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1
STEERED CONTINUOUS WAVE DOPPLER
METHODS FOR TWO-DIMENSIONAL
ULTRASOUND TRANSDUCER ARRAYS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a divisional of U.S. patent application
Ser. No. 10/787,695, filed Feb. 26, 2004, now U.S. Pat. No.
7,637,871.

BACKGROUND

The present invention relates to steered continuous wave
Doppler ultrasound imaging.

Steered continuous wave Doppler imaging is provided
using one-dimensional arrays. Dedicated transmit and
receive apertures are used on the array, so coaxial cables and
associated elements may be electrically isolated to avoid
interference. The steered continuous wave Doppler receive
beamformer is typically analog to provide large dynamic
range and sensitivity. The data output by the steered continu-
ous wave receive beamformer is used to generate a spectral
Doppler image. A graph of velocities as a function of time is
generated. For each given time, a range of velocities are
highlighted. The highlighted velocities are modulated as a
function of the associated energy. The range of velocities and
associated energies at a given steer direction is displayed as a
function of time as a moving graph.

The velocity information represents velocities towards and
away from the transducer. Where blood flow is at an angle to
the scan line, the actual velocity may differ. Various tech-
niques are provided for angle correcting velocity information
for two-dimensional imaging. For example, the user inputs an
indication of the direction of flow within a two-dimensional
image. The angle information is used to determine an actual
velocity. As another example, the ultrasound system auto-
matically acquires data at each spatial location from different
angles and uses the angles and associated velocities to deter-
mine an actual velocity values. The angle information is used
to determine an actual velocity. For two-dimensional imag-
ing, the angle is applied to velocities at a plurality of locations
in an image representing a scan region at a given time.

However, techniques applicable to one-dimensional arrays
and two-dimensional imaging may not apply to steered con-
tinuous wave imaging using a two-dimensional array capable
of three-dimensional imaging. Two dimensional arrays typi-
cally include hundreds or thousands of elements, such as an
order of magnitude of 10 or more than one-dimensional
arrays. Providing sufficient dynamic range and avoiding
cross-talk may increase complexity and cost. Since circuitry
may be provided within a transducer probe for each of the
elements, the cost of providing sufficient dynamic range is
increased for steered continuous wave imaging as compared
to Doppler imaging using pulse waves.

BRIEF SUMMARY

By way of introduction, the preferred embodiments
described below include methods and systems for acquiring
spectral or velocity information with a multi-dimensional
array. Various aspects are provided for overcoming hardware
size, channel count and steering difficulties. For example, a
dedicated receive aperture is formed on a multi-dimensional
array for steered continuous wave imaging. Other elements
not within the dedicated receive aperture are used for trans-
mitting continuous waves or transmitting and receiving
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pulsed waveforms in other modes of imaging. To allow for
steering throughout a volume, the dedicated receive aperture
or a selected receive aperture may be symmetric about the
center of the array. As another example aspect, switches or
other structures are provided for selecting between a plurality
of possible apertures for a steered continuous wave aperture.
The selection is performed in response to a configuration of
an ultrasound system, such as selection of a steer direction or
an optimal focus location. The aperture is then used for either
transmit or receive operations of steered continuous wave
imaging. As yet another example aspect, at least part of the
steered continuous wave beamformer is provided within a
transducer assembly. The transducer assembly includes a
probehousing and a releasable connector housing electrically
connected by a cable. In yet another example aspect, at least
one angle of a three-dimensional indication of flow direction
is input from a user. Velocity values in either steered continu-
ous wave imaging or pulsed wave imaging are corrected as a
function of a three-dimensional indication of flow direction.

The present invention is defined by the following claims,
and nothing in this section should be taken as limitation on
those claims. Any of the various aspects or advantages dis-
cussed herein may be used independently or in any possible
combination. In some embodiments, none of the aspects or
advantages discussed herein may be provided. Further
aspects and advantages of the invention are described below
in conjunction with the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The components in the figures are not necessarily to scale,
emphasis instead being placed upon illustrating the principles
of the invention. Moreover, in the figures, like reference
numerals designate corresponding parts throughout the dif-
ferent views.

FIG. 1 is a block diagram of one embodiment of a system
for acquiring spectral information with a multidimensional
array;

FIG. 2 is a flow chart of one embodiment of a method for
using a dedicated receive continuous wave aperture on a
multidimensional array;

FIG. 3 is a graphical representation of one embodiment of
asymmetrical dedicated receive aperture for continuous wav-
ing imaging with a multidimensional array;

FIG. 4 is a flow chart diagram of one embodiment of a
method for selecting apertures for continuous wave imaging;

FIGS. 5 and 6 are graphical representations of different
selected apertures on a multidimensional array; and

FIG. 7 is a flow chart diagram of one embodiment of a
method for angle correcting velocity information using a
multidimensional transducer array.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

To limit receive beamformer costs and electrical crosstalk,
one embodiment uses dedicated receive channels for steered
continuous wave imaging. Other channels are provided for
transmit and receive operations in other modes on a multidi-
mensional array. Dedicated channels form a subaperture that
is symmetric about the center of the array, but non-symmetric
subapertures may be used. In other embodiments, selectable
receive or transmit apertures for steered continuous wave
imaging are provided for a more uniform two-way response
through rotation of the apertures as a function of the selected
steering angle. The rotated apertures may be symmetric for
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further improved response. Angle correction is provided in
response to user input for determining actual velocity values
used for steered continuous wave or pulse wave imaging in
yet other embodiments.

FIG. 1 shows a system 10 for acquiring spectral informa-
tion with a multidimensional transducer array 12. The system
10 is used to implement one or more of the above described
dedicated receive aperture, selectable aperture and/or three-
dimensional angle correction. The system 10 includes atrans-
ducer assembly 14 and an imaging system 16. In one embodi-
ment, the transducer assembly 14 is detachable or releasably
connectable with the imaging system 16. In other embodi-
ments, the transducer assembly 14 is permanently attached to
the imaging system 16. The system 10 is a cart-mounted,
handheld, portable or other now known or later developed
medical diagnostic ultrasound imaging system. Two example
embodiments of the system 10 are disclosed in U.S. Pub-
lished Application Nos. 20050148878 and 20050148873, the
disclosures of which are incorporated herein by reference.

The imaging system 16 is a medical diagnostic ultrasound
imaging system in one embodiment. In other embodiments,
the imaging system 16 is a computer, workstation or other
medical imaging system. For an ultrasound system, the imag-
ing system 16 includes a transmit beamformer 24 and a
receive beamformer 26 connected with a connector 22. The
transmit beamformer 24 is operable to generate a plurality of
relatively delayed and apodized steered continuous or pulsed
waveforms for transmitting acoustic energy. The electrical
signals generated by the transmit beamformer 24 are routed to
the connector 22. The connector 22 also electrically connects
to the receive beamformer 26. In one embodiment, the con-
nections within the imaging system 16 from the connector 22
are permanent and made through one or more switches, such
as a transmit and receive switch.

The receive beamformer 26 is an analog or digital receive
beamformer. The receive beamformer 26 includes a plurality
of delays, amplifiers and one or more summers. The receive
beamformer 26 is configured to receive analog signals, but
may be configured to receive digital signals. The electrical
signals representing different elements or groups of elements
are relatively delayed, apodized and then summed to form
samples or signals representing one or different spatial loca-
tions along one or more receive beams. The receive beam-
former 26 is configured to provide a wideband interface, such
as a switching matrix with 384-wire impedance controlled
paths from the connector 22 to the beamforming cards or slots
on the printed circuit board interconnects. Other switching
matrix and number of paths may be provided.

In one embodiment, the receive beamformer 26 includes
separate beamformers for either analog or digital data or as a
function of imaging mode, such as a separate spectral Dop-
pler beamformer and a separate B-mode and color-flow mode
beamformer. For example, the receive beamformer 26 is a
digital processor on a card, ASIC or other device, and a
separate analog processor for continuous wave signals is pro-
vided on a separate card. One receive beamformer 26 may be
used for both continuous and pulsed waveform beamforma-
tion.

The receive beamformer 26 may be distributed, such as
different parts of the beamformer in different locations within
the imaging system 16 or external to the imaging system 16
(e.g., aportion of the receive beamformer 26 within the trans-
ducer probe assembly 14). The steered continuous wave
receive beamformer 26 may be at least partly in the transducer
assembly 14 as designated by 34. For example, the steered
continuous wave beamformer 34 includes a pre-amplifier 36,
a delay 37 or phase rotator, a summer 38 or combinations
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thereof in a probe housing 17 of the transducer assembly 14.
Alternatively, the steered continuous wave beamformer 26 is
entirely in the transducer assembly 14 or the imaging system
le.

The components of the steered continuous wave receive
beamformer 26, 34 have a dynamic range for continuous
wave imaging, such as providing a type of preamplifier, suf-
ficient power supply and minimal noise components for con-
tinuous wave imaging. The delays may be implemented with
a single wavelength delay or phase capability. For compari-
son, the components for a pulsed wave or multi-dimensional
imaging receive beamformer have multiple cycle delays with
a higher resolution of delay and have a lesser dynamic range.
In one embodiment, one or more of the components of the
steered continuous wave beamformer 34, 26 and a pulsed
wave beamformer are shared, such as preamplifiers, delays,
amplifiers, summers or the entire receive channel path.

Further processes and associated circuitry are imple-
mented by the imaging system 16 for generating an image or
for calculating measurements from the receive beamformed
information. Different, additional or fewer transmit and
receive circuit devices or components may be provided.

The connector 22 is one of any now-known or later-devel-
oped mechanical and electrical connectors for detachably
connecting and removing the transducer probe assembly 12.
The connector 22 includes grooves, extensions, latches,
screws, threaded holes or any other now-known or later-
developed mechanical structure for releasably connecting to
another device. A plurality of male or female electrical con-
nections for connecting with individual digital traces, such as
in a circuit board configuration, or for connecting with
coaxial cables is provided. For example, 192 or other number
of electrical connections of exposed metallic traces on a cit-
cuit board for mating are recessed within the connector 22. In
one embodiment, the connector disclosed in U.S. Pat. No.
6,371,918, the disclosure of which is incorporated herein by
reference, is used. While one connector 22 is shown, a plu-
rality of different connectors may be provided for connecting
to a same type or different types of transducer probe assem-
blies 12. The connector 22 electrically connects with the
receive beamformer 26 for communicating analog or digital
signals. In alternative embodiments, the connector 22 is a
standard or custom connection on a PC, digital repeater or
other electrical device for locally processing data or for trans-
mitting data for remote processing.

The ultrasound transducer probe assembly 14 includes the
transducer probe housing 17, a cable 18, and a connector
housing 20. Additional, different or fewer components may
be provided. For example, a hand-held system 10 is provided
where the transducer probe housing 17 is included as part of
the connector housing 20 without the cable 18. The trans-
ducer probe assembly 14 provides a detachable transducer.

The transducer probe housing 17 is plastic, metal, rubber,
combinations thereof or any other now-known or later-devel-
oped material for housing a multidimensional transducer
array 12 of elements. In one embodiment, the transducer
probe housing 17 is shaped for hand-held use. In other
embodiments, the transducer probe housing 17 is shaped for
use internal to a patient, such as shaped as an endoscope or
catheter. The transducer probe housing 17 at least partially
houses the multidimensional array 12 of elements, such as
covering a portion of the array 12 and allowing a face of the
array 12 acoustical access for scanning a patient.

The elements of the array 12 are piezoelectric, capacitive
membrane ultrasound transducer or other now-known or
later-developed elements for converting between electrical
and acoustical energies. The multidimensional array 12 is
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distributed in any of various patterns, including triangular,
square, rectangular, hexagonal or other now known or latter
developed grids. Full or sparse sampling of the elements
within the grid is used. For example, a 2-dimensional array
has 1,920 or other number of fully-sampled elements in a
square, hexagonal, triangular or rectangular grid positioned
on a planar or curved surface. The transducer array 12
includes a flex circuit, signal traces or other structures for
electrical interconnection from the elements ofthearray 12 to
other electronics of the probe assembly 12. For example, the
flex circuits are connected to a plurality of coaxial cables in
the cable 18 or to electronics or connector within the connec-
tor housing 20.

In an alternative embodiment, the transducer array 12 elec-
trically connects to electrical components within the probe
housing 17, such as switches 19, the steered continuous wave
beamformer 34 and/or the pulsed wave beamformer 21. For
example, the switches 19 are a transistor network, cross-point
network or multiplexer electrically connected between the
plurality of cables of the cable 18 and the transducer elements
of the array 12. The switches 19 are positioned in the trans-
ducer probe housing 17 with the array 12. The switches 19 are
operable to selectably connect different elements to different
receive beamformer channels. Where a selectable transmit,
receive or both transmit and receive aperture for steered con-
tinuous wave beamforming is used, the switches 19 allow
connection of different elements to different transmit and
receive channels for defining the apertures. Multi-layer or
single layer switching may be used for routing signals from
each element to a selected one or more channels. The switches
19 may allow connection to any one or more of a sub-set or all
of the transmit and/or receive channels.

In one embodiment, the switches 19 are provided for a
sub-set of the elements. Other elements are permanently con-
nected as a dedicated receive aperture for use with steered
continuous waveforms. The non-dedicated elements are used
for transmit steered continuous waveform operation and
transmit and receive operation in other modes of imaging,
such as pulsed wave imaging (e.g., two or three dimensional
B-mode or color mode imaging). In alternative embodiments,
a dedicated receive aperture for steered continuous wave
imaging includes switches for selecting different ones of the
elements for connection with different channels of the steered
continuous waveform beamformer 34, 26. In yet other
embodiments, the switches 19 are used for the entire array
without a dedicated steered continuous wave aperture, such
as for using selectable steered continuous wave apertures.

In one embodiment, at least a portion of the steering con-
tinuous wave beamformer 34 is provided in the probe housing
17 or transducer assembly 14. For example, pre-amplifiers,
delays, phase rotators amplifiers and summers are provided
for partially beamforming a plurality of sub-apertures of a
receive aperture. As another example, signals from elements
associated with a same or similar delay are routed together
(i.e., summed) using switches 19 to partially beamform the
signals for a sub-aperture prior to or after applying the delay.
The delays are either included within the transducer assembly
14 or the imaging system 16. Other components may also be
included, such as filters. Fewer components of the steering
continuous wave beamformer 34, 26 may be provided in the
probe housing 17 or transducer assembly 14, such as compo-
nents prior to delay, prior to amplification for apodization or
prior to summation.

Other electronics may be provided in the probe housing 17
or the connector housing 20. For example, electronics opet-
able to multiplex signals from a plurality of elements onto a
fewer number of outputs using time division multiplexing. In
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alternative embodiments, other forms of multiplexing are
provided. Preamplifiers or other structures are also included
in other embodiments with the multiplexer. For example, the
structures disclosed in U.S. Pat. No. 6,875,178 and U.S. Pub-
lished Application No. 20030139671, the disclosures of
which are incorporated herein by reference, are used. For a
multidimensional array, signals from every 2, 4, 8 or other
number of elements are multiplexed onto a common output. A
plurality of outputs for different groups of elements is pro-
vided. In alternative embodiments, the probe electronics are
different components for the same or different functions, or
the transducer probe housing 17 is provided without the fur-
ther electronics. In another embodiment, the probe electron-
ics include delays, amplifiers and summers for performing
beamforming functions for sub-arrays or across the entire
array.

The cable 18 includes a plurality of coaxial cables. For
example, 64, 128, 192 or other number of coaxial cables are
provided for transmitting electrical signals representing
acoustic energy received at elements of the array 12. Each
coaxial cable receives information for one element, informa-
tion from a sub-array or multiplexed information represent-
ing a plurality of different elements. In alternative embodi-
ments, the cable 18 is a flexible circuit, optical data path, fiber
optic, insulated wires or other now-known or later-developed
structure. For example, analog-to-digital converters are pro-
vided in the transducer probe housing 17, and digital signals
are transmitted along now-known or later-developed digital
paths through the cable 18. The cable 18 electrically connects
the ultrasound transducer array 12 to the electronics of the
connector housing 20 or imaging system 16. Where multi-
plexing or partial beamforming is provided, fewer cables than
elements may be used. In the embodiment with a dedicated
steered continuous wave receive aperture, the cables associ-
ated with the dedicated aperture may be shielded from other
cables to reduce any cross-talk. The shielding is in addition to
the coaxial shielding, such as a sheet of dielectric material
separating dedicated receive cables from other cables. In
other embodiments, such as the selectable aperture embodi-
ments, the shielding between cables is provided by the
coaxial or other shielding resulting from the cables being
used.

The connector housing 20 is metal, plastic, rubber, combi-
nations thereof or other now-known or later-developed mate-
rial for housing or at least partially housing a releasable
connector 28 and any other optional components. The con-
nector housing 20 is connected at the end of the cable 18, so
that the connector housing 20 is spaced from the ultrasound
transducer array 12 and associated probe housing 17.

The connector housing 20 is shaped to allow detachment
and attachment to the imaging system 16. In one embodi-
ment, now-known connector housings are extended in length
away from the connector 28 to accommodate the additional
electronics, such as extending by twice the distance used for
connectors without electronics to accommodate demultiplex-
ers, partial beamformers, analog-to-digital converters or
other components. Different changes in dimension may be
provided, such as making the connector housing 20 longer,
higher, wider or combinations thereof.

The releasable connector 28 electrically connects with the
ultrasound transducer array 12 without any detachable con-
nections. Alternatively, one or more detachable connections
are provided, such as at the interface between the cable 18 and
the probe housing 17. The connector 28 is releasably connect-
able with the imaging system 16. The connector 28 includes
mechanical and electrical structures corresponding to the
mechanical and electrical structures of the connector 22 of the



US 7,972,268 B2

7

imaging system 16. For example, a plurality of electrical
signal lines for connection with exposed traces on a circuit
board protrudes from the connector housing 20 for insertion
into the connector 22. The connectors 22, 28 include power,
clock, synchronization or other control lines for implement-
ing the digital processing within the connector housing 20 or
the transducer probe assembly 12 in synchronization with a
format usable by the imaging system 16. Latches, extensions,
screws, threaded holes or other now-known or later-devel-
oped releasable connection structures are provided for
mechanically attaching the connectors 28 and 22. In one
embodiment, the connector 28 is a connector as disclosed in
U.S. Pat. No. 6,371,918. Different connectors may be pro-
vided. The connector 28 and 22 are operable to easily detach
and attach. Through rotation, latching or other processes, the
connectors 22, 28 are attached or detached in seconds or tens
of seconds. Longer time periods may be used for more solid
connections or for different connectors.

FIG. 2 shows one embodiment of a method for acquiring
spectral information with a multidimensional transducer
array. A multidimensional transducer array is used in the
system 10 as described above for FIG. 1 or a different system.
Additional, different or fewer acts than shown in FIG. 2 may
be used, such as providing for the transmission and reception
of continuous waves in acts 40 and 42 independent of or
without the pulsed wave transmission and reception of acts 24
and 46.

In act 40, continuous waves are transmitted from the mul-
tidimensional array. The continuous waves include wave-
forms with a plurality of cycles, such as about 10, tens or
hundreds of cycles. While the term “continuous” is used, the
waveforms have a beginning and an ending to allow inter-
leaving or discreet uses of the continuous wave imaging. For
steered continuous wave imaging, continuous waves are
transmitted from a plurality of different elements with rela-
tive delays or phasing and apodization. The delays and
apodization are selected to focus the continuous waveforms at
a desired location, such as a user selected focal position.

In act 42, echoes responsive to the transmitted continuous
waves are received on a dedicated aperture of a multidimen-
sional transducer array. The receive aperture is dedicated to
receiving steered continuous waveform echoes, such as being
switchably or permanently connected to a receive beam-
former for steered continuous wave beamforming. The
remainder of the array is used for the transmission of steered
continuous waveforms and transmission and reception in
other imaging modes. For example, a portion or the entirety of
the remainder of the multidimensional array not dedicated to
receiving steered continuous waveforms, is used for perform-
ing B-mode and/or multidimensional Doppler imaging. The
subaperture used for continuous wave transmission and other
imaging modes uses the common hardware, cables or cir-
cuitry provided with the multidimensional array. The ele-
ments and associated cables or other signal paths of the dedi-
cated subaperture used for receiving continuous wave signals
is independently shielded from other channels. Where the
continuous wave receive beamformer is provided within the
imaging system, the signal paths from the multidimensional
transducer array to the receive beamformer are also dedi-
cated. For either local or remote receive beamforming, the
receive beamformer channels for the dedicated aperture pro-
vide sufficient or optimized dynamic range and sensitivity.
Channels connected to other portions of the multidimensional
transducer array may have reduced size and complexity for
other imaging modes or transmission of steered continuous
waves.

10

15

20

25

30

35

40

45

50

55

60

65

8

In one embodiment, the elements of the dedicated receive
aperture have a larger pitch than elements of the multidimen-
sional array of a different subaperture. For example, the mul-
tidimensional transducer array is manufactured with different
sized PZT posts orkerfing profiles to provide a larger pitch for
the dedicated receive aperture. The large pitch may reduce the
number of steered continuous wave receive beamformer
channels and associated cables communicating information
back to an imaging system. As another example, adjacent or
elements spaced apart within the dedicated receive aperture
are switchably shorted together, such as where the elements
are associated with a same or similar delay or phase shift
given a selected steering angle. By shorting together adjacent
or spaced apart elements, a larger pitch is provided than where
elements are not shorted together. The effects of grating lobes
may be minimized by using a fully sampled transmit aperture.
In alternative embodiments, a same pitch is provided in both
the dedicated steered continuous wave receive aperture as
well as the other subaperture used for transmit or other imag-
ing modes.

The dedicated receive aperture is positioned in any of vari-
ous continuous or sparse positions within the multidimen-
sional transducer array. In one embodiment, the dedicated
receive aperture is symmetric about a center of the multidi-
mensional transducer array. FIG. 3 shows one embodiment of
adedicated receive aperture symmetric about the center of the
multidimensional transducer array 12. The array 12 is a
16x16 array of elements in a fully sampled square grid, but
other samplings and grid distributions may be provided. The
elements of the dedicated receive aperture 48 are positioned
at the corners of the array 12. For example, an equal number
of elements in a same distribution are provided at each of the
corners for the dedicated receive aperture 48. Each of the
elements within the dedicated receive aperture operates inde-
pendently or connects to a separate receive beamformer chan-
nel, but one or more of the elements may be shorted together
as a function of the steering direction or other reason. The
dedicated receive aperture 48 is symmetric along both dimen-
sions of the multidimensional transducer array 12 about the
center 54. By providing a symmetric dedicated receive aper-
ture, the effects of steering away from the receive aperture are
minimized. The remaining elements of the array 12 used for
transmit operation or transmit and receive operations in other
imaging modes. For steered continuous wave operation, an
optional buffer 52 of one or more elements between the ele-
ments of the dedicated receive aperture 48 and the elements of
atransmit aperture 50 are shown in FIG. 3 between the receive
aperture 48 and a transmit aperture 50. The buffer 52 mini-
mizes crosstalk between transmit and receive elements. In
alternative embodiments, the buffer elements 52 are not pro-
vided or a wider buffer is provided.

For operation in other imaging modes, the elements of the
subaperture 50 and/or buffer aperture 52 are used for both
transmit and receive operation. For other modes of operation,
such as B-mode, the corner or edge elements contribute less to
the resulting image, so dedication of the elements to a steered
continuous wave receive aperture may have minimal effects.
A tradeoff between the size of the dedicated receive aperture,
the associated sensitivity and imaging performance of other
imaging modes using the remaining subaperture 50 of the
array 12 is selected as a function of intended application or
possible applications. A greater or lesser number or percent-
age of the array 12 may be used for the dedicated receive
aperture. In other embodiments, a portion or all of the dedi-
cated receive aperture is spaced from one or more of the edges
of the array 12. A portion or the entirety of a continuous
aperture region of the dedicated receive aperture may be
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positioned at the center 54 ofthe array 12 in yet other embodi-
ments. Non-symmetric distributions may also be used.

In act 44, pulse waves are transmitted with elements of the
multidimensional array that are separate from the elements of
the dedicated receive aperture. For example, the same or an
overlapping aperture used for transmission of the steering
continuous waves is used for transmitting pulse waves. The
pulse waves comprise one to four cycles, but a greater number
of cycles may be provided in other embodiments. Pulse waves
are used or configured for generating two- or three-dimen-
sional image representations, such as transmitting along a
plurality of different scan lines in sequence as part of a scan.
In act 46, the same or a slightly different aperture is used to
receive signals responsive to the transmitted pulse waves. For
example, elements of the multidimensional transducer array
other than the dedicated receive aperture are used for receiv-
ing the pulse wave echo signals.

By providing a dedicated receive aperture for steered con-
tinuous waveforms, various components of the receive aper-
ture may be shielded from components associated with the
remainder of the elements of the array. For example, pream-
plifiers, cables, receive beamformer circuits and combina-
tions thereof within the transducer assembly 14 of the dedi-
cated receive aperture are shielded from other devices.
Amplifiers orreceive beamformer circuits may be shielded by
a physical shield structure or separation on different circuit
boards or flexible circuits. Echo signals received in response
to steered continuous waves are transmitted to a dedicated
continuous wave beamformer over a path separate from sig-
nals received in response to transmitted pulsed waves or a
path separate from transmit waveforms. The separation may
minimize or reduce crosstalk and allow for shielding. Alter-
natively, the separate path is provided without the shielding.

FIG. 4 shows one embodiment of a method for acquiring
spectral information with a multidimensional array. The
method uses the system 10 or a different system. Additional,
different or fewer acts may be provided in alternative embodi-
ments. The method provides for a selectable transmit and/or
receive apertures in a multidimensional array for steered con-
tinuous waveform imaging.

In act 60, the ultrasound system 1s configured for continu-
ous wave operation. For example, the user selects a continu-
ous wave imaging application. The system automatically
configures the transmit and receive beamformers, and any
other processors for acquiring spectral Doppler information.
As another example, the user indicates a focus location or a
steer direction within a multidimensional image, such as a
color Doppler image, for acquiring spectral Doppler informa-
tion. As a result of the selected focus position or steer direc-
tion, various transmit and receive beamformer parameters for
steered continuous waves are established or selected from a
table.

In act 62, an aperture is selected in response to the configu-
ration. A plurality of possible apertures is available, such as
two, three or more possible apertures. Fach aperture corre-
sponds to a different steering angle, different scan line origin,
different depth or combinations thereof. In one embodiment,
the selected aperture is a receive aperture. In other embodi-
ments, the selected aperture is a transmit aperture.

FIGS. 5 and 6 show two different aperture configurations
for steered continuous wave imaging, representing rotation of
an aperture as a function of scan line direction. For a given
steer direction or focal location for spectral Doppler imaging,
a fixed scan line and associated transmit and receive apertures
are selected. Alternatively, the location of the focus or steer
direction is tracked to account for tissue or transducer move-
ment. As a result, the scan line and associated transmit and

20

25

40

45

60

65

10

receive apertures may vary as a function of time. In either
case, the aperture configuration of FIG. 5 is used for different
origins, steering angles or depth than the aperture configura-
tion of FIG. 6. As shown, a transmit aperture 50 on a multi-
dimensional transducer array 12 is shown separated from a
receive aperture 48 by a buffer of elements 52. The aperture
configuration of FIG. 5is shown rotated about the center 54 of
the array 12. FIG. 5 is used for scan lines at an angle of about
45° clockwise on the face of the array 12. In alternative
embodiments, the aperture configuration of FIG. 5 is used for
scan line angles of about 135° to the face of the array 12.
Alternatively, the transmit and receive apertures 48 and 50 are
flipped about the buffer 52 for scan lines at about a 135° angle
to the face of the transducer 12. FIG. 6 shows an aperture
configuration for scan lines steered at an angle of 270° to the
array 12 where 0° is straight up from the center 54 on the face
of the array 12. The apertures of FIG. 5 and FIG. 6 may be
used for other angles or for a range of possible angles. Dif-
ferent numbers of selectable aperture configurations may be
provided for different range groupings of steering angles.
While FIGS. 5 and 6 show rotation symmetrically about the
center 54 of the array 12, asymmetric rotations may also be
provided. By orienting the aperture configurations with the
receive aperture closest to the focal point in an off-axis
steered scan line, a more uniform two-way response may be
provided. The voltage associated with transmit may be
increased or decreased to account for the further distance of
the transmit aperture from the focal region. While FIGS. 5 and
6 show contiguous transmit and receive apertures 50, 48,
transmit or receive apertures 48, 50 with different shapes may
be used. For example, the transmit and receive aperture con-
figuration of FIG. 3 is selected in one embodiment, such as for
a focal location orthogonal to the center 54 of the array 12 or
in a range of angles around the orthogonal.

Other possible apertures include transmit or receive aper-
tures 48, 50 with different sizes. For example, transmit or
receive beamformer channels for steering continuous wave
imaging may be limited, resulting in fewer elements within
one of the transmit or receive apertures. Where such limita-
tions exist, the other of the receive or transmit aperture may be
increased or decreased in size to compensate for or corre-
spond with the size of the other aperture. Where further off-
axis steering is provided, the size of the apertures may be
increased to compensate for sample volume increases. The
greater aperture size may increase the amount of focus. For
example, a smaller receive aperture may be selected. As a
result, a larger transmit aperture is selected to provide a tight
focus and better two-way response. The size and shape of the
apertures may be selected a function of the depth of the focal
point. As larger steering angles are used, larger transmit and/
or receive apertures may be provided for the steered continu-
ous wave operation.

The relative positions of the transmit and/or receive aper-
tures on the array 12 may also be varied. The relative center of
the transmit, receive or both apertures may be selected at
different locations, such as sliding the apertures to different
locations on the array 12. For example, the origin of the scan
line extending through a selected focal location is shifted on
the array. For example, the center of the transmit or receive
aperture is shifted away from the center 54 of the array. The
shift may make the scan line angle more orthogonal to the
array 12. Alternatively, the shift avoids transmitting acoustic
energy of the steered continuous waveforms through an
undesired tissue boundary or other structure, such as bore.

In act 64, the selected aperture is used for steered continu-
ous wave operation. For example, either transmit or receive
operations are performed with the selected aperture. In one
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embodiment, both transmit and receive apertures are selected
from a plurality of possible transmit and receive apertures,
such as three or more of each. In an alternative embodiment,
a dedicated or fixed receive aperture is used. The transmit
aperture varies within the array 12 using elements other than
elements dedicated to the receive aperture. For example, the
transmit aperture 50 of FIG. 3 is increased in size or reduced
in size as a function of the steering continuous wave configu-
ration. The shape or relative position within available ele-
ments may also be selected.

Where a different steered continuous wave configuration is
implemented, such as through user selection of a different
focal range position, steer direction or through system auto-
mated selection ofa different focal range position, the same or
different transmit and/or receive apertures are selected for the
new configuration. For example, different receive and trans-
mit apertures are selected from at least two, three or more
possible transmit and receive aperture configurations on a
multi-dimensional array in response to a different steering
angle.

FIG. 7 shows one embodiment of a method for acquiring
velocity information with a multidimensional array. The
method of FIG. 7 uses the system 10 or a different system.
Additional, different or fewer acts may be provided. The
velocity values acquired for steered continuous wave or pulse
wave imaging are corrected as a function of an angle of flow.
Since multidimensional transducer arrays may be used for
three-dimensional or real time four-dimensional imaging, the
angle correction applied is for a three-dimensional indication
of the flow direction.

In act 70, the user inputs at least one angle of a three-
dimensional indication of flow direction. For example, a
three-dimensional representation is generated as an image on
a display. Through rotation or other three-dimensional imag-
ing techniques, a beginning and end location of a three-di-
mensional vector within the represented three-dimensional
space is selected by the user. The three-dimensional vector
provides an angle relative to each of three axes for the vector.
In an alternative embodiment, the user selects one or two
angles of a three-dimensional vector. The system automati-
cally determines other angles or an assumed angle is used. For
example, the user rotates a three-dimensional representation
until the vessel or flow of interest is at a desired angle on the
screen, such as horizontal or vertical. In response to an input,
such as a depression of a key, the three-dimensional vector is
determined from a two-dimensional image representing
three-dimensions on the screen. For example, a cross-sec-
tional two-dimensional image of a three-dimensional scan
volume is displayed for the user to select the three-dimen-
sional vector. Automatic determination of one or more angles
of the three-dimensional vector is performed using an analy-
sis of flow data, different scan lines intersecting the same
location or other now known or later developed techniques.
For example, an automatic technique is used to determine
flow along one or two-dimensions. The user then indicates a
direction of flow along a third dimension. The three-dimen-
sional indication of flow may be used for spectral Doppler,
two-, three- or four-dimensional imaging.

The three-dimensional indication of the flow direction is
provided at a single location in one embodiment. For steered
continuous wave imaging, the single three-dimensional vec-
tor may be used. For two- or three-dimensional imaging,
either a single or multiple user input three-dimensional indi-
cations of flow direction are provided. For example, the flow
direction is assumed to be the same throughout a scanned
volume. As another example, the flow direction indication is
used for only a region of a volume, and different flow direc-
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tion indicators are provided for different regions. In yet other
embodiments, a system automatically determines the flow
direction in three-dimensions for each of a plurality of spatial
locations based on a flow direction indicated by the user at a
single location or at multiple locations.

In act 72, the velocity values are corrected as a function of
the three-dimensional indication of flow direction. Velocity
values estimated using an ultrasound system correspond to
velocities towards and away from the ultrasound transducer
along a scan line. By determining the angle of the three-
dimensional flow relative to the scan line position, the veloc-
ity values may be corrected. The magnitude of flow along the
scan line in combination with the three-dimensional angle
allows determination of the actual velocity at each location.
For steered continuous wave imaging, the velocities of the
spectral determination are corrected. As a result, the range of
velocities and associated energies for a given range gate or
focal location are determined as actual velocities. Alterna-
tively, two- or three-dimensional Doppler velocities are cor-
rected for each of a plurality of locations in a two- or three-
dimensional representation.

While the invention has been described above by reference
to various embodiments, it should be understood that many
changes and modifications can be made without departing
from the scope of the invention. It is therefore intended that
the foregoing detailed description be regarded as illustrative
rather than limiting, and that it be understood that it is the
following claims, including all equivalents, that are intended
to define the spirit and the scope of this invention.

I claim:

1. A method for acquiring spectral information with a
multi-dimensional array, the method comprising:

(a) configuring an ultrasound system for continuous wave

operation;

(b) selecting from at least two possible apertures on the
multi-dimensional array for a steered continuous wave
aperture, the selecting being in response to the configu-
ration;

(c) performing one of transmit and receive operations with
the selected aperture; and

(d) connecting elements selected in act (b) with a steered
continuous wave beamformer during receive operation,
the elements free of use for transmit operation.

2. The method of claim 1 further comprising:

(d) selecting a different one of the at least two possible
apertures in response to a different steering angle.

3. The method of claim 1 wherein (b) comprises selecting
between at least two possible apertures with at least two
different areas.

4. The method of claim 1 wherein (b) comprises selecting
between at least two possible apertures with at least two
different rotations relative to a point on the multi-dimensional
array.

5. The method of claim 4 wherein (b) comprises selecting
between at least two possible apertures with at least two
different asymmetric rotations.

6. The method of claim 4 wherein (b) comprises selecting
between at least two possible apertures with at least two
different rotations symmetric about a center of the multi-
dimensional array.

7. The method of claim 1 wherein (b) comprises selecting
areceive aperture from at least three possible apertures for the
one of transmit and receive.

8. The method of claim 1 further comprising:

(e) receiving with a pulsed wave beamformer, receive

channels of the continuous wave beamformer having a
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greater bandwidth and delays with a lesser resolution
than receive channels of the pulsed wave beamformer.

9. The method of claim 8 further comprising:

(D using dedicated signal paths from the multi-dimen-
sional array to the steered continuous wave beamformer
by the steered continuous wave beamformer for recep-
tion;

(2) using shared signal paths other than the dedicated sig-
nal paths by the steered continuous wave beamformer
for steered continuous wave transmissions and by the
pulsed wave beamformer for pulsed wave transmission
and reception.

10. The method of claim 9 wherein the dedicated signal
paths from the multi-dimensional array connect with ele-
ments of the multi-dimensional array distributed symmetri-
cally about a center of the multi-dimensional array.

11. The method of claim 10 wherein the symmetrically
distributed elements connected with the dedicated signal
paths comprise elements in the outer corners of the multi-
dimensional array.

12. The method of claim 9 further comprising:

shielding at least a portion of the dedicated signal paths
from the shared signal paths.

13. The method of claim 9 further comprising separating

the dedicated signal paths from the shared signal paths.

14. The method of claim 9 wherein the elements connected
with the dedicated signal paths have a larger pitch than the
elements connected with the shared signal paths.
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15. The method of claim 9 wherein the dedicated signal
paths from the multi-dimensional array connect with first
elements of the multi-dimensional array, the shared signal
paths connect with second elements, and wherein the shared
signal paths are configured to provide buffer elements from
the second elements adjacent to the first elements during use
of the first and second elements by the continuous wave
beamformer.

16. A method for acquiring spectral information with a
multi-dimensional array, the method comprising:

(a) configuring an ultrasound system for continuous wave

operation;

(b) selecting from at least two possible apertures on the
multi-dimensional array for a steered continuous wave
aperture, the selecting being in response to the configu-
ration; and

(c) performing one of transmit and receive operations with
the selected aperture

(d) connecting elements selected in act (b) with a steered
continuous wave beamformer during receive operation,
the elements free of use for transmit operation;

wherein selecting from the at least two possible apertures
on the multi-dimensional array comprises selecting
from at least two possible apertures on the multi-dimen-
sional array of elements distributed over a multidimen-
sional grid in a planar or curved surface and in one of a
rectangular, hexagonal, triangular and square grid.

I S I
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