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ULTRASOUND IMAGING SYSTEM AND
METHOD WITH AUTOMATIC
ADJUSTMENT AND/OR MULTIPLE SAMPLE

VOLUMES
BACKGROUND
[0001] Technical Field
[0002] This application relates to ultrasound imaging sys-

tems, for instance medical diagnostic ultrasound imaging
systems and, in particular, to the use of information con-
tained in ultrasound return signals to operate the ultrasound
imaging system.

[0003] Description of the Related Art

[0004] Ultrasound imaging systems employ transducer
arrays to produce and transmit ultrasound pressure waves
into an object such as a body, tissue or other material. The
transducer arrays also receive ultrasound return or echo
signals and produce analog transducer element voltage sig-
nals which are induced at the transducer array by the
received ultrasound return or echo signals.

[0005] Many ultrasound imaging systems are capable of
operating in various modes for sampling, processing and/or
presenting ultrasound information in a variety of useful
representations. For example, ultrasound systems may
employ A-, B-, M-, Doppler, energy, power, Doppler ampli-
tude or color angio modes. Some ultrasound systems are
capable of concurrently displaying information in more than
one type of representation.

[0006] A region in three-dimensional space from which
data is collected is commonly referred to as a sample
volume. The sample volume typically has a width deter-
mined by the lateral margins of the ultrasound beam and an
axial depth along the ultrasound beam determined by a
duration of the transmitted ultrasound pulse and a duration
of a sample gate implemented by the circuitry of the
ultrasound imaging system.

[0007] Ttis often desirable or even necessary to sample or
image a desired location (e.g., three-dimensional location,
including axial depth) in a material. For instance, medical
imaging typically involves capturing a sample or image of a
volume at a desired location in a body or anatomical
structure (e.g., bodily organ). In some applications, a sonog-
rapher or clinician may locate or place a sample volume with
reference to a two-dimensional image (e.g., B-mode image),
then switch the ultrasound imaging system into “Doppler”
mode to see the “Doppler” waveform.

[0008] However, it can be difficult to maintain the sample
volume in a desired location. Such may be difficult when
there is no or relatively little relative movement between the
transducer array and the desired location. Such may be even
more difficult when there is relative movement between the
transducer array and the desired location, for instance where
the transducer array is translated along a tissue or structure
such as along an artery. If the ultrasound imaging system has
“triple” mode capability or an Echo/Doppler mode, a sonog-
rapher or clinician may use a reference to aid in manually
maintaining a sample volume in a desired or correct loca-
tion. However, such may adversely take away acquisition
time form Doppler firings, which reduces the ability to view
high flow rates.

[0009] New approaches that facilitate maintaining a
sample volume at desired locations while allowing relatively
high pulse repetition frequency (PRF) are desirable.
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BRIEF SUMMARY

[0010] Systems and methods described herein adjust
operation of an ultrasound imaging system based at least in
part on one or more characteristics represented in ultrasound
return signals from two or more sample volumes. Such may
maintain a sample volume focused at a desired location or
region of interest, for example centered with respect to some
anatomical structure such as an artery. Such may facilitate
ultrasound imaging when there is no or little movement of
the transducer relative to the anatomical structure or when
there is significant relative movement therebetween.

[0011] Such may employ multiple sample volumes. For
example, one sample volume may be referred to as a
principal sample volume. Other volumes around or proxi-
mate the principal sample volume may be sampled as well.
The other volumes may be referred to as additional sample
volumes to distinguish from the principal sample volume.
The additional sample volumes may be axially and/or lat-
erally disposed from the principal sample volume. While the
principal sample volume may be locus or center of all
sample volumes, such is not necessary.

[0012] The principal and additional sample volumes may
be evaluated from time-to-time to determine which of the
sample volumes most closely corresponds or correlates with
a desired location. The sample volume which most closely
corresponds or correlates with the desired location may
become the next sample volume. The additional sample
volumes may be similarly updated. Such may be preformed
automatically be the ultrasound imaging system, for
example without operator or user evaluation, selection or
other intervention. Thus, for example, the system and meth-
ods may adjust a principal sample volume location or select
a new principal sample volume. For example, a location of
a principal sample volume may be adjusted or new principal
sample volume selected so as to remain focused on an
identified region of interest. Also for example, a location of
a principal sample volume may be adjusted or a new
principal sample volume selected so as to maintain the
principal sample volume relative to some anatomical struc-
ture or some reference. For instance, the principal sample
volume may be maintained in the center or along a centerline
of an artery, as the transducer array is moved along the
artery.

[0013] A method of operating an ultrasound imaging sys-
tem may be summarized as including generating a first
number of ultrasound pressure waves; receiving a first
number of ultrasound return signals from a principal sample
volume and at least one additional sample volume that have
at least respective portions thereof that are at least one of
axially displaced or laterally displaced with respect to one
another in response to the first number of ultrasound pres-
sure waves; and adjusting by a control circuit at least one
operational parameter of the ultrasound imaging system
based at least in part on at least one characteristic repre-
sented in the received first number of ultrasound return
signals. The adjusting may be automatic, without interven-
tion of an operator or user.

[0014] Adjusting by a control circuit at least one opera-
tional parameter of the ultrasound imaging system based at
least in part on at least one characteristic represented in the
received ultrasound return signals may include selecting a
new principal sample volume to be sampled; and selecting
a number of additional sample volumes to be sampled that
have at least respective portions thereof that are at least one
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of axially displaced or laterally displaced with respect to the
new principal sample volume. Adjusting by a control circuit
at least one operational parameter of the ultrasound imaging
system based at least in part on at least one characteristic
represented in the received ultrasound return signals may
include generating a second number of ultrasound pressure
waves directed to the new principal sample volume and at
least one of the additional sample volumes that have at least
respective portions thereof that are at least one of axially
displaced or laterally displaced with respect to the current
principal sample volume.

[0015] Adjusting by a control circuit at least one opera-
tional parameter of the ultrasound imaging system based at
least in part on at least one characteristic represented in the
received ultrasound return signals may include selecting a
new principal sample volume to be sampled; and selecting
at least two additional sample volumes to be sampled that
have at least respective portions thereof that are laterally
opposed to one another across the new principal sample
volume. Selecting a new principal sample volume may
include selecting one of the principal sample volume or the
at least one additional sample volume as the new principal
sample volume.

[0016] Adjusting by a control circuit at least one opera-
tional parameter of the ultrasound imaging system based at
least in part on at least one characteristic represented in the
received ultrasound return signals may include selecting one
of the principal sample volume or the at least one additional
sample volume as a new principal sample volume to be
sampled; and selecting at least two additional sample vol-
umes to be sampled that have at least respective portions
thereof that are axially opposed to one another across the
new principal sample volume.

[0017] The method of operating an ultrasound imaging
system may further include beam forming to sample a new
principal sample volume; beam forming to sample at least
two additional sample volumes that have at least respective
portions thereof that are axially opposed to one another
across the new principal sample volume; and beam forming
to sample at least two additional sample volumes that have
at least respective portions thereof that are laterally opposed
to one another across the new principal sample volume.
[0018] Generating a first number of ultrasound pressure
waves may include transmit beam forming to transmit at
least one ultrasound pressure wave along an initial principal
axial ray; transmit beam forming to transmit at least one
ultrasound pressure wave along an initial first lateral axial
ray laterally displaced from the initial principal axial ray;
and transmit beam forming to transmit at least one ultra-
sound pressure wave along an initial second lateral axial ray
laterally displaced from the initial principal axial ray and the
initial first lateral axial ray. The method of generating a first
number of ultrasound pressure waves may further include
transmit beam forming to transmit at least one ultrasound
pressure wave along a new principal axial ray; transmit
beam forming to transmit at least one ultrasound pressure
wave along a new first lateral axial ray laterally displaced
from the new principal axial ray; and transmit beam forming
to transmit at least one ultrasound pressure wave along a
new second lateral axial ray laterally displaced from the new
principal axial ray and the new first lateral axial ray. The
method of generating a first number of ultrasound pressure
waves may further include transmit beam forming to trans-
mit at least one ultrasound pressure wave along a new
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principal axial ray different from the initial principal axial
array; transmit beam forming to transmit at least one ultra-
sound pressure wave along a new first lateral axial ray
laterally displaced from the new principal axial ray; and
transmit beam forming to transmit at least one ultrasound
pressure wave along a new second lateral axial ray laterally
displaced from the new principal axial ray and the new first
lateral axial ray.

[0019] Generating a first number of ultrasound pressure
waves may include transmit beam forming to transmit the
ultrasound pressure waves along at least three axial rays, the
three axial rays laterally spaced from one another.

[0020] Receiving a first number of ultrasound return sig-
nals from a principal sample volume and at least one
additional sample volume may include receive beam form-
ing to receive ultrasound return signals in response to the at
least one ultrasound pressure wave transmitted along the
initial principal axial ray; receive beam forming to receive
ultrasound return signals in response to the at least one
ultrasound pressure wave transmitted along the initial first
lateral axial ray; and receive beam forming to receive
ultrasound return signals in response to the at least one
ultrasound pressure wave along the initial second lateral
axial ray.

[0021] The method of operating an ultrasound imaging
system may further include evaluating the at least one
characteristic represented in the received ultrasound return
signals upon which evaluation the adjusting at least one
operational parameter of the ultrasound imaging system is
based.

[0022] Evaluating the at least one characteristic repre-
sented in the received ultrasound return signals may include
evaluating at least one value indicative of at least one of a
powet, a variance, a velocity, or a set of echo data. Adjusting
by a control circuit at least one operational parameter of the
ultrasound imaging system based at least in part on at least
one characteristic represented in the received ultrasound
return signals may include selecting a new principal sample
volume to at least partially coincide with a region of interest
in an object being imaged; and selecting a number of
additional sample volumes to be sampled that have at least
respective portions thereof that are at least one of axially
displaced or laterally displaced with respect to the new
principal sample volume. Adjusting by a control circuit at
least one operational parameter of the ultrasound imaging
system based at least in part on at least one characteristic
represented in the received ultrasound return signals may
include selecting a new principal sample volume to be
centered with respect to at least one structure of an object
being imaged; and selecting a number of additional sample
volumes to be sampled that have at least respective portions
thereof that are at least one of axially displaced or laterally
displaced with respect to the new principal sample volume.
[0023] An ultrasound imaging system may be summarized
as including at least one transducer array; at least one control
system including a number of beam formers communica-
tively coupled to the at least one transducer array and at least
one controller communicatively coupled to the beam form-
ers, the control system configured to: generate a first number
of ultrasound pressure waves by the at least one transducer
array; receive a first number of ultrasound return signals via
the at least one transducer array, the first number of ultra-
sound return signals received from a principal sample vol-
ume and at least one additional sample volume that have at
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least respective portions thereof that are at least one of
axially displaced or laterally displaced with respect to one
another in response to the first number of ultrasound pres-
sure waves; and adjust at least one operational parameter of
the ultrasound imaging system based at least in part on at
least one characteristic represented in the received first
number of ultrasound return signals; and at least one display
communicatively coupled to the control system to receive at
least image data therefrom for display of images on the
display. Adjustment may be automatic, without the inter-
vention of an operator or user.

[0024] To adjust the at least one operational parameter of
the ultrasound imaging system based at least in part on at
least one characteristic represented in the received ultra-
sound return signals, the control circuit may select a new
principal sample volume to be sampled; and select a number
of additional sample volumes to be sampled that have at
least respective portions thereof that are at least one of
axially displaced or laterally displaced with respect to the
new principal sample volume.

[0025] The control circuit may be further configured to:
generate a second number of ultrasound pressure waves
directed to the new principal sample volume and at least one
of the additional sample volumes that have at least respec-
tive portions thereof that are at least one of axially displaced
or laterally displaced with respect to the new principal
sample volume.

[0026] To adjust the at least one operational parameter of
the ultrasound imaging system based at least in part on at
least one characteristic represented in the received ultra-
sound return signals, the control circuit may select a new
principal sample volume to be sampled; and select at least
two additional sample volumes to be sampled that have at
least respective portions thereof that are laterally opposed to
one another across the new principal sample volume.
[0027] To adjust at least one operational parameter of the
ultrasound imaging system based at least in part on at least
one characteristic represented in the received ultrasound
return signals, the control circuit may select one of the
principal sample volume or the at least one additional
sample volume as a new principal sample volume; and select
at least two additional sample volumes to be sampled that
have at least respective portions thereof that are axially
opposed to one another across the new principal sample
volume.

[0028] To generate a first number of ultrasound pressure
waves the control circuit may generate at least one ultra-
sound pressure wave along an initial principal axial ray;
generate at least one ultrasound pressure wave along an
initial first lateral axial ray laterally displaced from the initial
principal axial ray; and generate at least one ultrasound
pressure wave along an initial second lateral axial ray
laterally displaced from the initial principal axial ray and the
initial first lateral axial ray. The control circuit may be
further configured to: generate at least one ultrasound pres-
sure wave along a new principal axial ray; generate at least
one ultrasound pressure wave along a new first lateral axial
ray laterally displaced from the new principal axial ray; and
generate at least one ultrasound pressure wave along a new
second lateral axial ray laterally displaced from the new
principal axial ray and the new first lateral axial. The control
circuit may be further configured to: generate at least one
ultrasound pressure wave along a new principal axial ray
different from the initial principal axial array; generate at
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least one ultrasound pressure wave along a new first lateral
axial ray laterally displaced from the new principal axial ray;
and generate at least one ultrasound pressure wave along a
new second lateral axial ray laterally displaced from the new
principal axial ray and the new first lateral axial ray.
[0029] The control circuit may be further configured to:
evaluate at least one value indicative of at least one of a
powet, a variance, a velocity, or echo data as the at least one
characteristic represented in the received ultrasound return
signals. To adjust at least one operational parameter of the
ultrasound imaging system based at least in part on at least
one characteristic represented in the received ultrasound
return signals, the control circuit may select a new principal
sample volume to be sampled to at least partially coincide
with a region of interest in an object being imaged; and
select a number of additional sample volumes to be sampled
that have at least respective portions thereof that are at least
one of axially displaced or laterally displaced with respect to
the new principal sample volume. To adjust at least one
operational parameter of the ultrasound imaging system
based at least in part on at least one characteristic repre-
sented in the received ultrasound return signals, the control
circuit may select a new principal sample volume to be
sampled to be centered with respect to at least one structure
of an object being imaged; and select a number of additional
sample volumes to be sampled that have at least respective
portions thereof that are at least one of axially displaced or
laterally displaced with respect to the new principal sample
volume.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0030] In the drawings, identical reference numbers iden-
tify similar elements or acts. The sizes and relative positions
of elements in the drawings are not necessarily drawn to
scale. For example, the shapes of various elements and
angles are not drawn to scale, and some of these elements are
arbitrarily enlarged and positioned to improve drawing
legibility. Further, the particular shapes of the elements as
drawn, are not intended to convey any information regarding
the actual shape of the particular elements, and have been
solely selected for ease of recognition in the drawings.
[0031] FIG. 1 is a schematic diagram of an ultrasound
imaging system according to one illustrated embodiment.
[0032] FIG. 2 is a schematic diagram of a transducer array
transmitting ultrasound pressure waves into a medium dur-
ing a first period according to one illustrated embodiment,
illustrating an initial principal sample volume, a number of
additional sample volumes axially disposed with respect to
the initial principal sample volume and a number of addi-
tional sample volumes laterally disposed with respect to the
initial principal sample volume.

[0033] FIG. 3 is a schematic diagram of a transducer array
transmitting ultrasound pressure waves into a medium dur-
ing a second period according to one illustrated embodi-
ment, illustrating an new principal sample volume axially
displaced from the initial principal sample volume, a num-
ber of additional sample volumes axially disposed with
respect to the new principal sample volume and a number of
additional sample volumes laterally disposed with respect to
the new principal sample volume.

[0034] FIG. 4 is a schematic diagram of a transducer array
transmitting ultrasound pressure waves into a medium dur-
ing a third period according to one illustrated embodiment,
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illustrating an new principal sample volume laterally dis-
placed from the initial principal sample volume, a number of
additional sample volumes axially disposed with respect to
the new principal sample volume and a number of additional
sample volumes laterally disposed with respect to the new
principal sample volume.

[0035] FIG. 5 is a high level flow diagram of a method of
operating an ultrasound imaging system according to one
illustrated embodiment which includes sampling at least two
different sample volumes and adjusting at least one opera-
tion parameter of the ultrasound imaging system based at
least in part on characteristics represented in received ultra-
sound return signals.

[0036] FIG. 6 is a low level flow diagram of a method of
adjusting at least one operation parameter of the ultrasound
imaging system based at least in part on characteristics
represented in received ultrasound return signals according
to one illustrated embodiment, in accordance with the
method of FIG. 5.

[0037] FIG. 7 is a low level flow diagram of a method of
operating an ultrasound imaging system according to one
illustrated embodiment including beam forming to sample
an initial principal sample volume and initial additional
sample volumes, and beam forming to sample new principal
sample volume and new additional sample volumes, in
accordance with the method of FIG. 5.

[0038] FIG. 8 is an ultrasound image showing a structure
and a region of interest according to one illustrated embodi-
ment.

[0039] FIG. 9 is a high level flow diagram of a method of
operating an ultrasound imaging system according to one
illustrated embodiment, including selecting a new principal
sample volume with reference to a region of interest, in
accordance with the method of FIG. 5.

[0040] FIG. 10 is an ultrasound image showing a structure
and a sample volume as well as a spectral Doppler trace
according to one illustrated embodiment.

[0041] FIG. 11 is a high level flow diagram of a method of
operating an ultrasound imaging system according to one
illustrated embodiment, including selecting a new principal
sample volume with reference to at least one structure of an
object being imaged, in accordance with the method of FIG.
5.

DETAILED DESCRIPTION

[0042] Inthe following description, certain specific details
are set forth in order to provide a thorough understanding of
various disclosed embodiments. However, one skilled in the
relevant art will recognize that embodiments may be prac-
ticed without one or more of these specific details, or with
other methods, components, materials, etc. In other
instances, well-known structures associated with ultrasound
imaging systems, microprocessors, micro-controllers, appli-
cation specific integrated circuits, transducers and displays
have not been shown or described in detail 1o avoid unnec-
essarily obscuring descriptions of the embodiments.

[0043] Unless the context requires otherwise, throughout
the specification and claims which follow, the word “com-
prise” and variations thereof, such as, “comprises” and
“comprising” are to be construed in an open, inclusive sense,
that is as “including, but not limited to.”

[0044] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure or characteristic described in connection

Jan. 19,2017

with the embodiment is included in at least one embodiment.
Thus, the appearances of the phrases “in one embodiment”
or “in an embodiment” in various places throughout this
specification are not necessarily all referring to the same
embodiment. Furthermore, the particular features, struc-
tures, or characteristics may be combined in any suitable
manner in one or more embodiments.

[0045] As used in this specification and the appended
claims, the singular forms “a,” “an,” and “the” include plural
referents unless the content clearly dictates otherwise. It
should also be noted that the term “or” is generally
employed in its broadest sense, that is as meaning “and/or”
unless the content clearly dictates otherwise.

[0046] The headings and Abstract of the Disclosure pro-
vided herein are for convenience only and do not interpret
the scope or meaning of the embodiments.

[0047] Systems and methods described herein adjust
operation of an ultrasound imaging system based at least in
part on one or more characteristics represented in ultrasound
return signals from two or more sample volumes. The
adjustment may be automatic, without evaluation, selection
or other intervention or action of an human operator or user
beyond standard operations of selecting a mode and scan-
ning.

[0048] As discussed in the Brief Summary section, the
systems and methods described herein may maintain a
sample volume focused at a desired location or region of
interest, for example centered with respect to some anatomi-
cal structure.

[0049] During any given period, multiple sample volumes
may be sampled. One of the sample volumes may be
referred to as a principal sample volume, while others
sample volumes axially and/or laterally disposed from the
principal sample volume may be referred to as additional
sample volumes, to distinguish such from the principal
sample volume. For axially spaced sample volumes (i.e., at
different depths) the same received ultrasound return signals
may be filtered for different sample volume depths, adding
little or acceptable acquisition time. For laterally spaced
sample volumes may employ multiline acquisition tech-
niques that employ additional receive beamformers to
acquire sample volumes laterally spaced from the axis or ray
of the principal sample volume.

[0050] From time-to-time the principal and additional
sample volumes may be evaluated to determine which of the
sample volumes most closely corresponds or correlates with
a desired location or region of interest. The sample volume
which most closely corresponds or correlates with the
desired location may become the next sample volume and
the additional sample volumes may be updated accordingly.
Such may assist in keeping or maintaining the ultrasound
sampling focused at a desired location. even when there is
relative movement between the transducer array and the
material being imaged or sampled. The evaluation may be
based on a variety of characteristics or criteria, for example
anatomical structure as represented in echo data, or one or
more values indicative of power, variance, and/or velocity.
[0051] Operation may, for example, include adjusting a
principal sample volume location or selecting a new prin-
cipal sample volume, as illustrated in FIGS. 2-7. For
example, a location of a principal sample volume may be
adjusted or new principal sample volume selected so as to
remain focused on an identified region of interest, such as
illustrated in FIGS. 8 and 9. Also for example, a location of
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principal sample volume may be adjusted or a new principal
sample volume selected so as to maintain the principal
sample volume relative to some structure. For instance, the
principal sample volume may be maintained in the center or
an artery, as the transducer array is moved along the artery,
such as illustrated in FIGS. 10 and 11. Hence, a number of
sample volumes may be acquired around a reference or
region or interest, and which sample volume is displayed
may be adjusted based on criteria (e.g., power, variance,
velocity, echo) for a specific mode.

[0052] FIG. 1 shows an ultrasound imaging system 100
according to one illustrated embodiment.

[0053] The ultrasound imaging system 100 includes a
transducer array 102, a control system 104 and a display
106. The transducer array 102, control system 104 and
display 106 are coupled by one or more communications
paths or buses.

[0054] For example. the transducer array 102, control
system 104 and display 106 may be coupled by one or more
data buses, instructions buses, and/or power buses. Such
paths or buses may take a variety of forms, including
electrically conductive paths such as wires or electrical
cables, or optical paths such as fiber optical cable.

[0055] The transducer array 102 produces and transmits
ultrasound waves (e.g., pulse and/or continuous) into an
object, such as a body, tissue or other material. The trans-
ducer array 102 also receives ultrasound return signals (e.g.,
echoes) and produces corresponding analog return signals
(e.g., transducer element voltage signals) which are induced
at the transducer array by the received ultrasound return
signals. The transducer array 102 may take the form of a
solid state device that allows for electronic control capabili-
ties, variable aperture, and which provides excellent image
performance and high reliability. The transducer array 102
may take the form of either a flat linear array or a curved
linear array of elements. A curved linear array may provide
a broad sector scanning field. The geometric curvature of a
curved linear array may advantageously reduce steering
delay requirements on a beamformer of the control system
104. Where the transducer array 102 takes the form of a flat
array, the beamformer functionality of the control system
104 may be capable of producing sufficient delay to both
steer and focus, for example operating the transducer ele-
ments of the transducer array 102 as a phased array. There
are a large variety of other transducers and transducer array
that may be employed. The claims should not be limited to
any particular transducer or transducer array. Suitable trans-
ducer arrays 108 are commercially available from a variety
of manufacturers and/or suppliers.

[0056] The control system 104 may provide several
advanced features including synthetic aperture formation,
frequency compounding, PW Doppler, color power, color
flow (i.e., color velocity) and/or speckle reduction. The
control system 104 may be capable of operating in A-, B-,
M-, Doppler, energy, power, Doppler amplitude, color
angio, or any other modes. The control system 104 may be
capable of concurrently displaying information in more than
one type of representation (e.g., triple or Echo/Doppler
modes). The control system 104 may include a number of
subsystems. For example, the control system 104 may
include a transmit/receive subsystem 108, a transmit beam-
former subsystem 110, a receive beamformer subsystem
112, a control subsystem 114, and a power subsystem 116.
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[0057] The transmit/receive subsystem 108 may include
one or more transmit/receive switches 108a (only one called
out in FIG. 1) and optionally one or more matching networks
(not illustrated). The transmit/receive subsystem 108 is
communicatively coupled to the transducer elements of the
transducer array 102. The transmit/receive switches 108a
isolate the functions of transmission and reception. In par-
ticular, the transmit/receive switches 108a allow the ele-
ments of the transducer array 102 be selectively driven or to
selectively receive representations of ultrasound return sig-
nals in the form of analog transducer element voltage signals
or analog return signals. The transmit/receive subsystem 108
may be formed as a distinct ASIC. U.S. Pat. No. 5,893,363
titled ULTRASONIC ARRAY TRANSDUCER TRANS-
CEIVER FOR A HANDHELD ULTRASONIC DIAGNOS-
TIC INSTRUMENT describes such a transmit/receive
ASIC. The transmit/receive ASIC may be positioned proxi-
mate the transducer array 102, for example within inches of
the elements of the transducer array 102 to ensure short
communications path.

[0058] The transmit beamformer subsystem 110 and
receive beamformer subsystem 112 include transmit and
timing control circuitry or implements transmit and timing
control functionality, providing control signals to the trans-
mit/receive subsystem 108 to control transmit waveform
timing, aperture and focusing of the ultrasound pressure
waves or beam. Fach beamformer subsystem 110, 112 is
discussed in more detail below.

[0059] The transmit beamformer subsystem 110 forms
beams and drives the transducer elements of the transducer
array 102 via the transmit/receive switches 108a. In particu-
lar, the transmit beamformer subsystem 110 may include one
or more sets of modulators 118 and/or delay circuitry 120.
The modulator(s) 118 may be controlled to generate digital
drive signals, while the delay circuitry 120 may be con-
trolled to delay the digital drive signals, for instance to allow
steering and/or focusing of the ultrasound pressure waves
transmitted from the transducer array 102. Notably, multiple
pairs of modulators 118 and delay circuitry 120 may be
employed. The transmit beamformer subsystem 110 may
also include a one or more sets of digital-to-analog convert-
ers (DACs) 122 and amplifiers 124. The DACs 122 convert
digital drive signals into an analog form, while the amplifiers
124 amplify the analog drive signals to provide high-voltage
waveforms used to drive the transducer elements of the
transducer array 102. Notably, multiple pairs of DACs 122
and amplifiers 124 may be employed. Additionally, the
transmit beamformer subsystem 110 may also include one or
more local processors, for instance local digital processor(s)
126. The local digital processor(s) 126 may take the form of
digital signal processors (DSPs), application specific inte-
grated circuits (ASICs), programmable (PGAs), micropro-
cessors and/or other integrated devices as well as discrete
devices or circuits. The local digital processor(s) 126 may be
communicatively coupled to one or more of the other
components of the transmit beamformer subsystem 110, as
well as communicatively coupled to the central control
subsystem 114. Multiple transmit beamformers or compo-
nents thereof may advantageously allow the imaging system
to successively acquire samples from multiple sample vol-
umes.

[0060] The receive beamformer subsystem 112 beam
forms the analog signals received from the individual trans-
ducer elements of the transducer array 102, received via the
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transmit/receive switches 108a, for example into a coherent
scanline signal. In particular, receive beamformer subsystem
112 may include a one or more sets of amplifiers 128 and
analog-to-digital converters (ADCs) 130. The amplifiers 128
amplify the analog signals (e.g., analog transducer element
voltage signals), while the ADCs 130 convert the amplified
analog signals into a digital form. For example, the amplifier
(s) 128 may perform time gain compensation (i.e., TGC) to
compensate for attenuation of ultrasound with depth. Nota-
bly, multiple pairs of amplifiers 128 and DACs 130 may be
employed. The receive beamformer subsystem 112 may
include one or more sets of apodization circuitry 132,
interpolation circuitry 134, as well as delay circuitry 136.
The apodization circuitry 132 may be used to accommodate
for side lobes, for instance by decreasing relative sensitivity
near the ends of a receiving surface of the transducer
element(s). Additionally, or alteratively, relative excitation
may be decreased if accommodated for via the transmit
beamformer subsystem 110. The interpolation circuitry 134
may be used to perform interpolation, for instance to allow
a change in sampling rate. The delay circuitry 136 may be
controlled to delay various channels. Notably, multiple sets
of apodization circuitry 132, interpolation circuitry 134, as
well as delay circuitry 136 may be employed. The receive
beamformer subsystem 112 may also include one or more
local processors 138, for instance local digital processors.
The local digital processor(s) 138 may take the form of
DSPs, ASICs, PGAs, microprocessors and/or other inte-
grated devices. The local digital processor(s) 138 may be
communicatively coupled to one or more of the other
components of the receive beamformer subsystem 112, as
well as communicatively coupled to the central control
subsystem 114. Additionally, the receive beamformer sub-
system 112 may also include one or more summers or
summer circuits 140 which sums the digitized return signals
of the various channels.

[0061] Whilenot specifically illustrated, the receive beam-
former subsystem 112 may also include one or more filters
or such may be implemented by one or more local digital
processors 138. Thus, the receive beamformer subsystem
112 may filter the scanline signals, amplify the scanline
signals, and/or processes the filtered scanline signals as B
mode signals, Doppler signals, or both. Multiple receive
beamformers and/or filters or components thereof may
advantageously allow the imaging system to concurrently
acquire samples from multiple sample volumes.

[0062] Normal sample volumes are typically one wave-
length in duration. In some applications, a single sample
volume may be much longer than sample volumes for
conventional ultrasound imaging systems. In some applica-
tions sample volumes may partially overlap adjacent sample
volumes. Thus, ultrasound imaging system described herein
should have enough filtering and computational power to
timely process multiple long sample volumes.

[0063] The control subsystem 114 may include a central
controller 142, one or more memories or computer- or
processor-readable storage mediums 144, and one or more
buses 146 that couple the central controller 142 and the
computer- or processor-readable storage mediums 144.
[0064] While illustrated as a single microprocessor, the
central controller 142 may take the form of one or more
microprocessors (e.g., Reduced Instruction Set or RISC
processor), DSPs, PGAs or ASICs. The central controller
142 may execute instructions and/or program data stored on
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one or more computer- or processor-readable storage medi-
ums 144, for example a program memory. The central
controller 142 is communicatively coupled to the transmit
beamformer subsystem 110 and receive beamformer sub-
system 112 to control and synchronize the processing and
control functions throughout the ultrasound imaging system
100. For example, the central controller 142 may coordinate
process timing and loading of buffers and registers with the
data necessary to perform the processing and display
requested by the user. Timing for the central controller 142
may be provided by clock signals from the clock generator
(not shown). It is to be recognized that the embodiments
discussed herein are illustrative of only some of the possible
embodiments. For example, the processing may be imple-
mented in other ways and the processor(s) or other circuitry
may be distributed in other manners or locations. For
instance, a distributed architecture may be employed with
communications occurring over one or more buses, net-
works or other communications mediums.

[0065] The computer- or processor-readable storage medi-
ums 144 may take a variety of forms. For example, the
computer- or processor-readable storage mediums 144 may
include one or more Read Only Memories (ROM) 144a,
Random Access Memories (RAM) 144, or other volatile or
non-volatile storage mediums such as FLASH memory, a
magnetic disk (i.e., hard disk and drive), optical disk, etc.
144¢. The computer- or processor-readable storage medium
144 may store data used by the transmit beamformer sub-
system 110 or data produced by the receive beamformer
subsystem 112.

[0066] The control subsystem 104 may further include a
set of user controls 146. The display 106 and user controls
146 may form all or part of a user interface. The user
controls 146 may allow a user to turn the ultrasound imaging
system 100 ON and OFF, enter time, date, and/or patient
data, interact with a graphical user interface that includes
user selectable icons or elements of a menu (e.g., pull down
menu, popup menu), and/or select or set various operating
characteristics such as an operating mode (e.g., B mode,
Doppler), color Doppler sector or frame rate, and special
functions.

[0067] The central controller 142 is operated under user
control by commands, selections and/or entries made by the
user via the user controls 146. As described above, the user
controls 146 allow a user to direct and control the operations
of the ultrasound imaging system 100. Where a handheld
form factor is employed, a number of functions, such as
patient data entry, Cineloop® operation, and 3D review, may
be operated through menu control provided via a graphical
user interface. Such may advantageously minimize the num-
ber of keys, buttons or switches present on a small handheld
housing. Additionally, or alternatively, a number of opera-
tional functions may be programmed to be logically asso-
ciated with specific diagnostic applications. Such opera-
tional functions may be automatically executed or
performed when a specific operating mode or application is
selected by a user. For example, selection of B mode
imaging may automatically invoke frequency compounding
and depth dependent filtering, while selection of Doppler
operation may cause automatic set up of a four multiplier
filter as a wall filter. The menu selection of specific clinical
applications can, for example, automatically invoke specific
feature settings such as TGC control characteristics and
focal zones.
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[0068] The central controller 142 and possibly other con-
trollers or circuitry receives the ultrasound B mode and
Doppler information from the receive beamformer subsys-
tem 112. The central controller 142 and possibly other
controllers or circuitry may perform a scan conversion that
produces video output signals or frames of video. The
central controller 142 and possibly other controllers or
circuitry may be configured to add alphanumeric informa-
tion to the video or other image data, such as the time and/or
date via a time and/or date function, and patient identifica-
tion. An optional graphics processor (not shown) may over-
lay the ultrasound images with information such as depth
and focus markers and cursors. Frames of ultrasound images
may be stored in a dedicated video memory (not shown).
Such may allow selected frames to be recalled and replayed,
for instance in a live Cineloop® real-time sequence. Video
information may be available at a video output. The video
information may be made available in a variety of formats,
for instance NTSC and PAL formats or RGB drive signals
for the display 106 or other a video monitor.

[0069] The control subsystem 104 may include one or
more communications interfaces 148 to which the central
controller 142 may be communicatively coupled. The com-
munications interfaces 148 may take a variety of forms for
instance a communications port (e.g., Universal Serial Bus
or USB port, Ethernet port, FIREWIRE® port, infrared
transmitter/receiver). The communications interface 148
allows other modules and functions to be communicatively
coupled to or communicate with the ultrasound imaging
system 100. The communications interface 148 can com-
municatively couple to a modem or communications link to
transmit and receive ultrasound images, ultrasound infor-
mation and/or other information from remote locations. The
communications interface 148 can accept other data storage
devices to add new functionality to the ultrasound device,
for instance an ultrasound information analysis package.
The communications interface 148 may also allow the
central controller 142 to access additional program instruc-
tions or data and/or transmit image information remotely.

[0070] The ultrasound imaging system 100 may include a
power subsystem 116 that applies power (e.g., battery
power) to the other components and subsystems of the
ultrasound imaging system 100. For example, the power
subsystem 116 may monitor and control electrical power
applied to the transducer array 102, thereby controlling the
acoustic energy which is applied to the patient. The power
subsystem 116 may also be configured to minimize overall
power consumption of the ultrasound imaging system 100.
The power subsystem 116 may provide electrical power
from a portable power storage device (e.g., rechargeable
battery cells, ultra-capacitor array, fuel cell array), particu-
larly where the ultrasound imaging system 100 takes the
form of a handheld or portable device. The power subsystem
116 may include a DC-DC converter to convert the low
battery voltage to a higher voltage which is applied to the
transmit/receive subsystem 108 to drive the elements of the
transducer array 102. The power subsystem 116 may include
a rectifier and step down converter to convert AC power to
recharge the power storage device (e.g., rechargeable battery
cells, ultra-capacitor array).

[0071] The display 106 may take a variety of forms, for
example a liquid crystal display (LCD). The display 106
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may be integrated into a common housing with the control
system 104 and/or the transducer array 102, or may be
separate.

[0072] While the various components are generally
described above as being housed in a single unitary or single
piece housing, other alternatives will be readily apparent
from this description. For instance, some of the subsystems
could be located in a common enclosure, with the beam-
former subsystems 110, 112 physically and/or communica-
tively detachably coupled to the transducer elements of the
transducer array 102. This allows different transducer arrays
to be used with a digital beamformer, digital filter, and image
processor for various diagnostic imaging procedures. Alter-
natively, the transducer array 102, transmit/receive subsys-
tem 108 and transmit and receive beamformer subsystems
110, 112 could be housed in a transducer housing, with the
control subsystem 104 including user controls 146 housed in
a separate housing along with the display 106. Various
stitable structures and methods are described in U.S. Pat.
No. 7,604,596 and U.S. Pat. No. 5,817,024. Other configu-
rations of the ultrasound imaging system 100 may be
employed.

[0073] As previously discussed, ultrasound information
may be used to adjust operation of the ultrasound imaging
system. For example, a focus or direction of further ultra-
sound sample volumes may be adjusted. For instance, from
time-to-time various sample volumes may be evaluated with
respect to a desired location (e.g., particular anatomical
structure, reference, region of interest). Such may include a
sample volume that was previously centered or best coin-
cided with the desired location, such sample volume referred
to as the principal sample volume. Such may also include
other sample volumes axially and/or laterally disposed with
respect to the principal sample volume, referred to as
additional sample volumes. In response to the evaluation, a
different sample volume may be identified or selected as a
new principal sample volume or the same sample volume
may be reused as the principal sample volume. Likewise, the
additional sample volumes may be updated or reused
accordingly. This may be done by acquiring sample volumes
in the lateral and/or axial directions, without incurring
significant increases in acquisition time, thus avoiding sig-
nificant decreases in pulse repetition frequency (PRF) rates.

[0074] In particular, acquiring additional sample volumes
at shallower depths in the same axial direction as the
principal sample volume can be achieved with incurring any
additional “pings” or acquisition time, thereby having no
effect on PRF rate, since the same sample data can be used
and filtered for several different sample volume depths.
Acquiring additional sample volumes at deeper depths in the
same axial direction as the principal sample volume will add
a small amount of additional acquisition time, but should not
be so significant as to hinder operation or substantially
decrease temporal resolution.

[0075] The ultrasound imaging system 100 may employ
conventional multiline acquisition techniques to acquire
additional sample volumes in the lateral directions from the
principal sample volume or principal axial ray. To accom-
plish such, the ultrasound imaging system 100 may advan-
tageously include multiple receive beamformers 112 to
acquire samples volumes to either side (e.g., left and right in
FIGS. 2-4) of a principal axial ray. Multiple sample volumes
may be acquired at different axial depths along the additional
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axial rays laterally disposed from the principal axial ray, in
a fashion similar to that for the principal axial ray.

[0076] FIGS. 2-4 illustrate various approaches to acquir-
ing additional sample volumes around a principal or main
sample volume.

[0077] FIG. 2 shows a transducer array 200 transmitting
ultrasound illustrated as axial rays extending into a medium
during a first period, according to one illustrated embodi-
ment. While illustrated in two-dimensions, those of ordinary
skill in the art will appreciate that ultrasound image sam-
pling may take place in three-dimensions.

[0078] In particular, FIG. 2 shows an initial principal
sample volume 202 that is being sampled, at a first axial
depth along an initial principal axial ray 204. As illustrated
in FIG. 2, a number of initial additional sample volumes may
be sampled at different axial depths along the same initial
principal axial ray 204. These are illustrated as four initial
additional sample volumes 206a-206d (collectively 206),
with pairs 206a, 2064, 2065, 206¢ of these initial additional
sample volumes axially diametrically opposed to one
another on either side of the initial principal sample volume
202.

[0079] Also as illustrated in FIG. 2 a number of initial
additional sample volumes may be sampled, laterally dis-
posed from the initial principal sample volume 202. These
are illustrated as five initial sample volumes 2084-208¢
(collectively 208) on a first lateral axial ray 210 laterally
disposed on one side of the initial principal axial ray 204,
and five initial sample volumes 212a-212¢ (collectively 212)
on a second lateral axial ray 214 laterally disposed on the
other side of the initial principal axial ray 204. Pairs of the
additional sample volumes 208, 212 may be diametrically
opposed from one another across respective ones of the
initial sample volumes 202, 206 on the principal axial ray
204. As will be apparent from the teachings here to those of
ordinary skill in the art, greater or fewer sample volumes
may be used. Additionally, or alternatively, the number of
sample volumes on one axial ray may differ from the number
of sample volumes on another axial ray. As previously noted,
ultrasound image sampling may take place in three-dimen-
sions. Hence additional sample volumes 206 may be arrayed
about the principal axis 204 at various angular locations.
Thus, for example a set of additionally sample volumes may
be sampled in a plane that is orthogonal to the plane of the
drawing sheet. Again, such additional samples in the
orthogonal plane may be diametrically opposed with respect
to one another across the principal axial ray 204 or sample
volume 202.

[0080] FIG. 3 shows a transducer array 200 transmitting
ultrasound illustrated as axial rays extending into a medium
during a second period, according to one illustrated embodi-
ment.

[0081] In particular, FIG. 3 shows a new principal sample
volume 302 that is being sampled at a second axial depth
along a principal axial ray 304. Notably, the second axial
depth is different from the first axial depth (FIG. 2). As
illustrated in FIG. 3, a number of new additional sample
volumes may be sampled at different axial depths along the
same initial principal axial ray 304. These are illustrated as
four new additional sample volumes 3064-3064 (collec-
tively 306), with pairs of these new additional sample
volumes axially diametrically opposed to one another on
either side of the new principal sample volume 302.
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[0082] Also as illustrated in FIG. 3 a number of new
additional sample volumes may be sampled, laterally dis-
posed from the new principal sample volume 302. These are
illustrated as five new sample volumes 308a-308¢ (collec-
tively 308) on a first lateral axial ray 310 laterally disposed
on one side of the principal axial ray 304, and five new
sample volumes 312a-312e (collectively 312) on a second
lateral axial ray 314 laterally disposed on the other side of
the principal axial ray 304, diametrically opposed from one
another across respective ones of the new sample volumes
302, 306 on the principal axial ray 304. Thus, a new
principal sample volume 302 is sampled along with new
additional sample volumes 306, 308, 312 axially and/or
laterally disposed with respect to the new principal sample
volume 302. As previously noted, greater or fewer sample
volumes may be used and the number of sample volumes on
one axial ray may differ from the number of sample volumes
on another axial ray. The comments regarding operation in
a three-dimensional space made with respect to FIG. 2 apply
to this illustrated embodiment as well.

[0083] FIG. 4 shows a transducer array 200 transmitting
ultrasound illustrated as axial rays extending into a medium
during a third period, according to one illustrated embodi-
ment.

[0084] In particular, FIG. 4 shows a new principal sample
volume 402 that is being sampled at a new principal axial
ray 404. Notably, the new principal axial ray 404 is different
from the initial principal axial ray 204 (FIG. 2). As illus-
trated in FIG. 4, a number of new additional sample volumes
may be sampled at different axial depths along the same new
principal axial ray 404. These are illustrated as four new
additional sample volumes 406a-406d (collectively 406),
with pairs of these new additional sample volumes axially
diametrically opposed to one another on either side of the
new principal sample volume 402.

[0085] Also as illustrated in FIG. 4 a number of new
additional sample volumes may be sampled, laterally dis-
posed from the new principal sample volume 404. These are
illustrated as five new sample volumes 4084-408¢ (collec-
tively 408) on a first lateral axial ray 410 laterally disposed
on one side of the new principal axial ray 404, and five new
sample volumes 412a-412¢ (collectively 412) on a second
lateral axial ray 414 laterally disposed on the other side of
the new principal axial ray 404, diametrically opposed from
one another across respective ones of the new sample
volumes 402, 406 on the new principal axial ray 404.
[0086] Thus, a new principal sample volume 402 is
sampled along with new additional sample volumes 406,
408, 412 axially and/or laterally disposed with respect to the
new principal sample volume. As previously noted, greater
or fewer sample volumes may be used and the number of
sample volumes on one axial ray may differ from the number
of sample volumes on another axial ray. The comments
regarding operation in a three-dimensional space made with
respect to FIG. 2 apply to this illustrated embodiment as
well.

[0087] FIG. 5 shows a method 500 of operating an ultra-
sound imaging system, according to one illustrated embodi-
ment.

[0088] At 502, the ultrasound imaging system generates a
first number of ultrasound pressure waves. For example, a
transmit beamformer subsystem may generate drive signals,
causing one or more of the transducer elements of a trans-
ducer array to transmit ultrasound pressure waves. As pre-
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viously noted, these may be focused and/or directed. In
particular, the ultrasound pressure waves may be generated
to sample certain sample volumes along one or more axial
rays, at one or more axial depths.

[0089] At 504, the ultrasound imaging system receives a
first number of ultrasound return signals for each of at least
two sample volumes in response to the first number of
ultrasound pressure waves. The two sample volumes have at
least respective portions thereof that are at least one of
axially displaced and/or laterally displaced with respect to
one another. For example, a receive beamformer subsystem
may receive and process analog signals produced by the
transducer array in response to ultrasound return signals.

[0090] At 506, the ultrasound imaging system evaluates at
least one characteristic represented in the received ultra-
sound return signals. For example, the ultrasound imaging
system may evaluate one or more values that are indicative
of a power, a variance, a velocity, and/or a set of echo data.
Such information may represent structures of interest, for
example a vein or artery, bone, organ, flow of blood or other
fluid, or may represent some other structure of interest. For
instance, it may be desirable to maintain the principal
sample volume at least partially coincident with some
defined region of interest (ROI). This may be particularly
desirable where there is some relative movement between
the transducer array and the object being sampled. For
instance, it may be desirable to maintain the principal
sample volume coincident with some bodily structure where
the transducer array is being moved, or the bodily structure
moves or is being moved. Also for instance, it may be
desirable to maintain the principal sample volume along a
centerline of an artery, even where the artery is tortuous
and/or the transducer array is being scanned along a body.

[0091] The characteristics, also referred to as parameters,
may all be computed from the same acquired data or
ultrasound information. As an example, velocity may be
fastest in the center of a vessel. Thus, velocity information
may be evaluated to determine the location of a centerline of
a vessel, and the principal sample volume moved or selected
to be coincident, or at least partially coincident with the
centerline as determined based on velocity. For instance, the
measured or determined velocity may be compared to some
threshold or to velocity measured or determined at other
locations. In some instance, power may be a better indicator
of certain structure, such as the centerline of vessel carrying
blood or other fluid. Hence, the measured or determined
power may be compared to some threshold or to power
measured or determined at other locations. In other
instances, variance or some other measure of turbulence may
be suitable for indicating a location or presence of a par-
ticular structure (e.g., blockage or plaque buildup). Hence,
variance may be evaluated against some threshold and/or
against turbulence at other locations. Thus, the ultrasound
imaging system should be capable of processing multiple
sample volumes, as well as background echo data, from the
same acquired ultrasound return signals. In addition, or
alternatively, to evaluating characteristics such as power, a
variance, a velocity, echo data may be computed for each
axial ray. Using echo information and/or “Doppler” (e.g.,
pulse wave “Doppler”) information may allow locations of
certain structures to be determined or computed. For
example, the location of vessel walls may be determined or
computed to aid in selecting which of the currently acquired
sample volumes will be the new principal sample volume
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(e.g., new center sample volume). Thus, for example, the
new principal sample volume may be placed coincident or at
least partially coincident with a centerline of some structure
indicated by echoes alone, by one or more “Doppler”
parameters, and/or a combination of echoes and “Doppler”
parameters such as velocity, power and/or variance. Thus,
the ultrasound imaging system should be capable of pro-
cessing multiple sample volumes, as well as background
echo data, from the same acquired ultrasound return signals.
The ultrasound imaging system may employ some of its
transmissions (e.g., “pings™) to acquire two-dimensional
ultrasound data and some of its transmission to acquire
Doppler ultrasound data. Thus, one ray may be used to
capture background image information (e.g., pulse echo)
while another ray used to capture pulse wave Doppler
information.

[0092] At 508, the ultrasound imaging system adjusts at
least one operational parameter based at least in part on at
least one characteristic represented in the received first
number of ultrasound return signals. The adjustment may be
automatic or not. For example, the ultrasound imaging
system may adjust the transmit beamformer to move or
change a location of a principal sample volume. For
instance, the ultrasound imaging system may cause a new
principal sample volume to be axially displaced with respect
to an initial or previous principal sample volume. Alterna-
tively or additionally, the ultrasound imaging system may
cause a new principal sample volume to be laterally dis-
placed with respect to an initial or previous principal sample
volume. Also for example, the ultrasound imaging system
may adjust the transmit beamformer to move or change a
location of an additional (i.e., supplemental or not principal)
sample volume. For instance, the ultrasound imaging system
may cause a new additional sample volume to be axially
displaced with respect to an initial or previous additional
sample volume. Alternatively or additionally, the ultrasound
imaging system may cause a new additional sample volume
to be laterally displaced with respect to an initial or previous
additional sample volume. Such may, for instance, move the
principal sample volume to be centered with respect to some
structure, such as an artery. Thus, where one of the addi-
tional sample volumes is identified or selected as the new
principal sample volume, then the ultrasound transmissions
from the transducer array may be redirected and/or refo-
cused to be centered on the new principal sample volume.
[0093] FIG. 6 shows a method 600 of operating an ultra-
sound imaging system, according to one illustrated embodi-
ment. The method 600 may, for example, be executed as part
of the method 500 (FIG. 5).

[0094] At 602, the ultrasound imaging system selects a
new principal sample volume to be sampled. For example,
the ultrasound imaging system may select one of the at least
two initial sample volumes as the new principal sample
volume. Thus, for instance, one of the additional sample
volumes may meet a desired criteria (e.g., coincident or
centered with respect to some region or interest, structure or
reference), and hence will be used as the new principal
sample volume. In some instances, the previous principal
sample volume may still meet the desired criteria, and the
same principal sample volume will be sampled.

[0095] Optionally, at 604, the ultrasound imaging system
selects one or more additional sample volumes to be
sampled. These additional sample volumes have at least
respective portions thereof that are at least axially displaced
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with respect to the new principal sample volume. For
example, the ultrasound imaging system may select at least
two additional sample volumes to be sampled that have at
least respective portions thereof that are axially opposed to
one another across the new principal sample volume. In
some instances, the entire additional sample volumes will be
axially displaced from the entire principal sample volume.
[0096] Optionally, at 606, the ultrasound imaging system
selects additional sample volumes to be sampled that have at
least respective portions thereof that are at least laterally
displaced with respect to the new principal sample volume.
For example, the ultrasound imaging system may select at
least two additional sample volumes to be sampled that have
at least respective portions thereof that are laterally opposed
to one another across the new principal sample volume. In
some instances, the entire additional sample volumes will be
laterally displaced from the entire principal sample volume.
[0097] At 608, the ultrasound imaging system generates a
second number of ultrasound pressure waves directed to the
new principal sample volume and at least one of the addi-
tional sample volume(s). The method 600 may then repeat,
substituting new principal and/or additional sample volumes
for initial or previous principal and/or additional sample
volumes.

[0098] FIG. 7 shows a method 700 of operating an ultra-
sound imaging system, according to one illustrated embodi-
ment. The method 700 may, for example, be executed as part
of the method 500 (FIG. 5).

[0099] At 702a, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure
wave along an initial principal axial ray to sample an initial
principal sample volume. For example, a transmit beam-
former subsystem may produce drive signals to cause a
transducer array to transmit ultrasound pressure waves along
the principal axial array focused at a desired depth.

[0100] At 7025, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the initial principal axial ray to sample the initial
principal sample volume. For example, a receive beam-
former subsystem may filter and otherwise process the
ultrasound return signals to produce image data and to
determine information (e.g., echo and/or “Doppler” charac-
teristics or parameters) represented in the ultrasound return
signals, focused at one or more desired depths.

[0101] At 704a, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure
wave along an initial first lateral axial ray laterally displaced
from the initial principal axial ray. For example, a transmit
beamformer subsystem may produce drive signals to cause
a transducer array to transmit ultrasound pressure waves
along an axial ray laterally disposed with respect to the
principal axial ray and focused one or more desired depths.
[0102] At 7045, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the initial first lateral axial ray. For example, a
receive beamformer subsystem may filter and otherwise
process the ultrasound return signals to produce image data
and to determine information (e.g., echo and/or “Doppler”
characteristics or parameters) represented in the ultrasound
return signals, focused at one or more desired depths.
[0103] At 706a, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure

Jan. 19,2017

wave along an initial second lateral axial ray laterally
displaced from the initial principal axial ray and the initial
first lateral axial ray. For example, a transmit beamformer
subsystem may produce drive signals to cause a transducer
array to transmit ultrasound pressure waves along an axial
ray laterally disposed with respect to the principal axial ray
and focused one or more desired depths.

[0104] At 7065, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the initial second lateral axial ray. For example, a
receive beamformer subsystem may filter and otherwise
process the ultrasound return signals to produce image data
and to determine information (e.g., echo and/or “Doppler”
characteristics or parameters) represented in the ultrasound
return signals, focused at one or more desired depths.
[0105] Thus, the ultrasound imaging system may, for
example, sample at least two additional sample volumes,
laterally opposed to one another across the initial principal
sample volume.

[0106] At 708a, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure
wave along a new principal axial ray to sample a new
principal sample volume. The new principal axial ray may
be different from the initial principal axial array.

[0107] At 7085, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the new principal axial ray to sample the new
principal sample volume. For example, a receive beam-
former subsystem may filter and otherwise process the
ultrasound return signals to produce image data and to
determine information (e.g., echo and/or “Doppler” charac-
teristics or parameters) represented in the ultrasound return
signals, focused at one or more desired depths.

[0108] At 7104, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure
wave along a new first lateral axial ray laterally displaced
from the new principal axial ray. For example, a transmit
beamformer subsystem may produce drive signals to cause
a transducer array to transmit ultrasound pressure waves
along a new first lateral axial ray laterally disposed with
respect to the new principal axial ray and focused one or
more desired depths.

[0109] At 7104, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the new first lateral axial ray. For example, a
receive beamformer subsystem may filter and otherwise
process the ultrasound return signals to produce image data
and to determine information (e.g., echo and/or “Doppler”
characteristics or parameters) represented in the ultrasound
return signals, focused at one or more desired depths.
[0110] At 712a, the ultrasound imaging system transmit
beam forms to transmit at least one ultrasound pressure
wave along a new second lateral axial ray laterally displaced
from the new principal axial ray and the new first lateral
axial ray to sample at least two additional sample volumes
axially opposed to one another across the new principal
sample volume.

[0111] At 712b, the ultrasound imaging system receive
beam forms to receive at least one ultrasound return or echo
signal in response to the ultrasound pressure wave transmit-
ted along the new second lateral axial ray. For example, a
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receive beamformer subsystem may filter and otherwise
process the ultrasound return signals to produce image data
and to determine information (e.g., echo and/or “Doppler”
characteristics or parameters) represented in the ultrasound
return signals, focused at one or more desired depths.
[0112] Thus, the ultrasound imaging system may, for
example, sample at least two additional sample volumes,
laterally opposed to one another across the new principal
sample volume. Hence, the ultrasound imaging system may,
for example, beam form to transmit the ultrasound pressure
waves along at least three axial rays, the three axial rays
laterally spaced from one another.

[0113] FIG. 8 shows a two-dimensional ultrasound image
800 which may be produced by an ultrasound imaging
system according to one illustrated embodiment.

[0114] The two-dimensional ultrasound image 800 (e.g.,
B-mode image) represents a structure 802, for example a
bodily tissue such as an artery. As illustrated, a region of
interest (ROI) 804 may be defined in the two-dimensional
ultrasound image 800. The ROI 804 may be defined in a
number of manners. For example, an operator may define a
desired ROI 804 using a cursor and user controls. Also for
example, an ROI 804 may be defined based on certain
criteria or characteristics represented in the information
(e.g., echo and/or “Doppler”) captured by the ultrasound
imaging system.

[0115] FIG. 9 shows a method 900 of operating an ultra-
sound imaging system, according to one illustrated embodi-
ment. The method 900 may, for example, be executed as part
of the method 500 (FIG. 5). The method 900 may adjust a
location of a principal sample volume or select a new
principal sample volume selected so as to remain focused on
an identified ROL

[0116] At 902, the ultrasound imaging system selects new
principal sample volume to at least partially coincide with an
ROI 804 (FIG. 8) in an object being imaged.

[0117] At 904, the ultrasound imaging system selects
additional sample volume(s) to be sampled that have at least
respective portions thereof that are at least one of axially
displaced and/or laterally displaced with respect to the new
principal sample volume,

[0118] FIG. 10 shows a two-dimensional ultrasound
B-mode image 1000 and a two-dimensional spectral “Dop-
pler” trace 1002 which may be produced by an ultrasound
imaging system according to one illustrated embodiment.
Such may be displayed by an ultrasound imaging system
operating in an echo/Doppler mode.

[0119] The two-dimensional B-mode ultrasound image
1000 represents a structure 1004, for example a bodily tissue
such as an artery. As illustrated, a current principal sample
volume 1006 may be defined in the two-dimensional ultra-
sound image 1000. The current principal sample volume 804
represents a volume currently being sampled at a particular
range of depths.

[0120] The spectral Doppler trace 104 represents a distri-
bution of frequencies in a “Doppler” signal, which may be
employed in determining velocity of a tissue, for example
velocity of a bodily fluid such as blood in an artery or
velocity of a valve such as a mitral valve in the heart.
[0121] FIG. 11 shows a method 1100 of operating an
ultrasound imaging system, according to one illustrated
embodiment. The method 1100 may, for example, be
executed as part of the method 500 (FIG. 5). The method 110
may adjust a location of principal sample volume or select
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a new principal sample volume so as to maintain the
principal sample volume relative to some structure. Such
may, for example, allow the principal sample volume to be
maintained in the center of an artery 1004 (FIG. 10), as the
transducer array is moved along the artery while looking for
changes in blood flow.

[0122] At 1102, the ultrasound imaging system selects
new principal sample volume 1006 (FIG. 10) to be centered
with respect to at least one structure 1104 (FIG. 10) of an
object being imaged.

[0123] At 1104, the ultrasound imaging system selects
additional sample volume(s) to be sampled that have at least
respective portions thereof that are at least one of axially
displaced and/or laterally displaced with respect to the new
principal sample volume.

[0124] The above description of illustrated embodiments,
including what is described in the Abstract, is not intended
to be exhaustive or to limit the embodiments to the precise
forms disclosed. Although specific embodiments of and
examples are described herein for illustrative purposes,
various equivalent modifications can be made without
departing from the spirit and scope of the disclosure, as will
be recognized by those skilled in the relevant art. The
teachings provided herein of the various embodiments can
be applied to other ultrasound systems, not necessarily the
exemplary ultrasound imaging system generally described
above.

[0125] Forinstance, the foregoing detailed description has
set forth various embodiments of the devices and/or pro-
cesses via the use of block diagrams, schematics, and
examples. Insofar as such block diagrams, schematics, and
examples contain one or more functions and/or operations,
it will be understood by those skilled in the art that each
function and/or operation within such block diagrams, flow-
charts, or examples can be implemented, individually and/or
collectively, by a wide range of hardware, software, firm-
ware, or virtually any combination thereof. In one embodi-
ment, the present subject matter may be implemented via
ASICs. However, those skilled in the art will recognize that
the embodiments disclosed herein, in whole or in part, can
be equivalently implemented in standard integrated circuits,
as one or more computer programs executed by one or more
computers (e.g., as one or more programs running on one or
more computer systems), as one or more programs executed
by on one or more controllers (e.g., microcontrollers) as one
or more programs executed by one or more processors (e.g.,
microprocessors), as one of more PGAs such as field pro-
grammable gate arrays (FPGAs), as other firmware, or as
virtually any combination thereof, and that designing the
circuitry and/or writing the code for the software and or
firmware would be well within the skill of one of ordinary
skill in the art in light of the teachings of this disclosure.
[0126] When logic is implemented as software and stored
in memory, logic or information can be stored on any
physical computer-readable medium for use by or in con-
nection with any processor-related system or method. In the
context of this disclosure, a memory is a computer-readable
medium that is an electronic, magnetic, optical, or other
physical device or means that contains or stores a computer
and/or processor program. Logic and/or the information can
be embodied in any computer-readable medium for use by
or in connection with an instruction execution system,
apparatus, or device, such as a computer-based system,
processor-containing system, or other system that can fetch
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the instructions from the instruction execution system, appa-
ratus, or device and execute the instructions associated with
logic and/or information.

[0127] In the context of this specification, a “computer-
readable medium” can be any physical element that can
store the program associated with logic and/or information
for use by or in connection with the instruction execution
system, apparatus, and/or device. The computer-readable
medium can be, for example, but is not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus or device. More specific
examples (a non-exhaustive list) of the computer readable
medium would include the following: a portable computer
diskette (magnetic, compact flash card, secure digital, or the
like), a RAM, ROM, an erasable programmable read-only
memory (EPROM, EEPROM, or Flash memory), a portable
compact disc read-only memory (CDROM), digital tape.
[0128] The various embodiments described above can be
combined to provide further embodiments. To the extent that
they are not inconsistent with the specific teachings and
definitions herein, all of the U.S. patents, U.S. patent appli-
cation publications, U.S. patent applications, foreign pat-
ents, foreign patent applications and non-patent publications
referred to in this specification and/or listed in the Applica-
tion Data Sheet, including but not limited to U.S. Pat. No.
5,893,363 and U.S. Pat. No. 7,604,596 are incorporated
herein by reference, in their entirety. Aspects of the embodi-
ments can be modified, if necessary, to employ systems,
circuits and concepts of the various patents, applications and
publications to provide yet further embodiments.

[0129] One of ordinary skill in the art will recognize that
any one or more of the acts or structures recited in any of the
dependent claims could be included in the independent
claim, the remaining dependent claims depending off the
modified independent claim. That is, while the dependent
claims set out specific acts and structures, such acts and
structures may be combined in any combination or permu-
tation.

[0130] These and other changes can be made to the
embodiments in light of the above-detailed description. In
general, in the following claims, the terms used should not
be construed to limit the claims to the specific embodiments
disclosed in the specification and the claims, but should be
construed to include all possible embodiments along with
the full scope of equivalents to which such claims are
entitled. Accordingly, the claims are not limited by the
disclosure.

1-27. (canceled)
28. An ultrasound imaging system, comprising:
a transducer array;
at least one beamformer for selectively transmitting and
receiving ultrasound signals in a desired direction;
a control system configured to:
control the transducer array to generate a number of
ultrasound pressure waves;
receive a number of ultrasound return signals via the
transducer array, the number of ultrasound return
signals being received from a principal sample vol-
ume and at least one additional sample volume that
is axially displaced or laterally displaced with
respect to the principal sample volume;
evaluate at least one of a power, a variance, or velocity
of the echo data represented in the received ultra-
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sound return signals originating from the principal
sample volume and the at least one additional sample
volume; and

adjust at least one operational parameter of the ultra-
sound imaging system to select a location of a new
principal sample volume based at least in part on at
least one characteristic represented in the received
ultrasound return signals; and

a display communicatively coupled to the control system

to display images of the principal sample volume.

29. The ultrasound imaging system of claim 28, wherein
the control circuit is configured to:

select a number of additional sample volumes that are at

least one of axially displaced or laterally displaced with
respect to the location of the new principal sample
volume.

30. The ultrasound imaging system of claim 29, wherein
the control circuit is further configured to:

control the transducer array to generate a number of

ultrasound pressure waves directed to the location of
the new principal sample volume and at least one of the
additional sample volumes that is axially displaced or
laterally displaced with respect to the location of the
new principal sample volume.

31. The ultrasound imaging system of claim 28, wherein
the control circuit is configured to control the transducer
array to:

generate at least one ultrasound pressure wave along an

initial principal axial ray;

generate at least one ultrasound pressure wave along an

initial first lateral axial ray that is laterally displaced
from the initial principal axial ray; and

generate at least one ultrasound pressure wave along an

initial second lateral axial ray laterally displaced from
the initial principal axial ray and the initial first lateral
axial ray.

32. The ultrasound imaging system of claim 31, wherein
the control circuit is further configured to control the trans-
ducer array to:

generate at least one ultrasound pressure wave along a

new principal axial ray;

generate at least one ultrasound pressure wave along a

new first lateral axial ray laterally displaced from the
new principal axial ray; and

generate at least one ultrasound pressure wave along a

new second lateral axial ray laterally displaced from the
new principal axial ray and the new first lateral axial.

33. The ultrasound imaging system of claim 31, wherein
the control circuit is further configured to cause the trans-
ducer array to:

generate at least one ultrasound pressure wave along a

new principal axial ray different from the initial prin-
cipal axial array;

generate at least one ultrasound pressure wave along a

new first lateral axial ray laterally displaced from the
new principal axial ray; and

generate at least one ultrasound pressure wave along a

new second lateral axial ray laterally displaced from the
new principal axial ray and the new first lateral axial
ray.

34. The ultrasound imaging system of claim 28, wherein
to adjust at least one operational parameter of the ultrasound
imaging system based at least in part on at least one
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characteristic represented in the received ultrasound return
signals, the control circuit is configured to:

select the location of the new principal sample volume to

be sampled to at least partially coincide with a region
of interest in an object being imaged; and

select a number of additional sample volumes to be

sampled that have at least respective portions thereof
that are at least one of axially displaced or laterally
displaced with respect to the new principal sample
volume.

35. The ultrasound imaging system of claim 28, wherein
to adjust at least one operational parameter of the ultrasound
imaging system based at least in part on at least one
characteristic represented in the received ultrasound return
signals, the control circuit is configured to:

select a location of the new principal sample volume to be

sampled to be centered with respect to at least one
structure of an object being imaged; and

select a number of additional sample volumes to be

sampled that have at least respective portions thereof
that are at least one of axially displaced or laterally
displaced with respect to the location of the new
principal sample volume.
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