a configured 
as sources and arranged in one or more dimensions. In some 
embodiments, distinctly coded signals may be concurrently 
transmitted by three or more ultrasound elements of the array 
402a configured as sources and arranged in at least two 
dimensions. The ultrasound elements of array 402b config 
ured as sensors may receive the distinctly coded signals, 
which may be decoded and processed in any Suitable manner 
(e.g., to form a Volumetric image). FIG. 12 illustrates a non 
limiting process flow of Such operation. 
0227. As shown, the method 1200 comprises generating 
three or more distinctly coded signals at 1202. The coded 
signals may be generated in any Suitable manner, for example 
using a waveform generator (e.g., waveform generator 702). 
0228. The distinctly coded signals may then be transmit 
ted from three or more respective elements of an array of 
ultrasound elements at 1204. Such as array 402a as a non 
limiting example. The three or more respective elements may 
bearranged in at least two dimensions. For example, referring 
to FIG. 1A, three or more distinctly coded signals may be 
transmitted from ultrasound elements 110, 112, and 114, 
respectively. The distinctly coded signals may be transmitted 
concurrently or according to any other Suitable timing. 
0229. At 1206, the three or more distinctly coded signals 
may be received by an element of an array (e.g., array 402b) 
configured as a sensor. As a non-limiting example, the ele 
ment 108 of array 102b in FIG. 1A may receive the distinctly 
coded signals sent from elements 110, 112, and 114 of array 
102a. Thus, it should be appreciated that the element receiv 
ing the three or more distinctly coded signals may, in this 
non-limiting embodiment, receive three or more distinctly 
coded signals sourced (or transmitted) by ultrasound ele 
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ments arranged in at least two dimensions. In some embodi 
ments, multiple elements of an array (e.g., array 402b) con 
figured as sensors may receive, concurrently, distinctly coded 
signals sourced by elements of an array arranged in at least 
two dimensions. 
0230. At 1208, the received signals may be decoded in any 
suitable manner. For example, as will be described further 
below, matched filtering techniques may be applied to decode 
the received signals. According to a non-limiting embodi 
ment, each element of an array of ultrasound elements con 
figured as sensors may have a number of decoders associated 
therewith. The number of decoders may, in an embodiment, 
equal a number of potential codes to be used in transmitting 
signals to the elements of the array. For example, if 1,024 
distinct codes may potentially be used for transmitting sig 
nals, the element configured as a sensor may have 1,024 
decoders (e.g., implementing matched filtering) associated 
therewith. It should be appreciated that any suitable number 
of codes may be used and therefore any suitable number of 
decoders may be implemented on the receiving end of the 
system. 
0231. In some embodiments, where extrinsic CDMA cod 
ing may be used to encode the signals, the signals may be 
decoded at least in part by averaging combinations of the 
received signals. Advantageously, Such averaging may 
improve the SNR of the received signals. An example of such 
operation is now described. 
0232. In some embodiments in which extrinsic CDMA 
coding is used, each extrinsically coded signal that is received 
is multiplied by multiplying each pulse of the received signal 
by the corresponding phase factor for the transmitter/source 
being decoded. Then, the resulting multiplied signal is added 
into an accumulator for each Successive pulse of the received 
signal. Many such multiply-accumulate circuits can operate 
in parallel to decode multiple transmitters from a single 
receiver. The result, after accumulation, may be an averaged 
signal for the desired transmitter, which, ignoring possible 
distortions, will have an improved SNR due to averaging. 
However, other manners of performing CDMA with extrin 
sically coded signals are possible. 
0233. At 1210, one or more signal characteristics of the 
received and decoded signals may be determined. For 
example, as described previously, characteristics of interest 
may include amplitude, phase, and/or frequency, as non-lim 
iting examples. 
0234. Further processing may be performed as desired for 
a given use of the data determined from 1210. For example, at 
1212, one or more Volumetric images may be reconstructed. 
Alternatively, the method may end with determination of the 
signal characteristics at 1210. 
0235. It should be appreciated that the method 1200 of 
FIG. 12 is a non-limiting example, and that alternatives are 
possible. For example, one or more processing steps of the 
received signals may be performed prior to decoding at 1208, 
Such as amplifying, filtering, digitizing, Smoothing, and/or 
any other processing. Any suitable form of linear processing 
may be performed, as the various aspects described herein are 
not limited in this respect. A non-limiting example is illus 
trated in FIG. 13. 
0236. As shown, the method 1300 expands upon the 
method 1200 of FIG. 12 by the inclusion of a pulse-compres 
sion step 1302, in which a pulse compression filter may be 
applied. As previously described, in Some embodiments, 
where pulse compression is used, the received signals may be 
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processed by applying a pulse compression filter to the 
received signals. Applying the pulse compression filter may 
comprise correlating the received signals with a copy of the 
transmitted signals—a form of matched filtering. For 
example, in Some embodiments, where pulse compression is 
used one or more ultrasound sources may transmit a chirp. 
The received chirp may be correlated with the transmitted 
chirp. The correlation may be performed in the time domain 
or in the frequency domain, as aspects of the present appli 
cation are not limited in this respect. The correlation may be 
performed by any suitable circuitry, including a processor, 
one or more parallel field-programmable gate arrays (FPGA), 
and/or any other suitable circuitry. 
0237 Although not shown, further optional processing 
may additionally be performed in the method 1300. For 
example, decimation of the signals received at 1206 may be 
performed prior to the pulse compression step 1302 or at any 
other Suitable time. Decimation may comprise a low-pass 
filter operation and down-sampling the received signals to a 
Nyquist frequency, for example, to minimize the number of 
computations performed with Subsequent processing. Fur 
thermore, a complex analytic transformation (e.g., a Hilbert 
transform) may be applied to the received signal to obtain the 
magnitude information of the received signal (e.g., envelope 
of the signal) and/or the phase information of the received 
signal. The complex analytic transformation may be per 
formed after the pulse compression at 1302 and prior to 
decoding the received signals at 1208, according to a non 
limiting embodiment. 
0238 FIG. 14 illustrates a non-limiting example of pro 
cessing which may be used to determine one or more signal 
characteristics at 1210. As shown, determination of one or 
more signal characteristics may comprise performing peak 
arrival detection at 1402 and attenuation detection at 1404, as 
non-limiting examples. Detection of a signal peak itself 
("peak detection') may be performed together with attenua 
tion detection, or may be performed as a separate step in some 
non-limiting embodiments. The order of processing need not 
be the same as that illustrated, as, for example, the order may 
be reversed from that shown in FIG. 14. 

0239. In some embodiments, peak detection may be per 
formed at least in part by identifying a portion of the received 
signal that may contain at least one peak. The process of 
identifying a portion of the signal that may contain the peak is 
referred to as a “peak arrival detection' process. Peak arrival 
detection may be performed using any of various Suitable 
methods. As one non-limiting example, peak arrival detection 
may be performed by using a statistical model to detect a 
change in characteristics of the received signal. One non 
limiting example of Such a model is any model in the family 
of so-called autoregressive models, which includes, but is not 
limited to, autoregressive models, noise-compensated autore 
gressive models, lattice models, autoregressive moving aver 
age models, etc. Accordingly, in Some embodiments, peak 
arrival detection may be performed by fitting a model in the 
family of autoregressive models to at least a portion of the 
received signal. This may be done in any suitable way and, for 
example, may be done by using least-squares techniques such 
as the Yule-Walker algorithm, Burg algorithm, covariance 
method, correlation method, etc. An information criterion 
(e.g., Akaike information criterion) may be used to select 
model order. Though, it should be appreciated that any other 
statistical model may be used to detect a change in character 
istics of the received signal, as aspects of the present appli 
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cation are not limited in this respect. Further, any other tech 
niques may be used such as techniques based on detecting a 
percentage of a maximum value. Again, other techniques may 
also suitably be used, as these represent non-limiting 
examples. 
0240. In some embodiments, after the portion of a 
received signal containing a peak is identified using a peak 
arrival detection step, the location of a peak may be identified 
using any suitable peak detection technique. Non-limiting 
examples of Suitable peak detection methods include tech 
niques based on group delay processing, sinc interpolation, 
parabolic processing, detecting a maximum value, and/or 
cubic interpolation, among others. Though, it should be 
appreciated that, in Some embodiments, the location of a peak 
may be identified without a peak arrival detection step. For 
example, any of the above-identified peak detection methods 
may be applied directly to the received signal. 
0241 Any suitable techniques for performing attenuation 
detection may be implemented. In some embodiments, an 
amount of attenuation may be determined by using one or 
more amplitudes of the received signal and one or more 
reference amplitudes. The amount of attenuation may be 
determined by computing a ratio (or a log of the ratio) 
between the amplitude(s) of the received signal and the ref 
erence amplitude(s) and comparing the obtained ratio (or a 
logarithm of the ratio) with a threshold. An amplitude of the 
received signal may be an amplitude of the received signal at 
a specific location, such as at a location of a peak (i.e., the 
amplitude of the peak). An amplitude of the received signal 
may be an average absolute amplitude computed for a set of 
locations, such as over a portion of a signal corresponding to 
a pulse (e.g., the portion identified by a peak arrival detection 
technique or any other suitable portion). The reference ampli 
tude(s) may be computed from a reference signal in a same 
manner as amplitude(s) of the received signal are computed. 
The reference signal may be the transmitted signal or, in some 
embodiments, may be a reference signal obtained by trans 
mitting a signal from an ultrasound source to an ultrasound 
sensor when the imaging device is not imaging a Subject. 
Though, it should be appreciated that an amount of attenua 
tion may be determined using other techniques and, in some 
embodiments, may be determined by computing a ratio of a 
function of the amplitude(s) of the received signal and a 
function of the reference amplitude(s). Any suitable function 
of the amplitude(s) may be used (e.g., square of the magni 
tude, cube of the magnitude, logarithm of the magnitude, 
etc.), as aspects of the invention described herein are not 
limited in this respect. In other embodiments, an amount of 
attenuation may be determined by using one or more power 
values of the received signal and one or more reference power 
values of a reference signal. 
0242. The processing illustrated in FIGS. 13 and 14 may 
be performed by any suitable computer or hardware. As a 
non-limiting example, pre-processing circuitry coupled to a 
receiver or otherwise configured as part of a signal receive 
chain may implement one or more of the processes illustrated. 
A non-limiting example is illustrated in FIG. 15, which 
expands upon the signal receive chain 900 of FIG. 9. As 
illustrated, the signal receive chain 1500 comprises, in addi 
tion to those components of the signal receive chain 900, a 
pre-processing stage 1502. The pre-processing stage 1502 in 
this non-limiting example comprises a first processor 1504, 
decoders 1506a, 1506b, ... , 1506n, and a second processor 
1508. In this non-limiting example, the first processor 1504 
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may perform operations such as matched filtering, decima 
tion, Hilbert transforms, linear processing and/or any other 
Suitable processing. In a non-limiting embodiment, the pro 
cessor 1504 may be a digital signal processor (DSP). Non 
limiting alternatives include one or more FPGA boards, each 
of which may process signals from one or more signal receive 
chains. 
0243 The decoders 1506a-1506in may decode signals in a 
CDMA context. Thus, the decoders 1506a-1506n may be any 
suitable type of decoders. Additionally, the number of decod 
ers 1506a-1506in may depend on the number of potential 
codes used in transmission of signals within the system. For 
example, as a non-limiting illustration, the number of decod 
ers 1506a-1506in may correspond to the number of elements 
(e.g., of array 402a) configured to transmit ultrasound sig 
nals. As a non-limiting example, if an array of ultrasound 
elements includes 32 ultrasound elements, there may be 32 
decoders 1506a-1506in. 
0244. The decoders 1506a-1506in may decode signals and 
provide their outputs to a second processor 1508, which may 
perform functions such as those previously described with 
respect to peak detection, peak arrival detection, and/or 
attenuation detection, among others. The processor 1508 may 
be any suitable type of processor, including a DSP, a plurality 
of processing boards, one or more FPGAs, and/or any other 
suitable processor. Also, it should be appreciated that the 
circuitry of pre-processing stage 1502 may, in Some non 
limiting embodiments, be implemented with a single proces 
sor (e.g., a single DSP). 
0245 Thus, in view of the foregoing description, it should 
be appreciated that implementing CDMA represents one 
manner in which a large number of distinct signals may be 
sent and received by a system of the types described herein in 
a relatively short time. The use of CDMA may therefore allow 
for a large number of measurements of a subject within a 
relatively short period of time, and may allow for rapid recon 
struction of Volumetric images of the Subject. In some 
embodiments where CDMA techniques are implemented, a 
frame rate of up to 5 frames per second, a frame rate of up to 
10 frames per second, a frame rate of up to 25 frames per 
second, a frame rate of up to 50 frames per second, a frame 
rate of up to 75 frames per second, a frame rate of up to 100 
frames per second, a framerate of up to 125 frames per second 
may be achieved. 
0246 CDMA, however, is not the only manner in which a 
large number of distinct measurements may be made of a 
Subject using systems of the type described herein in a rela 
tively short time. As an alternative or in addition to CDMA, 
one or more time division multiple access (TDMA) tech 
niques may be implemented. According to some embodi 
ments of the present application, TDMA may be imple 
mented with a system including opposed arrays of ultrasound 
elements (e.g., a system of the type illustrated in FIG. 1A), by 
activating a single ultrasound element configured as a sensor 
(or, in other embodiments, multiple ultrasound elements con 
figured as sensors), and then sequentially transmitting signals 
from the ultrasound elements of the apparatus configured as 
Sources. A non-limiting example is illustrated with respect to 
FIG. 16. 

0247. As shown, the two arrays 102a and 102b are 
arranged in an opposing configuration. At any given time, one 
or more of the elements of the array 102b may be activated 
and configured as sensors to receive signals 1602 transmitted 
from the elements of the array 102a. While that sensor is 
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activated, a scan of the elements of the array 102a may be 
performed, whereby each of the elements in the scan 
sequence transmits one or more waveforms that the activated 
sensor may be configured to receive. Elements 104 of array 
102a may be scanned in any Suitable way. In some embodi 
ments, the elements may be scanned using a raster scan pat 
tern, whereby the scan sequence comprises groups of neigh 
boring elements. FIG. 16 illustrates a non-limiting example 
of scanning the elements 104 of the array 102a using a raster 
scan pattern, in which the raster scan pattern is illustrated by 
the dashed arrows. A signal is sent sequentially from each of 
the elements of the array 102a in the non-limiting embodi 
ment shown. However, elements may be scanned using any 
Suitable scan pattern, as embodiments of the application 
described herein are not limited in this respect. For example, 
in some embodiments, elements may be scanned by using a 
scan pattern, whereby the scan sequence comprises non 
neighboring elements so that after one element transmits a 
signal, another element, not adjacent to the first element, 
transmits the next signal. Such embodiments may be used to 
keep power deposition levels within specified requirements. 
0248. In some embodiments in which TDMA is 
employed, after an ultrasound source has finished transmit 
ting a waveform, there may be a period of time before any 
other ultrasound Source begins to transmit another waveform. 
Thus, there may be no ultrasound source transmitting during 
this period of time. The period of time may be any suitable 
period of time and may be determined based at least in part on 
the geometry of the sources and sensors in the imaging 
device. As an illustrative example, the period of time may be 
Sufficiently long Such that a waveform transmitted from an 
ultrasound source may be received by an ultrasound sensor 
without interference. 
0249. The following example may be used as a guide to 
determining a suitable temporal spacing of signals in a 
TDMA context to avoid interference of the signals. Assuming 
for purposes of this example that the Volume being imaged is 
a medium with minimum speed of sound of c, and maxi 
mum speed of Sound c, then for an imaging system with 
arrays separated by a distance 1 and with physical dimensions 
w and h, the temporal gap At between Successive pulses to 
ensure no overlap of the pulses (i.e., the time between trans 
mission of the tail end of one pulse and the start of the next 
pulse) is approximately Atd sqrt(1+w--h) 1/c.). If the 
pulse length is given by T, then the period of the pulse train 
may be T+At. Thus, as an example, for an imaging system in 
which an array of ultrasound sources is separated from an 
array of ultrasound sensors by 20 cm, and in which each of the 
arrays has dimensions of 10 cmx10 cm, the temporal gap for 
typical tissue speeds (1600 m/s maximum) is about 30 us. In 
Such an embodiment, it may be preferable to use a temporal 
gap of approximately 50 us to ensure no overlap of transmit 
ted signals. 
0250. It should be appreciated that the formula provided 
above for determining a Suitable time delay At is a non 
limiting example. For example, a more conservative approach 
is to ignore the last term (1/c.) of the above-noted formula, 
and instead use ADIsqrt(1+w--h)/c). 
0251. In general, when TDMA is employed, the transmit 
ted signals may be transmitted at any suitable times with 
respect to each other. As described, one option is to transmit 
signals sequentially, though not all embodiments are limited 
in that respect. In Such embodiments, signals to be transmit 
ted sequentially may be separated in time by approximately 
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1-2 times the time necessary to avoid interference among 
sequentially transmitted waveforms. For example, if a trans 
mitted waveform has a duration of approximately 80 micro 
seconds, a total “window' time allotted to each ultrasound 
Source may be approximately 200 microseconds. In other 
words, the beginning of a waveform sent by a first ultrasound 
Source may be sent approximately 200 microseconds prior to 
the beginning of a waveform sent by a second ultrasound 
Source. Other timing scenarios are also possible, as that 
described is a non-limiting example. 
0252. In the non-limiting embodiment of FIG. 16, each 
element 104 of the array 102a may transmit substantially the 
same signal as the other elements of the array 102a. However, 
due to the sequential nature of the transmission, a determina 
tion may be made upon receipt of the signals (e.g., by Suitable 
front-end circuitry) as to which element of the array 102a 
transmitted a particular signal, i.e., a received signal may be 
discriminated from another received signal. After all the ele 
ments of the array 102a have transmitted a signal, a new 
element of the array 102b may be activated and configured as 
a sensor to receive signals transmitted from the array 102a, 
while the initially activated element of array 102b may be 
deactivated (e.g., using a demultiplexer or any other Suitable 
circuitry). Then, another scan of the elements of array 102a 
may be performed. A non-limiting example of this type of 
operation is illustrated with respect to the flowchart of FIG. 
17A. 

0253) As shown, the method 1700 may comprise activat 
ing a sensor element at 1702. The sensor element may be an 
element of array 102b, configured to receive ultrasound sig 
nals transmitted from elements of anarray 102a configured as 
ultrasound sources. At 1704, signals may be transmitted 
sequentially from three or more elements of an array arranged 
in at least two dimensions. The transmitted signals may be 
received at 1706 by the activated sensor element. The sensor 
element may be deactivated at 1708 after all the transmitted 
signals have been detected. At 1710 a decision may be made 
as to whether the activated sensor element was the last sensor 
element. If not, the method may proceed back to 1702, at 
which the next sensor element of the array 102b may be 
activated, and the method may be repeated. After the last 
sensor element has been deactivated (i.e., when the answer to 
the question at 1710 is “yes”), further processing of the 
received signals may be performed. Such as the previously 
described pulse compression at 1302, determination of one or 
more signal characteristics at 1210, and reconstruction of one 
or more images of a Subject at 1212. 
0254. It should be appreciated that FIG. 17A illustrates a 
non-limiting embodiment, and that variations of the method 
ology are possible. For example, performance of further pro 
cessing Such as application of a pulse compression filter, 
determination of one or more signal characteristics, and/or 
reconstruction of one or more images need not necessarily 
wait until the last of the sensor elements has been activated 
and received the transmitted signals. Rather, processing of 
received signals may occur in parallel to receipt of further 
transmitted signals by other activated sensor elements. Other 
variations on the relative timing of receipt of signals and 
processing of the signals are also possible. 
0255 Moreover, processing of received signals (e.g., lin 
ear processing of the types described herein) may be per 
formed by circuitry positioned in front of any demultiplexing 
circuitry connected to the elements of the receiving array. For 
example, a demultiplexer may be coupled to the ultrasound 
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elements to provide the time-varying activation of the ele 
ments as sensors. However, linear processing circuitry posi 
tioned prior to the demultiplexer may perform linear process 
ing on received signals prior to them reaching the 
demultiplexer. In this manner, the amount of linear process 
ing circuitry may be reduced in some embodiments. 
0256 FIG. 17B illustrates an alternative implementation 
of TDMA according to an embodiment. The illustrated 
method 1750 may be the preferred manner of implementing 
TDMA in Some embodiments. The method 1750 differs from 
the method 1700 of FIG. 17A in that, rather than activating a 
single sensor element at a time as in the method 1700, mul 
tiple sensors elements may be activated simultaneously and 
thus may receive signals from Source elements simulta 
neously. In a non-limiting embodiment, all sensorelements of 
an apparatus may be activated simultaneously, though not all 
implementations of the method 1750 are limited in this 
respect. 
(0257. As shown, the method 1750 begins at 1752 with the 
activation of multiple sensor elements, for example two or 
more sensor elements. In some embodiments, all sensors 
elements of an arrangement may be activated simultaneously 
at 1752. A signal may be transmitted from a source element at 
1754. The transmitted signal may be received at 1756 by all 
the activated sensor elements, i.e., by all the sensor elements 
activated in 1752. 

(0258. A determination may then be made at 1758 whether 
the Source element from which the signal was transmitted was 
the last source element to be used. If the answer is 'No', then 
the method may return to 1754 to transmit a signal from a 
different source element. In this manner, the method 1750 
may be iterative, and may implement any Suitable number of 
iterations. 

0259. If, however, a determination is made at 1758 that the 
Source element from which the signal was transmitted was the 
last source element to be used, i.e., if the answer is “Yes”, then 
the method 1750 may proceed to 1302, 1210, and 1212 as 
shown in FIG. 17B and as previously described in connection 
with FIG. 17A. 

0260. When the method 1750 follows the iteration path 
from 1758 back to 1754, any suitable source element may be 
used upon returning to 1754 to transmit the next signal. In 
Some embodiments, the source element may be a neighboring 
element to that used during the previous occurrence of 1754. 
In some embodiments, the method may loop back to reacti 
vate the first source element of the arrangement of elements, 
for example, after a complete scan has been performed. Alter 
natively, as previous described, any Suitable Subset of Source 
elements of an arrangement of elements may be activated in 
any desired order as part of a scan pattern. Thus, when the 
method loops back from 1758 to 1754, any suitable source 
element may be used to transmit the Subsequent signal. 
0261. As with the method 1700 of FIG. 17A, it should be 
appreciated that the method 1750 of FIG. 17B is also non 
limiting, and that alternatives are possible. For example, per 
formance of further processing Such as application of a pulse 
compression filter, determination of one or more signal char 
acteristics, and/or reconstruction of one or more images need 
not necessarily wait until the last of the source elements has 
been used to transmit a signal and the signal has been received 
by the activated sensor elements. Rather, processing of 
received signals may occur in parallel to receipt of further 
transmitted signals transmitted by Subsequent source ele 
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ments. Other variations on the relative timing of receipt of 
signals and processing of the signals are also possible. 
0262. As with the previously described CDMA scheme, it 
should be appreciated that according to the present aspect of 
the application, TDMA may be used suitably to provide dis 
tinct measurements of a subject via communication between 
pairs of Source elements and sensor elements with multiple 
Source elements arranged in at least two dimensions, i.e., the 
signals received by sensor elements may be discriminated to 
determine from which source element the signals were emit 
ted. Thus, either the CDMA previously described or the 
TDMA according to the present aspect may be used to pro 
vide Volumetric imaging of a Subject, according to non-lim 
iting embodiments. 
0263. It should also be appreciated that TDMA may be 
applied without transmitting signals from all elements of an 
arrangement of elements configured as Sources and/or with 
out receiving signals with all elements of an arrangement of 
ultrasound elements configured as sensors. Rather, any 
desired number and arrangement of elements configured as 
Sources may be used to transmit signals at different times 
from each other, and any desired number and arrangement of 
ultrasound elements configured as sensors may be used to 
receive the transmitted signals. For example, in some 
embodiments it may be desirable to transmit signals only 
from a Subset of an array of ultrasound elements configured as 
Sources. Use of only a Subset of Sources and/or a Subset of 
sensors may provide higher speed operation in Some embodi 
ments. Thus, the aspects described herein are not limited to 
using all sources and sensors of an arrangement of sources 
and/or sensors. 
0264. Furthermore, according to an aspect of the present 
application, a combination of CDMA and TDMA techniques 
may be employed. As a non-limiting example, multiple Sub 
sets of ultrasound elements of an array of ultrasound elements 
may be sequentially activated (or otherwise activated at dif 
ferent times) to transmit ultrasound signals. The ultrasound 
elements within each Subset may transmit distinctly coded 
signals, while elements of a Subsequently activated Subset of 
elements configured as sources may utilize the same or dif 
ferent codes as those utilized by a previously activated subset, 
but at a different time. In this manner, a combination of the 
benefits achieved via CDMA and TDMA techniques may be 
obtained. For example, CDMA techniques may provide faster 
transmission and collection of data than that of TDMA, for 
example, because according to an aspect in which CDMA 
techniques are employed, ultrasound signals from multiple 
elements configured as sources may be transmitted concur 
rently and multiple ultrasound elements configured as sensors 
may concurrently receive signals. However, the circuitry and 
systems utilized to implement CDMA operations may be 
more complex than that of TDMA, for example, because of 
the complexity of decoding involved. By contrast, TDMA 
may provide relatively slower operation than that of CDMA 
(e.g., lower frame rates), but may provide benefits in terms of 
simplicity of system design. Implementing a combination of 
TDMA and CDMA as explained above may allow for achiev 
ing a beneficial intersection between speed of operation and 
complexity of circuit design. 
0265. It should be appreciated that operation of a system 
according to TDMA principles may be achieved using any 
Suitable circuitry, non-limiting examples of which have been 
previously described. For example, signal transmit chains 
such as those illustrated in FIGS. 7A-7C may be employed. 
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Signal receive chains such as those of FIGS. 9, 10, and 11A 
11D may be employed. The signal receive chain of FIG. 15 
may be altered in a TDMA context, for example, by removal 
of the decoders 1506a-1506 n. In such a scenario, the pre 
processing stage 1502 may comprise at least one processor 
(e.g., processors 1504 and 1508 may be combined) or any 
Suitable hardware configuration for performing the functions 
previously described absent decoding of the type performed 
by decoders 1506a-1506in. Thus, the various aspects in which 
TDMA techniques are employed are not limited to the spe 
cific circuitry used. 
0266 Frequency division multiplexing is a further manner 
of operation, which may be implemented according to an 
aspect of the present application. Frequency division multi 
plexing may be implemented in any suitable manner. For 
example, sources (e.g., of array 102a) may first transmit 
signals in a first band having a first center frequency and 
Subsequently transmit signals in a second band having a sec 
ond center frequency. Alternatively, different subsets of an 
arrangement of ultrasound elements may transmitat different 
bands of frequencies. A band of frequencies may consist of 
only one frequency or have multiple frequencies. Thus, those 
aspects described herein in which frequency division tech 
niques are used are not limited to the particular manner in 
which frequency division operation is achieved. 
0267 Moreover, frequency division techniques may be 
employed in combination with CDMA and/or TDMA in any 
Suitable manner. As one non-limiting example, a frequency 
hopping code division multiple access (FH-CDMA) tech 
nique may be used. In some embodiments, orthogonal fre 
quency division multiple access (OFDMA) may be imple 
mented, which is a technique of having different transmitters 
occupying different sets of frequencies at different times. 
That is, for one pulse, a single transmitter (or group of trans 
mitters) may occupy a certain set of frequencies, while 
another transmitter (or group of transmitters) occupies a dif 
ferent (orthogonal) set of frequencies. The occupied frequen 
cies then change on the next pulse according to a predeter 
mined code sequence. 
0268 Systems and methods of the types described herein 
may provide for rapid collection of large amounts of data 
regarding a Volume or 3D Subject of interest. As also 
described previously, high resolution Volumetric images may 
be generated rapidly. Also, in at least Some embodiments, the 
circuitry implemented by systems of the types described 
herein may have beneficial characteristics. For example, the 
signal chains described herein may be linear (e.g., a linear 
signal transmit chain and/or linear signal receive chain), 
which may allow for rapid and efficient signal processing and 
robust operation. Other benefits may also be achieved. 
0269. Reconstructed images, such as those produced as 
part of the methods of FIGS. 12, 13, 17A and 17B may be 
used for any suitable purpose(s), examples of which are 
described. In some embodiments, one or more images (e.g., 
one or more Volumetric images) of a Subject may be used to 
classify the subject or a portion of the subject. For example, 
imaged subjects may be classified as a type of tissue, a type of 
organ (e.g., kidney, liver, etc.), or may be classified according 
to any desired classes. Classification, when performed, may 
be based on detected shape in some embodiments (e.g., by 
looking at coefficients of spherical norms, shape metrics, 
shape descriptors (e.g., spherical harmonics), or any features 
characterizing shape, as examples). In some embodiments, 
classification may be performed based on collected data val 
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ues (e.g., time-of-flight values, attenuation values, speed-of 
Sound values, dispersion coefficients, etc.). In some embodi 
ments, classification may be based on changes in (e.g., 
gradients) these types of data values. Other manners of clas 
sification are also possible. 
0270 Various aspects of the present application have been 
described with respect to opposed arrays of ultrasound ele 
ments. However, it should be appreciated that various aspects 
of the present application are not limited to use with opposed 
arrays of ultrasound elements. Rather, various alterations are 
possible. Several are now described. 
0271 As has been explained, for example, with respect to 
FIG. 1A, one or more aspects of the present application may 
apply to systems including opposed arrangements of ultra 
Sound elements forming arrays. However, arrays represent a 
non-limiting configuration. For instance, the ultrasound ele 
ments need not be arranged in an array of evenly (or uni 
formly) spaced elements, but rather may assume practically 
any arrangement in which the elements are arranged in at least 
two dimensions. A first non-limiting alternative example is 
illustrated in FIG. 18A, in which the ultrasound elements of a 
single arrangement are arranged irregularly, i.e., not all the 
ultrasound elements are spaced at regular (uniform in some 
embodiments) intervals with respect to neighboring ultra 
sound elements. As shown, the arrangement 1800 of ultra 
Sound elements 1802 includes, among others, ultrasound ele 
ments 1802a-1802i. Uniformly spaced dashed grid lines are 
also illustrated. As shown, ultrasound element 1802e is not 
spaced at a regular distance from its neighboring ultrasound 
elements 1802a-1802d and 1802f1802i. Rather, in the non 
limiting embodiment illustrated, ultrasound element 1802e is 
disposed more closely to ultrasound elements 1802b, 1802c, 
and 1802fthan it is, for example, to ultrasound elements 
1802d, 1802g, and 1802h. As shown, while the other ultra 
sound elements of the illustrated arrangement 1800 are cen 
tered on gridlines, ultrasound element 1802e is not. Although 
the majority of the ultrasound elements of the arrangement 
1800 may be regularly spaced, the displacement of ultrasound 
element 1802e from a regular spacing means that the arrange 
ment 1800 is an irregular arrangement. 
0272. In some embodiments, positions of elements in an 
arrangement of irregularly-spaced elements may be derived 
from positions of regularly-arranged points in a higher-di 
mensional space. The positions of elements may be derived 
from the positions of regularly-arranged points by mapping 
or projecting the positions of the regularly-arranged points to 
the lower-dimensional space of the arrangement of irregu 
larly-spaced elements. In some embodiments, for example, 
the spacing of elements in an arrangement of irregularly 
spaced elements may be obtained at least in part by arranging, 
regularly, a set of points on a three-dimensional object (e.g. a 
sphere, a cylinder, an ellipsoid, etc.) and projecting this set of 
points onto a plane to obtain a set of positions for elements in 
the arrangement of irregularly-spaced elements. A set of 
points may be regularly arranged on a three-dimensional 
object in any suitable way. As a non-limiting example, a set of 
points may be regularly arranged on a sphere by being placed 
with uniform spacing along one or more great circles of the 
sphere, by being placed at points of intersection between the 
sphere and a polygon (e.g., icosahedron), being regularly 
placed with respect to solid angles of the sphere, and/or in any 
other suitable way. Though, it should be appreciated that the 
set of points is not limited to being regularly arranged on a 
three-dimensional object and may be regularly arranged on a 
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higher-dimensional object of any Suitable dimension (e.g., a 
hypersphere of any Suitable dimension greater than or equal 
to three). The set of points may be projected using a stereo 
graphic projection, a linear projection, or any other Suitable 
projection technique or techniques, as aspects of the disclo 
sure provided herein are not limited in this respect. It should 
be appreciated that a projection of regularly arranged points 
from a higher-dimensional space (e.g., from three-dimen 
sional space) to a lower-dimensional space (e.g., a plane) may 
be irregular. 
0273. In some embodiments, an irregular arrangement of 
ultrasound elements may conform to a Penrose tiling scheme. 
In some embodiments, an irregular arrangement of ultra 
Sound elements may exhibit varying spacing of elements 
within the arrangement, such as greater spacing of elements 
toward the center of the arrangement and closer spacing of 
elements toward the edges (perimeter) of the arrangement. 
0274. In the non-limiting embodiment of FIG. 18A, only 
one ultrasound element (i.e., ultrasound element 1802e) is 
disposed at an irregular spacing with respect to the other 
ultrasound elements of the arrangement. However, it should 
be appreciated that irregular spacing does not require any 
particular number or percentage of ultrasound elements of an 
arrangement to be irregularly spaced with respect to the other 
ultrasound elements. Rather, an arrangement of ultrasound 
elements may be irregular if any one or more ultrasound 
elements of the arrangement are irregularly spaced from 
neighboring elements. In some embodiments, a Substantial 
percentage of ultrasound elements of an ultrasound element 
arrangement (configured as sources or sensors) may be regu 
larly spaced with respect to neighboring ultrasound elements. 
By contrast, in some embodiments a Substantial percentage of 
ultrasound elements of an ultrasound element arrangement 
(configured as sources or sensors) may be irregularly spaced 
with respect to neighboring ultrasound elements. In some 
embodiments, a majority of ultrasound elements of an ultra 
Sound element arrangement (configured as Sources or sen 
sors) may be irregularly spaced with respect to neighboring 
ultrasound elements. 
(0275 FIGS. 18B and 18C illustrate alternative irregular 
arrangements to that of FIG. 18A, with each figure including 
a grid defined by uniformly spaced grid lines for purposes of 
illustration. The arrangement 1820 of FIG. 18B includes 
ultrasound elements 1802 that are spaced more closely 
together toward the center of the arrangement (i.e., toward 
element 1802i in the center of the arrangement 1820) and 
more widely apart toward the edges of the arrangement. Thus, 
as shown, the spacing between neighboring ultrasound ele 
ments of the arrangement 1820 increases moving outwardly 
from the center of the arrangement. 
0276 FIG. 18C illustrates an irregular arrangement 1830 
of ultrasound elements 1802 that are spaced more closely 
together toward the edges of the arrangement and more 
widely apart toward the center of the arrangement (i.e., 
toward ultrasound element 1802i). 
0277 According to an embodiment of the present appli 
cation, arrangements of ultrasound elements used in combi 
nation, for example for transmissive ultrasound imaging, may 
be irregular and need not have identical layouts. FIG. 18D 
illustrates a non-limiting example. The system 1840 includes 
a first paddle 1842a and a second paddle 1842b, each includ 
ing a respective support 1844a and 1844b and a respective 
handle 1845a and 1845b. Each of the paddles also includes a 
respective arrangement 1846a and 1846b of ultrasound ele 
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ments. The arrangements may be configured to operate in 
combination in a transmissive ultrasound imaging modality. 
Yet, as shown, each of the two arrangements is irregular and 
they are not irregular in the same manner, i.e., the arrange 
ments do not exhibitidentical element layout to each other. As 
illustrated, the two arrangements 1846a and 1846b also have 
different numbers of ultrasound elements than each other. 
Even so, using one or more of the operating techniques 
described herein, the arrangements 1846a and 1846b may be 
used in combination for ultrasound imaging (e.g., with the 
arrangement 1846a including ultrasound elements config 
ured as ultrasound sources and the arrangement 1846b 
including ultrasound elements configured as ultrasound sen 
sors) or other Suitable purposes. 
0278 A further potential alternative to use of arrays of 
ultrasound elements is to use a random arrangement of ultra 
Sound elements. As used herein, a random arrangement is one 
in which there is no generally discernible regular spacing 
between elements of the arrangement, irrespective of whether 
the elements are arranged in a mathematically random man 
ner. Thus, a random arrangement, as that term is used herein, 
represents one example of an irregular arrangement, but not 
all irregular arrangements are random arrangements. 
0279 Moreover, it should be appreciated that an irregular 
(e.g., random) arrangement of ultrasound elements may be 
effectively created by operating only a subset of ultrasound 
elements of an arrangement, wherein the Subset of elements 
constitutes a random arrangement even while the overall 
arrangement may not constitute a random arrangement. 
0280 A non-limiting example of a random arrangement of 
ultrasound elements is illustrated in FIG. 19 as arrangement 
1900. As shown, there is no generally discernible regular 
spacing between the ultrasound elements 1902 of the arrange 
ment 1900. As with the foregoing explanation of an irregular 
arrangement, according to an aspect of the present application 
simply knowing the relative positions of the ultrasound ele 
ments 1902 may be sufficient to allow for suitable discrimi 
nate and processing of data collected by the arrangement. 
0281. The irregular and random arrangements of FIGS. 
18A-18D and 19 may provide one or more benefits. For 
example, the ability to use Such arrangements of ultrasound 
elements while collecting 3D data may relax design con 
straints and manufacturing tolerances with respect to con 
struction of the arrangements of ultrasound elements (and 
therefore the devices in which Such arrangements may be 
embodied). As another example, the irregular spacing of 
ultrasound Sources and/or sensors may lead to fewer artifacts 
in images calculated from measurements obtained by using 
ultrasound sources/sensors so spaced. The irregular spacing 
may lead to fewer artifacts that ordinarily result from sym 
metry in regular sensor arrangements. 
0282. As will be described further below, it may desirable 

to know the relative positions of ultrasound elements of an 
arrangement, for example, in interpreting data collected by 
the arrangement and producing images. Utilizing an arrange 
ment of ultrasound elements regularly spaced (e.g., an array 
as in FIG. 1A) may simplify analysis of data collected by the 
arrangement, but is not a necessity in all aspects of the present 
application. Rather, as will be described further below, know 
ing the relative positions of ultrasound elements of an 
arrangement, whether or not those positions representa regu 
lar spacing, may be sufficient to allow for Suitable discrimi 
nation and analysis of data collected by the arrangement. 
Thus, knowing the relative positions of ultrasound elements 
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of irregular arrangements such as those of FIGS. 18A-18D 
may be sufficient in some embodiments to allow for suitable 
discrimination and analysis of data collected by Such arrange 
ments for imaging or other purposes. 
0283 According to an aspect of the present application, an 
arrangement of ultrasound elements in two or more dimen 
sions may be a sparse arrangement. Sparsity, in this context, 
may relate to a wavelength of signals transmitted between 
pairs of ultrasound elements arranged as sources and sensors. 
In some embodiments, sparsity of an arrangement, whether 
an arrangement of Sources or sensors, may be defined with 
respect to a wavelength of radiation as transmitted by Sources. 
However, in some cases, sparsity may be defined with respect 
a received wavelength. As previously described, signals 
transmitted by ultrasound elements configured as Sources 
may have a given frequency or, in the case of broadband 
signals, may have a centerfrequency. The frequency, or center 
frequency as the case may be, has a corresponding wave 
length w. The arrangement of ultrasound elements may be 
sparse in that W2 may be Smaller than the spacing between 
neighboring ultrasound elements of the arrangement. For 
example, as shown in the non-limiting embodiment of FIG. 
20, which illustrates a single arrangement 2000 of ultrasound 
elements 2002, the ultrasound elements of a row of the 
arrangement may be spaced from each other by a distance p. 
Such that the distance 2p may be greater than w of the trans 
mitted or received signals operated on by the arrangement 
2000 (stated another way, pow/2). In some embodiments, the 
distance p may be greater than 34, greater than w, greater 
than 2, greater than 3W, or take any other Suitable value 
greater than W2. Despite the sparse spacing of ultrasound 
elements of the arrangement 2000, accurate collection of data 
providing Sufficient resolution of a subject may be provided 
by using the techniques described further below with respect 
to Volumetric image construction. 
0284. It should be appreciated that a sparse arrangement as 
that term is used herein need not require the distance between 
every pair of neighboring ultrasound elements of the arrange 
ment to be greater than W2. Rather, a subset of ultrasound 
elements may be separated from their respective nearest 
neighbors by a distance p greater than W/2. In some embodi 
ments, a sparse arrangement may be formed with respect to 
active elements of an arrangement (e.g., active sources and/or 
active sensors), even if the arrangement includes additional 
elements. A sparse arrangement does not require uniform 
pitch of ultrasound elements, but rather may have a non 
uniform pitch. According to an embodiment, a sparse 
arrangement may have a non-uniform pitch and may be char 
acterized by a minimum pitch of the arrangement that is 
greater than W2. In some embodiments, more than approxi 
mately 95% of the elements have a spacing greater than W/2. 
or more than approximately 90%, more than approximately 
80%, more than approximately 70%, more than approxi 
mately 60%, more than approximately 50%, or more than 
approximately 40% have a spacing greater than W2. 
0285. As will be described further below, one or more 
benefits may be achieved using sparse arrangements of the 
types described above in connection with FIG. 20. For 
example, the ability to use a sparse arrangement of ultrasound 
elements may allow for a reduction in the total number of 
ultrasound elements needed to achieve particular imaging 
performance criteria, Such as resolution. Thus, cost and 
design of an ultrasound arrangement may be reduced. In 
addition, as will be described further below, the ability to use 
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the sparse arrangement of ultrasound elements may allow for 
provision of additional elements of a different type or serving 
a different purpose to be positioned among the ultrasound 
elements configured to operate as Sources and sensors in an 
imaging modality. For example, use of a sparse arrangement 
of ultrasound elements configured to operate in an imaging 
modality may facilitate placement of high intensity focused 
ultrasound (HIFU) elements among the elements configured 
for imaging. Thus, use of a sparse arrangement of ultrasound 
elements configured to operate in an imaging modality may 
facilitate use of a collection of ultrasound elements as a dual 
or multi-mode device. 

0286 The above-described embodiments relating to 
irregular and sparse arrays may be used in combination in one 
or more embodiments. In some embodiments, an arrange 
ment of ultrasound elements may be both sparse and irregular, 
though alternatives are possible. For example, an arrange 
ment of ultrasound elements may be a sparse arrangement but 
may also exhibit regular spacing of all the ultrasound ele 
ments from their neighbors. In a further embodiments, an 
arrangement of ultrasound elements may be irregular but not 
sparse. In some embodiments, an arrangement may be neither 
sparse nor irregular. 
0287. As a further alternative to those embodiments illus 
trated thus far, it should be appreciated that ultrasound ele 
ments of an arrangement may be arranged in three dimen 
sions. While FIG. 1A, among others, has illustrated 
Substantially planar arrangements of ultrasound elements, the 
various aspects of the present application are not limited in 
this respect. Referring to FIG. 21, an arrangement 2100 of 
ultrasound elements 2102 is illustrated. As shown, the ultra 
Sound elements 2102 are arranged along three dimensions, 
not just two, assuming different positions in the X, y, and 
Z-axes. Some of the ultrasound elements are separated along 
the Z-axis by a distance AZ, which may have any Suitable 
value, ranging from, for example, a few millimeters to a 
several inches or more. The illustrated arrangement 2100 may 
represent a first arrangement of ultrasound elements, and 
according to Some embodiments a second arrangement of 
ultrasound elements may be provided which may operate in 
connection with the illustrated arrangement. For example, a 
second arrangement of ultrasound elements may be disposed 
in a Substantially opposed position with respect to the 
arrangement 2100 of FIG. 21. The first arrangement may 
operate as a collection of ultrasound sources, while the sec 
ond arrangement (not shown) may operate as a collection of 
ultrasound sensors, as a non-limiting example. Thus, accord 
ing to a non-limiting embodiment, Substantially opposed 
three-dimensional arrangements of ultrasound elements may 
be provided. 
0288 Furthermore, in those embodiments in which three 
dimensional arrangements of ultrasound elements are pro 
vided, it should be appreciated that the arrangements may 
take any suitable form and the elements may have any Suitable 
spacing therebetween. For example, the arrangements of 
ultrasound elements in three dimensions may be regular 
arrangements, irregular arrangements, and/or sparse arrange 
ments, among others. 
0289 FIG. 22A illustrates a non-limiting example of an 
arrangement of ultrasound elements configured as sources 
and sensors, and which may be suitable for receiving a subject 
for imaging of the subject. As shown, the system 2200 
includes a Substantially cube-shaped (or box shaped) arrange 
ment of ultrasound elements. In particular, in the non-limiting 
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embodiment shown, the system 2200 includes ultrasound 
elements configured as sides 2202a-2202d of a cubic struc 
ture, with Such ultrasound elements being configured as ultra 
Sound sources. In the non-limiting embodiment shown, 
2202d may represent the bottom of the cubic structure, but 
may generally be referred to as a side. The system 2200 
further comprises ultrasound elements arranged on a side 
2204 and configured to operate as ultrasound sensors. The 
cubic structure illustrated may have an open top. Such that a 
subject 2206 may be inserted into the volume between the 
ultrasound elements configured as sources and those config 
ured as sensors. The Subject may be any type of Subject, Such 
as a medical patient (e.g., breast, a head, a hand, or any other 
suitable portion of a patient) or other subject of interest. It 
should be appreciated that use of a configuration such as that 
shown in FIG.22A may allow for volumetric imaging of the 
Subject 2206, for example, because ultrasound signals may be 
sourced from multiple angles with respect to the subject 2206. 
0290. In the configuration of FIG. 22A, the sides 2202a 
2202dmay be considered distinct arrangements of ultrasound 
elements, such that the non-limiting embodiment illustrated 
includes four distinct arrangements of ultrasound elements 
configured as ultrasound Sources. More generally, embodi 
ments of the present application provide for two or more 
distinct arrangements of ultrasound elements configured as 
Sources, with some embodiments consisting of two distinct 
arrays of ultrasound elements configured as sources. The two 
or more distinct arrangements, in combination with one or 
more arrangements of ultrasound elements configured as sen 
sors may substantially Surround a subject. According to a 
non-limiting embodiment involving the configuration of FIG. 
22A, one or more of the ultrasound elements of side 2204 
configured to operate as ultrasound sensors may receive 
respective signals from at least one ultrasound element of any 
two or more of the sides 2202a-2202d (and in some cases 
from all of the sides 2202a-2202d). Such signals may be 
discriminated in any Suitable manner, such as any of those 
described elsewhere herein. 

0291 FIG. 22B illustrates an alternative arrangement to 
that of FIG.22A. As shown, the system 2250 includes ultra 
Sound elements 2252 configured as ultrasound sources and 
indicated by boxes, together with ultrasound elements 2254 
configured as ultrasound sensors and indicated by circles. The 
ultrasound elements 2252 and 2254 may be disposed in a 
Substantially helical pattern (or other cylindrical configura 
tion), as shown. In some embodiments, the ultrasound ele 
ments 2252 and/or 2254 may be configured on a support 
2256, which may accommodate insertion of the subject 2206 
for imaging or other investigation. In some embodiments, an 
arrangement of ultrasound elements like that shown in FIG. 
22B may be a sparse arrangement and/oran irregular arrange 
ment. The helical pattern may comprise one or multiple heli 
ces, as aspects of the disclosure provided herein are not lim 
ited in this respect. 
0292 FIG. 22C illustrates a variation on the apparatus of 
FIG. 22A. Namely, FIG. 22C illustrates an apparatus 2260 
similar to that of FIG.22A but without the sides 2202b, 2202c 
and 2202d. The apparatus 2260 therefore includes ultrasound 
elements configured as side 2202a and ultrasound elements 
arranged on a side 2204 and configured to operate as ultra 
sound sensors. The angle C. between sides 2202a and 2204 
may take any suitable value in this non-limiting embodiment, 
Such as being between Zero degrees and forty-five degrees, 
between ten degrees and sixty degrees, between forty degrees 
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and ninety degrees, or having any other Suitable value. Thus, 
it should be appreciated that embodiments of the present 
application provide arrangements of ultrasound elements 
tilted with respect to each other (e.g., tilted by any of the 
angles previously described or by any other Suitable angle). In 
Some embodiments, an arrangement of ultrasound elements 
configured as ultrasound sources may be tilted relative to an 
arrangement of ultrasound elements configured as ultrasound 
sensors. In some embodiments, an arrangement of ultrasound 
elements configured as ultrasound sources may be tilted rela 
tive to another arrangement of ultrasound elements config 
ured as ultrasound sources. In some embodiments, an 
arrangement of ultrasound elements configured as ultrasound 
sensors may be tilted relative to another arrangement of ultra 
Sound elements configured as ultrasound sensors. 
0293. It should be appreciated that the arrangements of 
ultrasound elements described herein may take any Suitable 
dimensions. As previously described, the arrangements may 
comprise any Suitable number of ultrasound elements, for 
example to provide a desired resolution. The ultrasound ele 
ments may be arranged in a manner Sufficient to image Sub 
jects of interest, such as a patient’s head, breast, hand, or other 
Subjects of interest. Thus, arrangements of ultrasound ele 
ments as described herein may occupy distances ranging 
from centimeters up to several inches or more. As a non 
limiting example, an arrangement of ultrasound elements 
may be approximately 15 cmx15 cm, less than approximately 
100 cmx100 cm, or any other suitable size. 
0294 Various aspects of the present application have been 
described in which one or more ultrasound elements are 
implemented. It should be appreciated that the various 
aspects implementing ultrasound elements are not limited in 
the type of ultrasound elements used. Any suitable type of 
ultrasound elements may be implemented, and in certain 
applications the type of ultrasound element used may be 
selected based on considerations such as size, power, and 
material, among others. For example, conventional piezo 
electric ultrasound elements may be used, and/or capacitive 
micromachined ultrasound transducers (CMUT) may be 
used, though other types are also possible. In one embodi 
ment, CMUT elements may be used to form an array of 
ultrasound elements configured as Sources to transmit ultra 
sound radiation. CMUT elements may be used for both imag 
ing and HIFU functionality, and therefore may simplify 
design of an array of ultrasound elements in some embodi 
ments. In some embodiments, it may be desirable to perform 
ultrasound imaging in combination with MRI. Such that it 
may be preferred for the ultrasound elements to be formed of 
a material Suitable for operation in the presence of strong 
magnetic fields. 
0295 Non-limiting examples of ultrasound elements 
which may be used in any of the embodiments described 
herein include CMUT, lead zirconate titanate (PZT) ele 
ments, lead magnesium niobate-lead titanate (PMN-PT) ele 
ments, polyvinylidene difluoride (PVDF) elements, high 
power (“hard') ceramics such as those designated as PZT-4 
ceramics, or any other Suitable elements. Materials desig 
nated as PZT-8 materials may be preferable for use as HIFU 
elements in Some embodiments. In some embodiments, ultra 
Sound elements configured as sources may be of a first type 
while ultrasound elements configured as sensors may be of a 
second type. For example, according to an embodiment, PZT 
elements may be used to forman array of ultrasound elements 
configured as sources, while PVDF elements may be used to 

30 
Jun. 26, 2014 

form an array of ultrasound elements configured as sensors. 
Such a configuration may be implemented for any purpose(s). 
In some embodiments, PVDF elements may be more efficient 
in terms of receiving signals, but may be characterized by an 
undefined output impedance. Thus, it may be desirable to 
couple such PVDF elements to high impedance low noise 
amplifiers (LNAs), which may be best suited for receipt of 
ultrasound signals rather than Sourcing ultrasound signals. 
PZTelements, on the other hand, may be better suited in some 
embodiments to operate as ultrasound Sources. Thus, 
embodiments of the present application provide for suitable 
mixing of radiation element types as sources and sensors to 
provide desired operation. 
0296. It should be appreciated from the foregoing that 
according to some embodiments of the present application an 
ultrasound system Suitable for performing Volumetric imag 
ing of a subject may be provided in which the arrangements of 
ultrasound elements do not enclose the subject. The ability to 
collect volumetric data of a subject without the need to 
enclose or Substantially enclose the Subject may facilitate 
operation of the system, for example, by facilitating arrange 
ment of the ultrasound elements with respect to the subject. 
Various configurations of ultrasound elements Suitable for 
performing Volumetric imaging of a subject without Substan 
tially enclosing the Subject are possible. 
0297 For example, referring to FIG. 1A, it should be 
appreciated that the arrays 102a and 102b of ultrasound ele 
ments define a volume therebetween, and that the arrays do 
not substantially enclose the Volume. Thus, a subject disposed 
within the volume will not be substantially enclosed by the 
arrays of ultrasound elements. For example, there may be no 
part of the system that forms a closed loop around the Subject 
or even a substantially closed loop. 
0298 As a further non-limiting example, reference is 
made again to FIG. 4 in which, similar to FIG. 1A, it should 
be appreciated that the arrays 402a and 402b of ultrasound 
elements define a volume 418 therebetween, but do not sub 
stantially enclose the volume. Thus, the subject 410 is not 
substantially enclosed by the arrays 402a and 402b. None 
theless, even with leaving the arrays 402a and 402b in static 
locations, Volumetric imaging of the Subject 410 may be 
achieved as described previously. 
0299 While FIGS. 1 and 4 illustrate non-limiting 
examples in which arrangements of ultrasound Sources and 
sensors do not substantially enclose a subject, it should be 
appreciated that the arrangements need not be substantially 
planar. For example, arrangements of ultrasound elements 
may be curved while still not substantially enclosing the 
Subject. For example, arrangements of ultrasound elements 
may be formed on flexible supports such as those of FIG. 28, 
and curved to conform to a patient without Substantially 
enclosing the patient. Whether or not an arrangement of ultra 
Sound elements Substantially encloses a Subject may depend 
on the context. In some embodiments, an arrangement does 
not Substantially enclose a subject if the arrangement does not 
form any closed contour around the Subject (see, e.g., FIGS. 
4-6). In some embodiments, an arrangement does not Sub 
stantially enclose a subject if two or more sides of the subject 
are accessible. 
0300. In some embodiments, a system comprising two or 
more arrangements of ultrasound elements may be said to not 
Substantially enclose a subject if there is a gap separating the 
arrangements. In some embodiments, the gap may be at least 
five inches, at least 10 inches, at least one foot, at least several 
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feet, or more. In some embodiments, the gap may be between 
approximately 6 inches and 18 inches. In some embodiments, 
the gap may be sufficiently large to allow access to the Subject 
while the system is in operation (e.g., to allow a doctor to 
touch the Subject). An arrangement of ultrasound elements 
may be said to not Substantially enclose a subject in some 
embodiments if the subject may be inserted into and/or 
removed from the arrangement without needing to Substan 
tially alter the position of the arrangement. An arrangement of 
ultrasound elements may be said to not substantially enclose 
a subject in some embodiments if there is a substantial solid 
angle, defined with its vertex corresponding to the Subject, 
which is not occupied by Sources or sensors. For example, 
non-ring shaped arrangements and non-cylindrical arrange 
ments may be said to not Substantially enclose a subject in 
some embodiments. FIG. 47 illustrates an example, in which 
an arrangement of radiation elements (e.g., ultrasound ele 
ments) 4702 is configured to operate in combination with an 
arrangement of radiation elements (e.g., ultrasound elements) 
4704 to image a subject 4709. A solid angle 4706 defined with 
respect to the subject (i.e., having its vertex 4708 located at 
the position of the subject) is free from any ultrasound ele 
ments. The Solid angle may assume any suitable value 
depending on the context. For example, the solid angle 4706 
may be at least at least TL/5 steradians, at least U/4 steradians, 
at least TL/2 steradians, at least It steradians, at least 27tstera 
dians, between approximately L/10 and 37L steradians, 
between approximately 1/5 and 37 t steradians, between 
approximately at and 37 steradians or any other suitable non 
Zero Solid angle. In some embodiments, such a configuration 
of ultrasound elements may be said to not substantially 
enclose the Subject. 
0301. It should also be appreciated from the foregoing 
description that, according to an aspect of the present appli 
cation, a system may comprise an arrangement of ultrasound 
elements configured to operate as ultrasound sources, which 
is separated from an arrangement of ultrasound elements 
configured to operate as ultrasound sensors. For example, 
again referring to FIG. 1A, it should be appreciated that the 
array 102a may include ultrasound elements 104 configured 
to operate as ultrasound sources, and that those ultrasound 
elements are separated in the non-limiting embodiment illus 
trated from the ultrasound elements 104 of array 102b 
arranged to operate as ultrasound sensors. The distance of 
separation is not limiting. For example, referring to FIG. 1A, 
the array 102a may be separated from the array 102b by any 
Suitable distance, such as one inch, two inches, between two 
and six inches, between one and ten inches, between 1-30 
centimeters, between 10-50 centimeters, or any other suitable 
distance. Furthermore, the distance of separation need not be 
the same for all pairs of ultrasound elements of the array 102a 
with respect to those of the array 102b. For example, as has 
been described, arrangements of ultrasound elements that are 
not strictly planar may be implemented according to one or 
more aspects of the present application (see, e.g., FIG. 21), 
and thus the distances between pairs of ultrasound elements 
configured as sources and those configured as sensors of an 
opposing arrangement may not be the same. Also, as will be 
described further below, arrangements of ultrasound ele 
ments may be formed on curved, flexible, and/or deformable 
Surfaces, such that the distance between one portion of a first 
arrangement and a second arrangement may differ from the 
distance between a second portion of the first arrangement 
and second arrangement. 
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0302 Referring to FIG. 23, according to an embodiment 
of the present application, an arrangement of ultrasound ele 
ments configured to operate as ultrasound sources may be 
separated from an arrangement of ultrasound elements con 
figured to operate as ultrasound sensors by a plane. As shown, 
the plane 2300 may separate the array 102a of ultrasound 
elements from the array 102b of ultrasound elements. In some 
embodiments, all of the ultrasound elements configured to 
operate as ultrasound sources may be on one side of the plane 
2300, while all the ultrasound elements configured to operate 
as sensors may be on the opposite side of the plane 2300. In 
other embodiments, each of arrays 102a and 102b may 
include both sensors and sources. 

0303. It should be appreciated that the ultrasound ele 
ments of an arrangement need not be limited to performing 
only one function. For example, referring again to FIG. 23. 
the ultrasound elements of the array 102a may be configured 
to operate for a first period of time as ultrasound sources, but 
at a later period of time as ultrasound sensors. Similarly, the 
ultrasound elements of arrangement 102b may be configured 
to operate at different times as ultrasound sources and sen 
sors. According to an embodiment, arrangements of ultra 
Sound elements disposed in an opposed relationship with 
respect to each other may be configured to alternate their 
mode of operation. For example, the ultrasound elements of 
array 102a may be configured to operate as ultrasound 
sources while the ultrasound elements of array 102b may be 
configured to operate as ultrasound sensors, and then the 
respective functions of the ultrasound elements of the two 
arrays may be alternated over time. 
0304 FIG. 24 illustrates another non-limiting example of 
a manner in which arrangements of ultrasound elements con 
figured as ultrasound sources may be separated in space from 
ultrasound elements configured as ultrasound sensors. As 
shown, the system 2400 includes an arrangement of ultra 
Sound elements 2402a and a second arrangement of ultra 
sound elements 2402b. For purposes of illustration, the ultra 
Sound elements of the arrangement 2402a may be configured 
to operate as ultrasound sources, whereas the ultrasound ele 
ments of arrangement 2402b may be configured to operate as 
ultrasound sensors. The convex surface (i.e., convex hull (the 
Smallest convex surface) or any other convex surface) enclos 
ing the arrangement 2402a is identified by 2404a. Similarly, 
the smallest convex hull enclosing the arrangement 2402b of 
ultrasound elements is identified by 2404b. As seen, the con 
vex hull 2404a does not intersect the convex hull 2404b, and 
thus the arrangement 2402a of ultrasound elements may be 
considered separated in multiple dimensions in space from 
the arrangement 2402b of ultrasound elements. 
0305 Arrangements of ultrasound elements according to 
one or more aspects of the present application may take any 
Suitable form. According to one aspect, arrangements of 
ultrasound elements are configured on a Support, and/or 
shaped substantially as paddles. A non-limiting example is 
illustrated in FIG. 25. As shown, the system 2500 includes a 
first paddle 2502a and a second paddle 2502b, each of which 
includes a respective arrangement of ultrasound elements 
2504a and 2504b on a respective support 2510a and 2510b 
(also referred to herein as substrates or mounts). Each paddle 
is connected to control and processing circuitry 2506 by a 
respective connection 2508a and 2508b (wired, wireless, and/ 
or assuming any Suitable form). The ultrasound elements of 
paddle 2502a may communicate with those of paddle 2502b 
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in the manner previously described with respect to substan 
tially opposed arrangements of ultrasound elements. 
(0306 The supports 2510a and 2510b may be any suitable 
Supports. They may be rigid in some embodiments, and flex 
ible in others. They may have any sizes suitable for accom 
modating the arrays 2504a and 2504b. The supports may be 
formed of any suitable material, such as plastic, rubberized 
materials, metal, and/or any other Suitable material or mate 
rials. In some embodiments it may be desirable to use the 
paddles 2502a and 2502b in combination with MRI technol 
ogy (e.g., within an MRI machine), and thus it may be pre 
ferred in some embodiments for the supports to be formed of 
non-magnetic material. 
0307 Constructing arrangements of ultrasound elements 
in the form of paddles, as shown in FIG. 25, may provide 
various benefits. For example, the paddles may be movable 
and thus may facilitate positioning with respect to a patient or 
other subject of interest. For example, the paddles may be 
handheld in some embodiments (e.g., using handles 2512a 
and 2512b) and therefore easily manipulated by a user. Fur 
thermore, the paddles may be portable, allowing for transport 
between locations (e.g., from room to room in a hospital, or 
between other locations) and therefore providing convenient 
access to imaging technology. 
0308 The control and processing circuitry 2506 may be 
any Suitable circuitry for controlling operation and collection 
of data from the paddles 2502a and 2502b. For example, the 
control and processing circuitry 2506 may embody any of the 
circuitry previously described herein, and may take any suit 
able form. 
0309 FIG. 26 illustrates an alternative configuration of 
paddles to that of FIG. 25. As shown, in the system 2600 the 
paddles are connected to a rigid support 2602. The rigid 
Support may facilitate maintaining the paddles in a fixed 
relationship with respect to each other during operation, 
which may be desirable in some embodiments. The rigid 
support 2602 may allow for movement of the paddles relative 
to each other, for example in the direction of the arrows, as 
may be desired to reposition the paddles when transitioning 
between analyzing different Subjects or during investigation 
of a single Subject. The rigid support may take any Suitable 
form, and may be formed of any suitable material. 
0310 Adjustment of the positions of the paddles 2502a 
and 2502b along the rigid support may be performed in any 
Suitable manner, such as via a slide mount, or any other 
Suitable manner. According to a non-limiting embodiment, 
the rigid support 2602 may provide a force inwardly directed 
toward the subject 2604, for example, to allow for a compres 
sion fit of the subject between the paddles 2502a and 2502b. 
0311 FIG. 27 illustrates a further embodiment in which 
communication between paddles 2502a and 2502b is pro 
vided. As previously described, it may desirable in some 
settings to determine a relative orientation and/or position of 
the arrays 2504a and 2504b with respect to each other. For 
example, knowledge of the relative (and/or absolute) orien 
tation and/or position of the arrays may facilitate processing 
of data signals collected by the elements of the arrays. In some 
embodiments, the relative orientation and/or position may be 
detected dynamically. FIG. 27 illustrates multiple non-limit 
ing examples of how the relative orientation and/or position 
of the arrays may be determined. 
0312. According to a non-limiting embodiment, each of 
the paddles 2502a and 2502b may include a respective one or 
more sensor(s) (or detector(s)) 2702a and 2702b. The sensors 
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may operate to detect the relative orientation and/or position 
of the respective paddle, in Some cases dynamically. Addi 
tionally or alternatively, the sensors 2702a and 2702b may 
detect an absolute orientation and/or position, in Some cases 
dynamically. Non-limiting examples of Suitable sensors 
include gyroscopes, accelerometers, inclinometers, range 
finders, inertial navigation systems, lasers, infrared sensors, 
ultrasonic sensors, electromagnetic sensors, any other Suit 
able sensors, or any combination of two or more Such sensors. 
In some embodiments, one or more of the sensors may be 
integrated with the ultrasound elements (e.g., configured as 
ultrasound Sources or ultrasound sensors) on a Substrate. The 
sensor(s) may be integrated on the Substrate, for example by 
flip-chip bonding, flex-circuit bonding, solder bump bonding, 
monolithic integration, or in any other Suitable manner. In 
Some embodiments, the ultrasound elements may be on a 
flexible support together with one or more of the sensors. 
0313 According to a non-limiting embodiment, the sen 
sors 2702a and 2702b may communicate with each other, for 
example, to transmit signals to each other indicative of ori 
entation and/or position, or to transmit signals from which 
relative orientation and/or position of the paddles may be 
determined. Communication between the sensors 2702a and 
2702b may be performed wirelessly, using any suitable wire 
less communication protocol. 
0314. Alternatively or additionally, the sensors 2702a and 
2702b may communicate with a remote device 2704, which 
may process signals from the sensor 2702a and/or 2702b to 
determine relative and/or absolute orientation and/or position 
of one or both of the paddles. Communication between the 
sensors 2702a and/or 2702b and the remote device 2704 may 
be performed wirelessly, using any suitable wireless protocol, 
or may be performed in any other Suitable manner. 
0315. The remote device 2704 may be any suitable device, 
Such as a general-purpose processor. The remote device 2704 
may be remote in the sense that it is distinct from the paddles 
2502a and 2502b, but need not necessarily be at a separate 
geographic location. For example, according to an embodi 
ment, a system such as System 2700 may be employed in a 
medical office. The remote device 2704 may be, for example, 
disposed at a fixed location within the office, and the paddles 
2502a and 2502b may be moved within the office as needed to 
position them relative to a patient being examined. The 
remote device 2704 may communicate with one or both of the 
paddles 2502a and 2502b via the sensors 2702a and 2702b, or 
in any other Suitable manner (e.g., via transmitters distinct 
from the sensors, via wired connections, or in any other 
suitable manner). As shown, the remote device 2704 may not 
only receive signals from the sensors 2702a and/or 2702b, but 
also may actively transmit signals to the sensors. 
0316. While FIG. 27 illustrates an embodiment in which 
both control and processing circuitry 2506 and a remote 
device 2704 are provided, not all embodiments are limited in 
this respect. According to an alternative embodiment, the 
control and processing circuitry 2506 may perform the func 
tionality of the remote device. Thus, the remote device is 
optional and may not be included in all embodiments. 
0317. According to an alternative embodiment, determi 
nation of relative orientation and/or position of the paddles 
2502a and 2502b may be performed without the need for 
sensors 2702a and/or 2702b. For example, suitable process 
ing of ultrasound signals detected by the ultrasound elements 
of arrays 2504a and/or 2504b may provide the same or similar 
information. For example, Suitable processing of such signals 
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may indicate distance between the arrays 2504a and/or 2504b 
and may also be used to detect relative angles of the arrays, 
thus providing relative orientation. 
0318. Thus, it should be appreciated that there are various 
manners in which absolute and/or relative orientation and/or 
position of multiple arrays of ultrasound elements, whether 
arranged in the form of paddles or not, may be determined. 
The various aspects described herein in which detection of 
relative orientation and/or position of arrangements of ultra 
Sound elements is performed are not limited in the manner in 
which the orientation and/or position are determined. 
0319. According to an alternative non-limiting embodi 
ment, an arrangement of ultrasound elements may be dis 
posed on a flexible support. FIG. 28 illustrates a non-limiting 
example, showing a system 2800 comprising a first flexible 
support 2802a and a second flexible support 2802b. Each of 
the flexible Supports may have disposed thereon an arrange 
ment 2804 of ultrasound elements (e.g., the arrangement 
2804 may be an array such as 102a and 102b, or any other 
suitable arrangement of the types described herein). The Sup 
ports may be formed of any suitable material providing a 
desired level of flexibility, such as flexible plastic, a rubber 
ized material, or any other Suitable material. Again, it may be 
desirable for the supports 2802a and 2802b to be formed of a 
material which is non-magnetic, for example, to facilitate use 
of the system 2800 in combination with MRI techniques. 
0320 Use of flexible supports such as those illustrated in 
FIG. 28 may provide various benefits. For example, use of 
flexible supports may allow for positioning of arrangements 
of ultrasound elements which conform to a subject, Such as a 
patient’s body. Thus, various imaging geometries may be 
accommodated where use of a rigid Support may not be 
adequate. As will be appreciated, the relative position 
between ultrasound elements of an arrangement disposed on 
a flexible Support, such as on Support 2802a, may change as 
the Support is flexed. For example, Some ultrasound elements 
of an arrangement disposed on Support 2802a may become 
closer to each other when the substrate is flexed in a first 
direction, or alternatively may become farther from each 
other if the substrate is flexed in a different direction. Thus, in 
processing data collected from arrangements of ultrasound 
elements implemented on flexible Supports, use of a Suitable 
process which may account for Such variation in the position 
ing among ultrasound elements may be preferred. Non-lim 
iting examples of Suitable processes are described further 
below. 
0321. As one non-limiting example, a compressive sens 
ing image reconstruction process may account for variation in 
the positioning among ultrasound elements when generating 
one or more Volumetric images, as described in more detail 
below. In some embodiments, a calibration procedure may be 
used to calibrate a system having arrays arranged on flexible 
Supports. For instance, time of flight data collected using Such 
a configuration of ultrasound elements as that shown in FIG. 
28 may be fit to the geometry of the Supports using a second 
order polynomial (or other Suitable fitting technique) in the 
absence of a subject between the elements. The resulting fit 
may be treated as a baseline (or background) for operation of 
the system. Then, when data is collected of a subject of 
interest using Substantially the same configuration, the back 
ground data may be subtracted out. 
0322. According to an alternative embodiment, sensors 
which detect flexing may be implemented in a system like that 
shown in FIG. 28. For example, variable resistance resistors 
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whose resistance changes in response to flexing may be 
implemented on the supports 2802a and 2802b. When the 
Supports are flexed, the resistance value of such resistors may 
provide an indication of the flexed geometry of the substrates, 
and therefore the positioning (relative or absolute) of ultra 
Sound elements disposed on the Substrates. Other techniques 
for monitoring changes in geometry of arrangements of ultra 
Sound elements on flexible Supports may also be used. 
0323. In embodiments in which flexible supports are used, 
an array of ultrasound elements may be concave depending 
on the curvature of the Support(s). In some embodiments, use 
of concave arrays of ultrasound elements as Sources and/or 
sensors may be desirable for purposes independent of having 
the array conform to a subject. Ultrasound elements located 
near the edge of an array of Such elements may produce 
wasted energy in that the some of the energy produced by 
Such elements may radiate in directions not focused toward 
the Subject. Thus, by orientating (e.g., angling) ultrasound 
elements located at the edges of an array Such that they are 
directed inward (toward the Subject), energy efficiency gains 
may be realized. Accordingly, Some embodiments of the 
present application provide concave arrays of ultrasound ele 
ments, whether achieved through suitable flexing of a flexible 
Substrate on which the arrays are formed or through manu 
facture of a (rigid) concave substrate. Various manners of 
achieving a concave array of ultrasound elements are pos 
sible. 
0324. As previously described, in some embodiments, an 
ultrasound-imaging device having multiple ultrasound 
Sources and multiple ultrasound sensors may be used to 
obtain measurements of a Subject being imaged. In turn, an 
image reconstruction process may be used to generate one or 
more volumetric images of the subject from the obtained 
measurementS. 

0325 Illustrative, non-limiting examples of image recon 
struction processes that may be used in accordance with 
embodiments of the present application are described in 
greater detail below. In one embodiment, a compressive sens 
ing image reconstruction process may be used to calculate a 
Volumetric image of the Subject from measurements obtained 
by an ultrasound imaging device. 
0326 In some embodiments, an image reconstruction pro 
cess may be used to obtain a Volumetric image of a Subject by 
using measurements obtained when the ultrasound imaging 
device is operated in a transmissive modality. In these 
embodiments, as previously described, the ultrasound sen 
sors are configured to receive ultrasound signals which may 
be transmitted through the Subject being imaged by multiple 
ultrasound sources. The ultrasound sources may be disposed 
in an opposing arrangement to the ultrasound sensors, though 
the sources and sensors may be disposed in any of the 
arrangements described hereinas aspects of the present appli 
cation are not limited in this respect. 
0327 By measuring characteristics (e.g., amplitudes, fre 
quencies, and/or phases) of the ultrasound signals (or changes 
thereof) that pass through the Subject being imaged, informa 
tion related to the subject may be obtained to form a volumet 
ric image of the Subject. Such information may be contained 
in measurements derived from the measured characteristics. 
Such measurements include, but are not limited to, attenua 
tion measurements and time-of-flight measurements. Indeed, 
as previously described, the amplitude of a received ultra 
Sound signal may be used to obtain a value indicative of an 
amount of attenuation of that ultrasound signal as result of its 
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passing through the Subject being imaged. Phase of a received 
ultrasound signal may be used to obtain a value indicative of 
the time-of-flight of the signal from the source that transmit 
ted the ultrasound signal to the ultrasound sensor that 
received it. 

0328. It should be appreciated that an image reconstruc 
tion process used to obtain a Volumetric image of a subject is 
not limited to using measurements obtained when the ultra 
Sound imaging device is operated in a transmissive modality. 
For example, in Some embodiments, the image reconstruction 
process may use measurements obtained at least in part based 
on Scattered radiation Such as back-scattered radiation and/or 
forward-scattered radiation. 

0329. In some embodiments, an image reconstruction pro 
cess may be applied to all the measurements obtained by the 
ultrasound imaging device within a period of time. The period 
of time may be set in any of numerous ways and, for example, 
may be set to be sufficiently long so that a signal transmitted 
from each of the ultrasound sources may be received by at 
least one (or all) of the ultrasound sensors in the ultrasound 
imaging device. Though, it should be recognized that in some 
embodiments the image reconstruction process may be 
applied to Some, but not all, the measurements obtained by the 
ultrasound imaging device within a period of time, as aspects 
of the present application are not limited in this respect. This 
may be done for numerous reasons, for instance, when a 
Volumetric image of only a portion of the Subject being 
imaged is desired. 
0330. In some embodiments, an image reconstruction pro 
cess may take into account the geometry of the Sources and 
sensors in the ultrasound imaging device to calculate a Volu 
metric image of the Subject from measurements obtained by 
the imaging device. To this end, the image reconstruction 
process may utilize information about the geometry of the 
Sources and sensors and Such information may be obtained 
for use in the image reconstruction process in addition to 
(and, in Some embodiments, independently of) the measure 
ments obtained from the signals received by the ultrasound 
sensors. Though, in Some embodiments, an image reconstruc 
tion process may be applied to measurements to obtain a 
Volumetric image without using any additional information 
about the geometry of the Sources and sensors used to obtain 
Such measurements, as aspects of the present application are 
not limited in this respect. 
0331 Although any of numerous types of image recon 
struction processes may be used, in some embodiments, a 
compressive sensing (CS) image reconstruction process may 
be used to calculate a Volumetric image of the Subject from 
measurements obtained by an imaging device. A CS image 
reconstruction technique may comprise calculating a Volu 
metric image of the Subject at least in part by identifying a 
Solution to a system of linear equations relating a plurality of 
measurements (e.g., time-of-flight measurements, attenua 
tion measurements, etc.) to a property of the Subject being 
imaged (e.g., index of refraction, etc.). The system of linear 
equations may represent a linear approximation to the for 
ward operator of a three-dimensional wave propagation equa 
tion or equations. Accordingly, applying a CS image recon 
struction technique comprises identifying a solution to a 
system of linear equations, Subject to Suitable constraints, 
rather than numerically solving a wave-propagation equation 
in three dimensions, which is more computationally demand 
ing and time consuming. ACS image reconstruction process 
may calculate a Volumetric image of the Subject, at least in 
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part, by using a domain (e.g., a basis) in which the image may 
be sparse. Such a domain is herein referred to as a “sparsity 
domain” (e.g., a sparsity basis; though the domain need not be 
a basis and, for example, may be an overcomplete represen 
tation Such as a frame of a vector space). An image may be 
sparse in a sparsity basis if it may be adequately represented 
by a subset of coefficients in that basis. Reconstruction pro 
cesses taking into account the geometry of an imaging system 
may utilize any Suitable algorithms, examples of which may 
include diffraction-based algorithms. Others are also pos 
sible. 

0332 Some embodiments, where an image reconstruction 
process may take into account the geometry of Sources and 
sensors of the ultrasound imaging device, are described below 
with reference to FIG. 29. FIG. 29 illustrates a non-limiting 
process 2900 for obtaining one or more volumetric images 
from multiple measurements of a subject being imaged, in 
accordance with some embodiments. Process 2900 may be 
performed by any suitable processor or processors. For 
example, process 2900 may be performed by the reconstruc 
tion computer described with reference to FIG. 4. 
0333 Process 2900 begins at stage 2902, where the infor 
mation about the geometry of Sources and sensors in the 
ultrasound imaging device is obtained. In some instances, 
Such geometry information may comprise information about 
the location of one or more ultrasound sources and/or one or 
more sensors in the ultrasound imaging device. The location 
information may comprise any information from which a 
location of one or more sources and/or sensors in three 
dimensional space may be obtained and, as such, may com 
prise absolute location information for one or more sources 
and/or sensors, relative location information for one or more 
Sources and/or sensors, or both absolute information and 
relative information. Absolute location information may indi 
cate the location of one or more sources and/or sensors with 
out reference to location of other objects (e.g., Sources, sen 
sors, other components of the ultrasound imaging device, 
etc.) and, for example, may include coordinates (e.g., Carte 
sian, spherical, etc.) indicating the location of one or more 
Sources and/or sensors in three-dimensional space. Relative 
location information may indicate the location of one or more 
sources and/or sensors with reference to the location of other 
objects and, for example, may indicate the location of one or 
more sources and/or sensors relative to one or more other 
Sources and/or sensors. 

0334. In some instances, when the ultrasound imaging 
device has one or more arrays of Sources and/or sensors, the 
geometry information may comprise information about the 
location and/or orientation of each Such array in three-dimen 
sional space. As one non-limiting example, in embodiments 
where the ultrasound imaging device comprises sources and 
sensors disposed on moveable Supports (e.g., a pair of hand 
held paddles as in FIG. 25), the geometry information may 
comprise information about the location and/or orientation of 
one or more of the moveable supports. The location informa 
tion may comprise absolute location information for one or 
more arrangements, relative location information for one or 
more arrangements, or any Suitable combination thereof. 
Absolute location information may indicate the location and/ 
or orientation of an arrangement without reference to location 
of other objects (e.g., any other arrays or components of the 
ultrasound imaging device) and, for example, may include 
coordinates indicating the location and/or orientation of the 
arrangement in three-dimensional space. Relative location 
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information may indicate the location and/or orientation of an 
arrangement relative to that of another array or component of 
the ultrasound imaging device. 
0335 Geometry information may be obtained at 2902 in 
any of numerous ways. As described in more detail below, the 
geometry information may be obtained by using one or more 
sensors (e.g., accelerometer, gyroscope, inclinometer, inertial 
navigation system, etc.) in the ultrasound imaging device or 
outside the ultrasound imaging device. Moreover, as 
described in more detail below, geometry information may be 
obtained, additionally or alternatively, by operating the ultra 
Sound imaging device in a transmissive modality to obtain the 
geometry information from characteristics of the signals 
received by the sensors of the imaging device. This may be 
done before the ultrasound imaging device is used to image a 
subject, but may be done, additionally or alternatively, while 
the ultrasound imaging device is being used to image the 
Subject (e.g., dynamically during operation of the ultrasound 
imaging device). 
0336 Regardless of the manner in which geometry infor 
mation is obtained in 2902, process 2900 next proceeds to 
2904, where a geometric model is constructed based, at least 
in part, on the obtained geometry information. The con 
structed geometric model represents the obtained geometry 
information and, in some instances, may represent the geom 
etry information so that it may be used by one or more image 
reconstruction processes. 
0337. In some embodiments, the geometric model may 
comprise path length information for one or more pairs of 
ultrasound sources and sensors. For an ultrasound source 
sensor pair, a line segment between (positions of) the ultra 
Sound source and the ultrasound sensor may intersect one or 
more Voxels in the Volume being imaged. For each of one or 
more such voxels, the path length information may comprise 
a value indicative of a length of the portion of the line segment 
that intersects the voxel. For example, as shown in FIG. 30, a 
Voxel r lies along a line segment from Source ro to sensor r. 
The length of the portion of the line segment intersecting the 
voxel r is shown to be 1. As such, in this illustrative example, 
the path length information may comprise the value 1. Addi 
tionally or alternatively, the path length information may 
identify one or more Voxels of the Volume being imaged, 
which intersectaline segment from the ultrasound source and 
to the ultrasound sensor. 

0338. In some embodiments, the path length information 
may comprise values indicative of the lengths of portions of a 
line segment between an ultrasound source and the ultra 
Sound sensor for every source-sensor pair (i.e., every pair of 
an ultrasound source and an ultrasound sensor in which the 
ultrasound sensor may detect a signal transmitted by the 
ultrasound source). The values may include a value for each 
of one or more Voxels intersecting the corresponding line 
Segment. 

0339. The path length information may be calculated 
based at least in part on the geometry information obtained in 
2902. In some embodiments, a value indicative of a length of 
the portion of the line segment that intersects a voxel may be 
calculated based, at least in part, on the geometry information 
obtained in 2902. The distance may be computed based on 
location information, absolute and/or relative, of the ultra 
Sound Source, the ultrasound sensor, and the Voxel. As a 
non-limiting example, this distance may be computed by 
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using coordinates (in any suitable coordinate system) speci 
fying the locations of the ultrasound source, ultrasound sen 
sor and the voxel. 

0340 Values included in path length information may be 
organized in any suitable way for accessing and using those 
values for Subsequent processing. To this end, in some 
embodiments, the values may be encoded in a data structure. 
The data structure encoding such values may be stored on any 
tangible computer-readable storage medium (e.g., a com 
puter hard drive, a CD, a flash memory, EEPROM, magnetic 
tape, disk, static RAM, dynamic RAM, or any other suitable 
medium). The listed types of computer-readable storage 
media are non-limiting examples of non-transitory storage 
media, and thus it should be appreciated that non-transitory 
storage media may be used in some embodiments. The com 
puter-readable storage medium may be accessed by any 
physical computing device that may use the values encoded in 
the data structure. 
0341. By way of an illustrative non-limiting example, 
path-length information may be encoded in a matrix data 
structure, commonly referred to as a matrix. The matrix may 
have an entry for each value, included in path length infor 
mation, which is indicative of a length of a line segment 
through a voxel in a Volume being imaged. For example, the 
matrix may have a row (or column) storing values for each 
ultrasound source-sensor pair. In embodiments, where the 
ultrasound device has a source array having NXN (N) ele 
ments and a sensor array having NXN (N) elements, the 
matrix may have up to N'rows (or columns) as there are up to 
N' Source-sensor pairs in such an arrangement. It should be 
appreciated that the source array is not limited to having a 
square-like NxN arrangement of elements, and may have 
NexN, array of sources and an NXN, array of sensors. In 
this case, the matrix may have up to NaxNXNXN. N. rows 
(or columns) as there up to NaxNXN, xN, source-sensor 
pairs. For ease of presentation we denote this matrix by the 
symbol A. 
0342. Each row (or column) of the matrix A may comprise 
values indicative of the lengths of the portions of a line seg 
ment, between the Source and sensor in the Source-sensor pair 
associated with the row, through the Voxels corresponding to 
each entry in the row. As a specific example, in a case when a 
Volume being imaged comprises a Volume composed of 
MixM, xM. voxels, each row (or column) of matrix A may 
have MXMXM entries (or Mentries when M-M.-M). 
As such, in this illustrative non-limiting example, the geo 
metric model constructed in act 2904 from obtained geometry 
information may comprise path length information, which 
may beencoded in an NxM matrix A whose entry at (ijkl)'th 
row (i.e., the row associated with source (i,j) and sensor (kl)) 
and (XyZ)th column (i.e., the column associated with Voxel at 
coordinate (x,y,z) in the Volume being imaged) corresponds 
to a value indicating the length of a path up through Voxel 
(x,y,z) of a ray going from Source (i,j) to receiver (k, 1). 
0343 Entries of the matrix A may be computed in any of 
numerous ways. As one illustrative non-limiting example, a 
length of a portion of a line segment (from a source to a sensor 
in a source-sensor pair) through a voxel may be iteratively 
computed (in serial or in parallel) for each of multiple voxels 
in a Volume being imaged and for each of multiple ultrasound 
Source-sensor pairs. In some cases, a length of a portion of a 
line segment may be computed for each Voxel in a Volume 
being imaged and for each ultrasound source-sensor pair in 
the ultrasound imaging device. In some embodiments, such a 
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computation may be performed by (1) iterating overall Voxels 
in the Volume being imaged and, for each Voxel in the Volume, 
(2) iterating over all ultrasound source-sensor pairs and, for 
each pair, (3) checking whether a line segment between the 
Source and the sensor in the pair intersects the Voxel, and, if it 
does, then (4) computing a length of the portion of the line 
segment that intersects the Voxel. 
0344) The computational complexity of an approach in 
which the length of a line segment through a voxel is com 
puted may scale linearly with the product of the number of 
Source-sensor pairs and Voxels in the Volume being imaged. 
For example, in a case when a Volume being imaged is com 
posed of O(M) voxels and there are O(N) source-sensor 
pairs, the computational complexity of Such an approach is 
O(NM) operations. Here, the “O()” notation is the standard 
“big O notation, as is known in the art. It should be recog 
nized that numerous other approaches to calculating entries 
of the matrix A are possible and, as described in more detail in 
Appendix Abelow, Some of these other approaches may have 
better computational complexity. For instance, in one Such 
illustrative approach described in Appendix A, entries of the 
matrix A may be computed by using a process whose com 
putational complexity is O(NM) rather than O(NM) as the 
case may be for the above-described calculation technique. 
0345 Moreover, in some embodiments, construction of 
the geometric model at 2904 may take into account various 
physical phenomena. For example, Scattering (e.g., back 
scattered radiation, forward-scattered radiation), dispersion, 
diffraction, and/or refraction may be taken into account as 
desired. For example, dispersion may be modeled as a Taylor 
expansion series, and may be accounted for in speed of sound 
and attenuation measurements. Accounting for Such phenom 
ena may provide more accurate geometric models and there 
fore more accurate images. However, not all embodiments 
require consideration of Such phenomena. 
0346. In some embodiments in which line segment lengths 
are computed, such computation may take into account 
refraction. Doing so may improve the accuracy of a recon 
structed image, for example by reducing Smearing in the 
image. In many embodiments, assuming a straight line from 
a source to a sensor represents an approximation. In practice, 
the path from source to sensor may deviate from a straightline 
due to refraction. One manner of accounting for the impact of 
refraction is to utilize an iterative reconstruction process. 
0347 A volumetric image may be reconstructed initially 
assuming straightpaths from Sources to sensors of an imaging 
system. Refracted paths may then be computed in any Suit 
able manner. According to some embodiments, refracted 
paths may be computed using Fermat's principle, for example 
by formulating a suitable differential equation based on the 
principle and obtaining a solution to the differential equation. 
The differential equation may be formulated to represent 
optic ray propagation in two or three dimensions. The differ 
ent equation may be formulated at least in part based on the 
Euler-Lagrange equations. The computed refracted paths 
may then be used to calculate another Volumetric image of the 
Subject. 
0348 Accordingly, in some embodiments, an iterative 
reconstruction process may comprise accessing measure 
ments of a subject; calculating a first Volumetric image of the 
Subject from the accessed measurements and using first path 
length information obtained by assuming straight paths from 
Sources to sensors of the ultrasound imaging device used to 
obtain the measurements (e.g., in a transmissive modality); 
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computing refractive paths and using the refractive paths to 
calculate second path length information; and calculating a 
second Volumetric image of the Subject from the measure 
ments and the second path length information. 
0349. In some embodiments, where a compressive sensing 
image reconstruction technique is used to calculate Volumet 
ric images of the Subject, and the technique includes identi 
fying a solution to a system of linear equations relating mea 
Surements of the Subject to a property of the Subject being 
imaged, the system of linear equations may be modified to 
account for the computed refracted paths. As one non-limit 
ing example, the above-described matrix A (representing the 
system of linear equations) may be modified to account for 
the refracted paths. The resulting updated system of linear 
equations may be used to calculate another Volumetric image 
of the subject. As desired, the method may be iterated (e.g., by 
again calculating the refracted paths and again updating the 
matrix A) as many times as needed to provide a desired level 
of accuracy of the reconstructed image. 
0350. As mentioned, path lengths, as well as path shapes, 
may be calculated in any Suitable manner. In some embodi 
ments, the path lengths and/or path shapes may be calculated 
over a discretized grid by using Dijkstra's algorithm, Floyd 
Warshall algorithm, and/or Johnson's algorithm may be used. 
In other embodiments, ray-tracing (e.g., ray-bending) tech 
niques may be used. Other techniques are also possible. 
0351 Regardless of how the geometric model is con 
structed from geometry information at 2904, process 2900 
proceeds to 2906, where measurements of a subject being 
imaged are obtained. Measurements of the Subject may be 
obtained in any Suitable way. In some embodiments, the 
measurements may be accessed after having been obtained by 
using an ultrasound imaging device (e.g., operating in a trans 
missive modality) and made available for Subsequent access. 
Additionally or alternatively, the measurements may be 
obtained by using the ultrasound imaging device as part of act 
2906. In some embodiments, the measurements may be 
obtained based at least in part on energy forward Scattered 
from the Subject and detected by the ultrasound imaging 
device. 

0352 Any of the numerous types of measurements previ 
ously described herein or any other measurements may be 
obtained including, but not limited to, amplitude of the 
received ultrasound signals, phase of the received ultrasound 
signals, frequency of the ultrasound signals as well as any 
measurements (e.g., attenuation, time-of-flight, speed of 
Sound, temperature, etc.) derived from these quantities. The 
measurements may be received for some or all of the ultra 
Sound sensors in an ultrasound imaging device. 
0353. Since one or multiple of the above-described types 
of measurements may be obtained as a result of the operation 
of an ultrasound imaging device, one or multiple Volumetric 
images may be obtained by applying an image reconstruction 
process to these measurements. In some embodiments, a 
Volumetric image of the Subject being imaged may be calcu 
lated from each of one or more of the above-described types 
of measurements. For example, a Volumetric image of the 
Subject being imaged may be calculated based at least in part 
on time-of-flight measurements. In some instances, such a 
Volumetric image may be a Volumetric image of the index of 
refraction of the Subject being imaged, herein referred to as a 
volumetric index of refraction image. Additionally or alter 
natively, a Volumetric image may be calculated based, at least 
in part, on the attenuation measurements, herein referred to as 
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a Volumetric attenuation image. Additionally or alternatively, 
a Volumetric image may be calculated based, at least in part, 
on the speed-of-Sound measurements, herein referred to as a 
Volumetric speed-of-sound image. Additionally or alterna 
tively, a Volumetric image of the Subject being imaged may be 
formed based, at least in part, on temperature measurements, 
herein referred to as a Volumetric temperature image. Any 
Suitable number of Volumetric images may be calculated 
from the obtained measurements, as aspects of the present 
application are not limited in this respect. 
0354 After measurements are obtained, process 2900 pro 
ceeds to 2908, where an image reconstruction process may be 
used to generate one or more Volumetric images from the 
obtained measurements. Any Suitable image reconstruction 
process may be used. In some embodiments, an image recon 
struction process that takes into account the geometry infor 
mation (obtained at 2902) and/or the geometric model (con 
structed at 2904) may be used. The image reconstruction 
process may use the geometry information and/or the geo 
metric model to calculate a property of the Subject being 
imaged from the measurements obtained at 2906 and, in some 
embodiments, may calculate a value associated with the prop 
erty for each of one or more Voxels in a Volume being imaged 
in order to calculate a Volumetric image. For example, in 
Some embodiments, a geometric model comprising path 
length information may be used to compute an index of 
refraction for each of one or more Voxels in a Volume being 
imaged from time-of-flight measurements only, from attenu 
ation measurements only, or from both time-of-flight mea 
Surements and attenuation measurements. In embodiments 
where both time-of-flight and attenuation measurements are 
used to compute an index of refraction, the calculation may be 
done at least in part by using Kramers-Kronig relations and/or 
power law calculations to relate attenuation measurements 
with time-of-flight measurements. As another example, in 
Some embodiments, an image reconstruction process may use 
a geometric model comprising path length information to 
compute a scattering and/or absorption value for each of one 
or more Voxels in a Volume being imaged from the attenuation 
measurements only, time-of flight measurements only, or 
from both time-of-flight measurements and attenuation mea 
SurementS. 

0355. A geometric model comprising path length infor 
mation may be used to relate measurements to a property of 
the Subject being imaged in any of numerous ways. In some 
embodiments, the path length information may be used to 
construct a functional relationship (i.e., a mapping) between 
the measurements and the property of interest. This may be 
accomplished in any of numerous ways. As an illustrative 
non-limiting example, the path length information may be 
used to construct a mapping between the time-of-flight mea 
Surements and indices of refraction of Voxels in an Volume 
being imaged by using the above-described matrix A. In 
particular, suppose that the matrix A has N' rows, with each 
row corresponding to an ultrasound source-sensor pair (for 
opposed rectangular arrays of dimension NXN), and M col 
umns, with each column corresponding to a Voxel being 
imaged (for a cubic volume of dimension MXMXM). Addi 
tionally, let X be an Mx1 vector of index of refraction values 
for each of the voxels in the volume being imaged, and lety be 
an N'x1 vector of time-of-flight measurements (with each 
measurement obtained from a source-sensor pair). Then the 
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measurements may be related to the index of refraction values 
according to the relationship given by: 

Ax=y, (1) 

0356. Thus, the linear relationship of (1) may be used to 
calculate a Volumetric image by obtaining the measurements 
y and using (1) to estimate X, which contains the values of one 
or more voxels of the volumetric image. It should be appre 
ciated that a relationship analogous to that of (1) may be 
constructed for any of the above-described types of measure 
ments and properties. It should also be appreciated that the 
dimensions of the above matrices and vectors are illustrative 
and non-limiting, as the precise dimensions of the vectors and 
matrices may depend on the number of Source-sensor pairs 
used to obtain measurements as well as the number of Voxels 
for which a value of the property of interest is to be calculated. 
It should also be appreciated that the relationship between 
properties of the Subject being imaged is not limited to being 
represented in a form such as (1) and, in Some embodiments, 
may be represented in any other Suitable way. 
0357 Any of numerous image reconstruction processes 
may be used to calculate a Volumetric image by using the 
measurements obtained at 2906 and a geometric model com 
prising path length information. For example, any image 
reconstruction process that may be used to calculate a Volu 
metric image based, at least in part, on the relationship (1) 
may be used. In some embodiments, a compressive sensing 
(CS) image reconstruction process may be used to generate a 
Volumetric image by using a geometric model comprising 
path length information and the measurements obtained at 
2906 and, for example, based, at least in part, on the relation 
ship (1). 
0358 Compressed sensing or compressive sampling 
refers to a set of signal processing techniques (e.g., image 
processing techniques) premised on the assumption that the 
signals to which they are applied are sparse in Some sparsi 
fying domain. That is, the energy of these signals may be 
concentrated in a small Subset of the sparsifying domain. For 
example, images may be sparse (and as a result may be 
amenable to being compressed) in certain domains. A typical 
photograph, for instance, may be sparse in the Discrete 
Cosine Transform (DCT) domain because most of the energy 
in the DCT coefficients is concentrated in a small subset of the 
DCT coefficients representing the photograph in the trans 
form domain, while the other coefficients are either Zero or 
very small with respect to the largest coefficients. Thus, the 
DCT is a “sparsifying" transform for natural images—which 
is one reason that it is the technique underlying JPEG com 
pression. Another sparsifying transform is the CDFWavelet 
Transform, which is the technique underlying JPEG 2000 
compression. 
0359. As another example, medical images may be sparse 
in the DCT domain. FIG. 31 shows how images of the brain 
may be compressed by discarding data corresponding to, e.g., 
the smallest N 96 DCT coefficients, where N is any number 
between 0 and 100. As an illustrative example, FIG.31 shows 
images of the brain at various levels of “compression' in the 
DCT domain. To obtain the images shown in a particular 
column of images shown in FIG. 31, the original brain images 
are transformed to the DCT domain, all N 96 (where N is 
indicated at the top of the column) of the DCT coefficients 
representing the transformed images are discarded, and the 
images shown in FIG. 31 are reconstructed from the remain 
ing DCT coefficients. Note how similar the images are across 
columns even as large percentages of coefficients are dis 
carded. Indeed, many of the important features in the images 
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are still discernible even when 99% of the coefficients are 
discarded, demonstrating that medical images may be sparse 
in the DCT domain. 
0360 Accordingly, a compressive sensing image recon 
struction process utilizing a sparsity domain to generate the 
Volumetric image from the obtained measurements may be 
used at 2908. The sparsity domain may be any suitable 
domain in which the Volumetric image may be sparse. In 
Some embodiments the sparsity domain may be a represen 
tation Such as a basis, a frame of a vector space, an overcom 
plete representation, etc., in which the Volumetric image may 
be sparse. For example, the sparsity domain may be a three 
dimensional basis including, but not limited to, a three-di 
mensional generalization of any type of discrete cosine basis, 
discrete sine basis, wavelet basis, or any other type of sparsi 
fying domain known in the art. As a particular non-limiting 
example, the three-dimensional discrete cosine transform, 
which is the three-dimensional generalization of the DCT-II, 
or D for short, is given according to: 

-l tk 1 
C COS Nin a Wn, 

O 

where 

n = 0 
1 

VN 

0361. A compressive sensing image reconstruction pro 
cess may generate a Volumetric image based, at least in part, 
on the measurements (e.g., obtained at 2906), geometric 
model (e.g., calculated at 2904), and the sparsity basis. This 
may be done in any suitable way. In some embodiments, a 
compressive sensing image reconstruction process may cal 
culate a Volumetric image by using a mapping between the 
measurements (e.g., time-of-flight measurements) and a 
property of the Subject being imaged (e.g., indices of refrac 
tion). As an illustrative example, a CS image reconstruction 
process may use the relationship (1) together with a sparsity 
basis to calculate a Volumetric image. In some embodiments, 
a CS image reconstruction process may calculate a Volumet 
ric image at least in part by Solving an optimization problem 
comprising a sparsity constraint. In one illustrative, non-lim 
iting embodiment this may be done, at least in part, by Solv 
1ng: 

min||x|, subject to the constraint of (AD, ')x=y, (2) 

and return x*-DX as the vector of values corresponding to 
the Volumetric image, where the matrix A and the vectors X 
and y, were previously described with reference to (1). This 
formulation of compressive sensing is sometimes called the 
basis pursuit method and comprises optimizing an 1 norm 
Subject to an equality constraint. It should be appreciated that 
a CS image reconstruction process may be used to calculate a 
Volumetric image at least in part by solving optimization 
problems different from that of (2), corresponding to different 
formulations of compressive sensing. For example, a CS 
image reconstruction process may calculate a Volumetric 
image at least in part by optimizing an 1 norm Subject to an 
inequality constraint (e.g., minimize ||x|| Subject to |AD,' 
x-ys for some small a>0, where || || is the Euclidean 
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norm, and where is the 1 norm). As another example, a CS 
image reconstruction process may calculate a Volumetric 
image at least in part by using the Dantzig selector approach 
(e.g., minimize ||x|| Subject to |A*(AD, "X-y)|post, where 
A* is the Hermitian conjugate of A and ||OO is the loo norm). 
As yet another example, a CS image reconstruction process 
may calculate a Volumetric image at least in part by using an 
objective function comprising a total-Variation norm (e.g., 
minimize ||x|+C.||x|| Subject to |AD, X-y|<w, for some 
small d0, for some C-0, where || || is the total variation 
norm Suitably generalized to three dimensions). As yet 
another example, a CS image reconstruction process may 
calculate a Volumetric image at least in part by using a 
LASSO algorithm (e.g., minimize ||AD,' x-y subject to 
|x| <w, for some small 0). As yet another example, a CS 
image reconstruction process may calculate a Volumetric 
image at least in part by using an objective function compris 
ing a re-weighted 1 norm subject to any of the above-de 
scribed constraints or any other suitable constraints. Other 
examples of compressive sensing techniques that may be 
used as part of a CS image reconstruction process include, but 
are not limited to, Soft thresholding, hard thresholding, 
matching pursuit, and iterative greedy pursuit. Thus, it should 
be appreciated that the formulation of (2) is an illustrative and 
non-limiting example. 
0362. It should be appreciated that solving (2) may be 
considered a proxy for reconstructing the unknown Volumet 
ric image X from a set of measurements y, such that X is the 
sparsest signal consistent with the measurements. Indeed, 
under certain conditions, minimizing the l norm subject to a 
constraint by Solving: 

minx...S. t.Ax-y, (2a) 

where ||x||y, "Ix, and I is a sparsity basis (e.g., DCT), is 
equivalent to Solving: 

minix,S. t.Ax-y, 
where the f norm, is equal to the number of non-zero ele 
ments in X. The formulation in (2.a) may also be generalized 
according to alternative CS formulations (e.g., 1 norm Sub 
ject to inequality constraints, the Dantzig selector, LASSO, 
etc.) as described with respect to equation (2). As such, it 
should be appreciated that the calculated Volumetric images 
may be sparse in the sparsity domain defined by W. Note that 
the latter problem, is a combinatorial optimization problem 
that is computationally infeasible, whereas the former (i.e., 
the optimization problem defined by (2a)) may be solved 
using any of numerous linear programming techniques as 
described in more detail below. 
0363 A CS image reconstruction process may utilize a 
Suitable numerical technique or techniques to calculate a 
Volumetric image. In some embodiments, any Suitable convex 
optimization techniques may be used. For example, linear 
programming techniques may be used. As another example, 
“first-order methods such as Nesterov methods may be used. 
As yet another example, interior point methods may be used. 
Such convex optimization methods may be implemented at 
least in part by using "matrix-free” solverS Such as a conju 
gate-gradient process, which may be advantageous in a set 
ting where it may be more efficient to operate on rows or 
columns of the matrix (AD) than on the entire matrix, 
which may be the case when A is sparse and/or the sparsifying 
transform (e.g., the DCT transform) may be efficiently com 
puted using the fast Fourier transform. It should be appreci 
ated that techniques from sparse linear algebra may be 
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applied as well since the matrix A may be sparse. Indeed, the 
number of Voxels intersecting a straight line through a cubic 
volume V is O(\vV), so that each row (representing a single 
measurement), may be largely filled with Zeros. 
0364. Accordingly, a CS image reconstruction process 
may utilize one or more software packages implementing the 
above-described numerical techniques. For example, a CS 
image reconstruction process may use one or more compres 
sive sensing Software packages, numerical linear algebra 
Software packages, or other Suitable software. In addition, a 
CS image reconstruction process may be parallelized. An 
interior point method may comprise performing multiple 
iterations of solving a particular linear equation, which may 
be done at least in part by using the conjugate gradient (CG) 
algorithm or any other least squares solver. Such a CG algo 
rithm may be parallelized and may be performed by multiple 
processors and/or by a graphical processing unit or units. In 
Some embodiments, a truncated CG technique may be used. 
0365. It should be recognized that a volumetric image may 
be calculated using image reconstruction processes other than 
compressive sensing image reconstruction processes, as 
aspects of the present application are not limited in this 
respect. For example, in Some embodiments, a least-squares 
type technique may be used. A least-squares type technique 
may be used with or without regularization. A least-squares 
type technique may be used to calculatea Volumetric image at 
least in part by finding the Solution X that minimizes the 12 
error (i.e., the squared error) of the measurements according 
tO. 

min|Ax-y (3). 

0366. The relation (3) may be solved using any of numer 
ous processes including, but not limited to, processes for 
iteratively solving linear equations such as the conjugate gra 
dient process, LSQR process, etc. Though, it should be appre 
ciated that the applicability of Such a technique may depend 
on whether the system of linear equations represented by (1) 
is solvable. The relation (1) is one that may comprise O(N) 
equations in O(M) variables and, depending on the values of 
M and N in a particular embodiment, may be over-con 
strained. 

0367 The inventors have appreciated that, in some 
instances, the Solution to (3) may not be unique. That is, 
calculating a Volumetric image by using (3) to compute X may 
be an ill-posed problem. Accordingly, in some embodiments, 
the least-squares criterion of (3) may be used together with a 
regularization technique to identify a solution from among 
the set of non-unique Solutions such that the identified solu 
tion satisfies a Suitable regularity criterion. Any of numerous 
regularization techniques (e.g., Tikhonov regularization, 
truncated SVD, total variation, edge preserving total varia 
tion, etc.) may be used, as aspects of the present application 
are not limited in this respect. 
0368 Regardless of the type of image reconstruction pro 
cess used at 2908, process 2900 next proceeds to 2910 where 
the volumetric image(s) calculated at 2908 may be output. 
This may be done in any Suitable way. In some embodiments, 
the calculated images may be presented for viewing by a user 
or users using one or more display screens or any other device 
for visualizing the images (e.g., a doctor viewing medical 
images). Additionally or alternatively, the calculated images 
may be stored (e.g., in a memory or any other Suitable com 
puter-readable storage medium) so that they may be accessed 
later and presented for viewing by a user or users. 
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0369. Once an image is generated, the image may option 
ally be manipulated. For instance, a viewer (e.g., a doctor) 
may desire to enlarge an image, shrink an image, move an 
image from side to side, and/or rotate an image (in 3D or 
otherwise), as non-limiting examples. Such manipulation 
may be performed in any suitable manner, as the aspects 
described herein in which manipulation of an image is pro 
vided are not limited to the manner in which the manipulation 
is performed. 
0370 For instance, an image may be manipulated via a 
user interface or other device. A keyboard may be imple 
mented, a mouse, a remote control, or a 3D detection mecha 
nism detecting movements of the viewer (e.g., hand move 
ments) suggestive of the viewer's desired manipulation of the 
image. A non-limiting example of Such 3D detection mecha 
nisms is the Leap, available from Leap Motion of San Fran 
cisco, Calif. Such technology may allow the viewer to control 
the image by pointing, waving, or using other natural hand 
gestures within a detection space located above the Leap 
device. 
0371 Manipulation of images, performed in any suitable 
manner, may facilitate various functions to be performed by a 
user. For example, a doctor viewing such images may more 
easily be able to diagnose a patient based on what is shown by 
suitable manipulation of the image. The doctor may be able to 
plana Surgical path based on the image, or identify a position 
of a patient at which to apply HIFU (described further below). 
Thus, various benefits may be achieved by allowing for view 
ing and manipulation of images. 
0372. Next, process 2900 proceeds to decision block 
2912, where it may be determined whether there are more 
measurements to be processed. In some embodiments, the 
ultrasound imaging device may obtain or may have already 
obtained more measurements to use for forming one or more 
additional Volumetric images. This may occur in numerous 
scenarios Such as when the imaging device is operated to 
obtain multiple Volumetric images of a Subject being imaged. 
If it is determined, in decision block 2912, that there are no 
additional measurements to be processed, process 2900 com 
pletes. 
0373. On the other hand, if it is determined, in decision 
block 2912, that there are additional measurements to be 
processed, process 2900 proceeds, via the YES branch, to 
decision block 2914, where it is determined whether the 
geometry of sources and/or sensors in the ultrasound imaging 
device changed. In particular, it may be determined whether 
the relative position and/or orientation of the ultrasound 
Sources and sensors changed. This may be done in any Suit 
able way and, for example, may be done based at least in part 
on information gathered by one or more sensors configured to 
detect changes in the relative position and/or orientation of 
ultrasound sources and sensors (e.g., see FIG. 27). Such sen 
sors may be external to or onboard the ultrasound imaging 
device, or at any other Suitable locations. 
0374. If no change in the geometry of the sources and/or 
sensors is detected, process 2900 loops back, via the NO 
branch, to 2906 and 2906-2912 may be repeated. On the other 
hand, if a change in the geometry of the sources and/or sen 
sors is detected, process 2900 loops back, via the YES branch, 
to 2902, where updated geometry information for sources 
and/or sensors may be obtained. 
0375. It should be appreciated that process 2900 is illus 
trative and many variations of this process are possible. For 
example, in the illustrated embodiment, process 2900 com 
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prises obtaining geometry information and calculating a geo 
metric model based at least in part on the obtained geometry 
information. However, in other embodiments, a geometric 
model may have been pre-computed and saved in a memory 
or any other Suitable computer-readable storage medium 
prior to the start of process 2900. In these embodiments, the 
pre-computed geometric model may be loaded rather than 
calculated as part of process 2900. Other variations are also 
possible. 
0376. In some embodiments in which compressive sens 
ing techniques are used, the A matrix may be stored in 
memory. In some embodiments, the A matrix may be stored in 
cache. In some embodiments, the A matrix may be computed 
dynamically, for example by computing a kernel as a starting 
point. Thus, those embodiments utilizing compressive sens 
ing techniques are not limited in the manner in which the A 
matrix is obtained. 

0377 The physical process that takes place when a signal 
is transmitted from a radiation source to a radiation sensor 
may be modeled in any of numerous ways. For example, 
infinite wavelength approximations, such as the straight ray 
approximation described earlier may be used. Higher-order 
approximations incorporating scattering and diffraction phe 
nomena may also be used. For example, fat beams, Fresnel 
Zone beams, Gaussian beams, banana-donut beams, and com 
binations of those types of beams may be implemented in the 
image reconstruction process to model the measurement pro 
cess. AS has been previously described, beam forming may be 
implemented according to embodiments of the present appli 
cation. Information about the beam may be used in the recon 
struction process. For example, the beam type may impact the 
geometry of the system, and therefore the above-described A 
matrix. Accordingly, in Some embodiments, the A matrix may 
be computed to reflect the type of beam chosen for image 
reconstruction. 
0378 Compressive sensing is one technique which may 
be used to form images according to embodiments of the 
present application, as described above. However, other tech 
niques may be used as well. As one example, one or more 
algebraic reconstruction techniques (e.g., simultaneous alge 
braic reconstruction techniques (SART), filtered backprojec 
tion, etc.) may be used to form images. As another example, 
in Some embodiments imaging configurations may be mod 
eled as a forward Scattering problem and Volumetric images 
may be calculated by using one or more inverse scattering 
techniques (e.g., inverse scattering techniques using a Born 
approximation(s), Rytov approximation(s), hybrid Rytov 
approximation(s), series solutions, iterated solutions, and/or 
any suitable combination thereof). The forward scattering 
problem may be evaluated numerically or analytically, and 
does not require use of an A matrix. In some embodiments, 
modeling the system as a forward Scattering problem may 
allow for measuring the spatial frequencies of the index of 
refraction of a Subject. For example, a value representing the 
gradient of the index of refraction may be obtained for one or 
more Voxels within an imaged volume, thus providing an 
indication of the object Susceptibility or scattering potential 
of the object. As another example, in some embodiments, 
Volumetric images may be calculated by using one or more 
wave-propagation techniques for propagating waves in three 
dimensions. For example, backpropagation techniques may 
be used. As another example, linearized backpropagation 
techniques (e.g., in the Fourier domain), iterative propagation 
techniques, pre-condition wave propagation techniques, 
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techniques utilizing Frechet derivative(s) of a forward opera 
tor, and/or time-reversed wave propagation techniques may 
be used. 
0379 Various aspects of the present application have been 
described in the context of imaging, and more specifically in 
the context of medical imaging. For example, aspects of the 
present application may be used in the diagnosis, monitoring, 
and/or treatment of patients. Detection of various patient 
conditions, such as the presence of tumors, may be facilitated 
using one or more aspects of the present application. 
0380. However, it should be appreciated that medical 
imaging represents a non-limiting example of an application 
of the aspects described herein. 
0381 Moreover, techniques for ultrasound imaging 
described herein may be implemented in combination with 
other medical imaging modalities. As previously alluded to, 
another common imaging modality is MRI. MRI is typically 
characterized by drawbacks such as expense and geometry 
constraints. MRI machines are conventionally large, and not 
easily adapted to a Subject under investigation. In some sce 
narios, it may be desirable to provide an additional imaging 
modality in combination with MRI. One or more aspects of 
the present application may facilitate Such combination of 
imaging modalities. For example, use of arrangements of 
ultrasound elements in the form of paddles (e.g., see FIGS. 25 
and 26) may be used in combination with MRI. The paddles 
may be disposed in a Suitable location with respect to a patient 
inside an MRI machine. The data collected by the arrange 
ment of ultrasound elements and any images developed there 
from may supplement MRI images. 
0382. It should be appreciated, however, that medical 
imaging represents a non-limiting field in which aspects of 
the present application may be applied. For example, aspects 
of the present application may also be applied to materials 
investigation, geologic investigation, and other fields in 
which it is desired to determine properties of a subject of 
interest non-invasively. 
0383 Moreover, it should be appreciated that while vari 
ous non-limiting embodiments have been described in the 
context of ultrasound, various aspects of the present applica 
tion are not limited in this respect. For example, some of the 
aspects of the present application may apply to other types of 
signals, such as X-ray techniques and optical transmission 
techniques, among others. Thus, it should be appreciated that 
arrangements of elements as described herein are not neces 
sarily limited to the elements being ultrasound elements, and 
the transmission and reception of signals by arrangements of 
elements is not limited to such signals being ultrasound sig 
nals. 
0384 FIG. 32 illustrates a non-limiting example of a sys 
tem 3200 as may be used according to one or more aspects of 
the present application for imaging of a patient. As shown, the 
system 3200 includes arrangements of ultrasound elements 
3202a and 3202b, which may be configured as paddles (e.g., 
of the type previously illustrated with respect to FIGS. 25 and 
26, or any other Suitable type), though not all embodiments 
are limited in this respect. The arrangements of ultrasound 
elements 3202a and 3202b may be disposed in a desired 
position with respect to a patient 3204 on a table 3206. The 
arrangements of ultrasound elements 3202a and 3202b may 
be coupled via respective connections 3209a and 3209b to a 
processing system 3208, which may be any suitable process 
ing system, Such as any of those previously described herein, 
for controlling operation of the arrangements of ultrasound 


































