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AUTOMATIC OPTIMIZATION IN SPECTRAL
DOPPLER ULTRASOUND IMAGING

BACKGROUND

The present invention relates to spectral Doppler ultra-
sound. In particular, automatic optimization of spectral Dop-
pler ultrasound imaging is provided.

Spectral Doppler ultrasound imaging provides a two-di-
mensional image of velocities (vertical scale) values modu-
lated by energy as a function of time (horizontal scale) for
studying fluid flow within a patient. By transmitting a plural-
ity of pulses at a single gate location, a spectral Doppler
response is generated in response to received echo signals.

Sonographers manually adjust the gate location, gate size,
transmit frequency and other spectral Doppler imaging con-
trol parameters in order to acquire a desirable image. This
process may be tedious and inexact, resulting in suboptimal
spectral Doppler imaging. For example, the desired location
of the spectral Doppler gate is typically at a position associ-
ated with the maximum flow velocity. A user may inexactly
position the range gate at a different, adjacent position. As
another example, an initial transmit frequency is selected by
the user by adjusting the transmit frequency to different val-
ues until the image is subjectively correct, but not necessarily
optimal.

Some processes have been proposed for automatic place-
ment of the spectral Doppler gate. For example, a two-dimen-
sional Doppler image of energy or velocity information is
acquired. A position within the two-dimensional image asso-
ciated with the maximum velocity or energy is selected for
positioning of the spectral Doppler gate. Another proposed
algorithm also samples at a plurality of predefined locations.
In particular, the spectral power is calculated at multiple
predefined locations in a one, two or three-dimensional grid.
The location with the greatest spectral power is selected for
the spectral Doppler gate position. However, sampling at
predefined locations, such as for a two-dimensional image,
may require extra processing and time.

Other spectral Doppler parameters may be automatically
set, such as the size of the gate, ideal line angle and point of
origin on the transducer.

BRIEF SUMMARY

The present invention is defined by the following claims,
and nothing in this section should be taken as a limitation on
those claims. By way of introduction, the preferred embodi-
ments described below include methods and systems for auto-
matic optimization in spectral Doppler ultrasound imaging.
The value for one or more spectral Doppler parameter is
optimized using numerical optimization rather than pre-
defined sampling. Various spectral Doppler parameters are
set, such as a position of the gate, gate size, transmit fre-
quency, filter settings, Doppler gain, beamline orientation or
angle of intersection between the gate position and the scan
line, aperture size, or other spectral Doppler transmit or
receive parameters effecting the spectral Doppler imaging. A
processor automatically calculates a setting or value for one
or more of the spectral Doppler parameters, resulting in more
objective optimization than provided by a user setting.

In a first aspect, a method for automatic optimization in
spectral Doppler ultrasound imaging is provided. Multiple
sequences of spectral Doppler pulses are fired into a patient.
Multiple goal values are determined in response to the
sequences. A change for a spectral Doppler parameter is
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estimated as a function of the goal values. The spectral Dop-
pler parameter is set automatically as a function of the esti-
mated change.

In a second aspect, a method for automatic optimization in
spectral Doppler ultrasound imaging is provided. An initial
spectral Doppler parameter value is received. The initial spec-
tral Doppler parameter value is automatically altered to a
second spectral Doppler parameter value. A third spectral
Doppler parameter value is determined as a function of a
numerical optimization of the initial and second spectral
Doppler parameter values.

In a third aspect, a method for automatic optimization in
spectral Doppler ultrasound imaging is provided. At least one
Doppler pulse is fired into an identified region. At least one of
the transmit frequency, filter settings and Doppler gain are
automatically set in response to an echo signal from the
Doppler pulse.

In a fourth aspect, a system for automatic optimization in
spectral Doppler ultrasound imaging is provided. The system
includes a transducer operative to fire sequences of spectral
Doppler pulses. A processor is operative to determine mul-
tiple goal values in response to the sequences, to estimate a
change of the spectral Doppler parameter as a function of the
values and to automatically set the spectral Doppler param-
eter as a function of the estimated change.

In a fifth aspect, a method for automatic optimization in
spectral Doppler ultrasound imaging is provided. Multiple
sequences of spectral Doppler pulses are fired into a patient.
Multiple goal values are determined in response to the
sequences. Based onthese goal values, zero or more iterations
of the following acts are generated adaptively,

generating an intermediate spectral Doppler parameter

value based on previous calculated goal values.

firing a sequence corresponding to this spectral Doppler

parameter value.

calculating the goal value in response to the sequence.

The resulting spectral Doppler parameter value is then deter-

mined based on the preceding calculated goal values.
Further aspects and advantages of the invention are dis-

cussed below inconjunction with the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The components of 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 automatic optimization of spectral Doppler ultrasound
imaging;

FIG. 2 is a flow chart diagram of one embodiment of a
method for automatic optimization of spectral Doppler ultra-
sound imaging;

FIG. 3 is a graphical representation of one embodiment
associated with setting a gate position and beamline orienta-
tion; and

FIG. 4 is a flow chart diagram of one embodiment of an
adaptive iterative process performed in the method of FIG. 2.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

Spectral Doppler parameters (e.g. imaging control param-
eters) are optimally selected. The selection is automated to
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achieve different imaging goals for different applications. For
example, the spectrum intensity is maximized by setting the
gate location and beamline orientation. As another example,
an area with the highest flow is located for a gate position. As
yet another example, a gate position associated with valve
regurgitation is located. The desired goal is expressed as a
mathematical function to be optimized with respect to one or
more of the spectral Doppler parameter. For example, the
spectral intensity sum, spectral signal-to-noise ratio sum,
spectral maximum velocity sum or other goal function is used
to numerically optimize gate location, beamline orientation,
transmit frequency, filter settings, Doppler gain, gate size,
velocity baseline, scan line location, scan line angle or other
spectral Doppler parameters.

FIG. 1 shows a system for automatic optimization in spec-
tral Doppler ultrasound imaging. The system 10 includes a
transmit beamformer 12, a transducer 14, a processor 16 and
a display 18. Additional, different or fewer components may
be provided. The system 10 is any now known or later devel-
oped spectral Doppler ultrasound imaging system, such as
ultrasound systems manufactured by Siemens Medical Solu-
tions USA, Inc.

The transmit beamformer 12 comprises a waveform gen-
erator, memory, digital signal processors, filters, delays,
amplifiers, control processors, other digital components,
other analog components and combinations thereof for gen-
erating sequences of Doppler pulses. Any now known or later
developed transmit beamformer may be used. A transmit
waveform, such as a single cycle or multi-cycle bipolar
square wave or sinusoidal waveform is generated for each of
a plurality of channels in an aperture with relative delays and
apodization for focusing the ultrasound energy as a spectral
Doppler pulse along a scan line. Unfocused or plane waves
may also be generated. By setting any delays, apodization and
aperture, the scan line position within a region may be
changed as well as the origin of the scan line from the trans-
ducer 14 and angle of intersection of the scan line with the
transducer 14. The delay and apodized waveforms generated
by the transmit beamformer 12 are provided to the transducer
14.

The transducer 14 comprises a one-dimensional, two-di-
mensional or multi-dimensional transducer array of piezo-
electric or microelectromechanical transducer elements. In
alternative embodiments, a single element is provided for the
transducer 14. The transducer 14 is operative to fire sequences
of spectral Doppler pulses by transducing the electrical sig-
nals from the transmit beamformer into acoustical energy.
The transducer 14 converts electrical waveform signals from
the transmit beamformer 12 to acoustic energy for transmit-
ting acoustic energy along a scan line. Some of the transmit-
ted acoustic energy reflects off of structures and fluids. The
reflected echoes are converted by the transducer 14 into elec-
trical energy and provided to the processor 16.

The processor 16 comprises a receive beamformer, a spec-
tral Doppler detector, a filter, amplifier, or other image pro-
cessing device for converting receive echo signals into a
spectral Doppler image. The processor 16 additionally or
alternatively includes a control processor for managing the
system 10 or components of the system 10. In one embodi-
ment, the processor 16 comprises a digital signal processor, a
general processor, an application specific integrated circuit, a
digital processor, an analog processor or any other processor
now known or later developed. Additional, different or fewer
components may be provided for the processor 16.

In response to receive beamformed signals, Doppler
detected signals, or image signals generated for a spectral
Doppler imaging display, the processor 16 determines goal
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values, such as a goal value associated with multiple
sequences of Doppler pulses. For example. a sequence of
Doppler pulses is transmitted to generate information associ-
ated with one time for a spectral Doppler display, such as a
velocity spectrum modulated as a function of energy for a
given time. A goal value is calculated from the spectrum
information for that time. Another goal value is calculated in
response to a subsequent sequence of pulses. Based on these
two goal values, zero or multiple iterations of the following
acts are generated adaptively,
generating an intermediate spectral Doppler parameter
value based on previous calculated goal values.
firing a sequence corresponding to this spectral Doppler
parameter value.
calculating the goal value in response to the sequence.

The resulting spectral Doppler parameter value is then deter-
mined based on the preceding calculated goal values.

The display 18 is a CRT, monitor, LCD, plasma screen,
projector or other now known or later developed display for
displaying a spectral Doppler image responsive to the set
parameters. For a black and white spectral Doppler image, a
range of velocities with each velocity modulated as a function
of energy is provided as a function of time. The intensity ofa
given pixel or pixel region represents energy where velocity is
provided on the vertical scale and time provided on the hori-
zontal scale. Other image configurations may be provided,
including colorized spectral Doppler images.

FIG. 2 shows a method for automatic optimization in spec-
tral Doppler ultrasound imaging. One or more spectral Dop-
pler parameters are numerically optimized. In one embodi-
ment, the numerical optimization occurs without a full
sampling of a one-, two-, or three-dimensional region. Only a
few possible settings are sampled and a next possible setting
is adaptively estimated or calculated. The spectral Doppler
parameter is set based on mathematical calculation rather
than comparison of multiple sampled settings. Various of the
acts shown in FIG. 2 may be skipped, not provided or imple-
mented in different ways. Additional or different acts may
also be provided.

In act 30, an initial spectral Doppler parameter value is
received. The value is received from memory, a processor,
user input or combination thereof. For example, a user selects
spectral Doppler imaging with a particular transducer 14 to be
used. In response, the system 10 provides various initial spec-
tral Doppler parameter values, such as a transmit frequency,
gate size, filter settings and Doppler gain. As another
example, the user indicates a gate position on a two-dimen-
sional image and a processor determines transmit and receive
beamformer settings for transmitting to and receiving from
the selected gate position. The user or the processor 16 deter-
mines an initial scan line angle or beamline orientation rela-
tive to the selected gate position, such as the shortest line from
the transducer 14 to the gate position or a line extending
perpendicular from the transducer 14 to the gate position. An
initial value is provided for each of the spectral Doppler
parameters or imaging control parameters. Any of various
users’ settings, such as a gain control setting in response to a
gain control knob or other configuration settings, provide the
initial values. For example, the user places the Doppler gate in
a vicinity of flow or most likely location of maximum flow
and presses a button to activate automatic optimization. The
initial settings correspond to the initially provided settings,
such as the Doppler gate position, provided by the user. The
software or algorithm discussed herein guides the Doppler
gate as well as other spectral Doppler parameters to the proper
depth and scan line orientations so as to obtain an optimal
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spectrum. Additional algorithm performance improvements
can be achieved by restricting the valid search region for
placing the Doppler gate to locations where color flow signals
have previously been detected, or to locations within the B
mode image which have intensities meeting threshold crite-
ria. U.S. Pat. No. 6,176,830, the disclosure of which is incot-
porated herein by reference, shows such improvements.

In act 32, the initial spectral Doppler parameter value for
one or more of the parameters is automatically altered to a
different value. The alteration occurs as part of a numerical
optimization. In one embodiment, an alteration predeter-
mined for the type of parameter is provided. For example, a
transmit frequency is altered in a 1 MHz step to be larger, but
a different size step increasing or decreasing the frequency
may be provided. As another example, a gate position is
shifted by one gate size along a same scan line or to an
adjacent scan line. Any of various predetermined or experi-
mentally determined shifts and direction of a shift in each of
the parameters or one of the parameters may be used. In other
alternative embodiments, the shift size or direction are adap-
tive as a function of a value calculated in act 38 for the initial
spectral Doppler parameter value.

In act 34, multiple sequences of spectral Doppler pulses are
fired. One sequence is fired and a Doppler spectrum is deter-
mined in response to the initial spectral Doppler parameter
values. A subsequent or other sequence of Doppler pulses is
fired, and a Doppler spectrum is generated in response to the
altered spectral Doppler parameter settings. Since at least one
setting for at least one spectral Doppler parameter is different
between the two firings, a different spectrum or different
spectral Doppler information may result. In alternative
embodiments, information from prior to generation of the
spectrum is acquired in response to the different settings. The
firings are along a same or different scan lines. In yet other
alternative embodiments, a single firing of a Doppler pulse or
a single sequence of Doppler pulses used for generating a
single spectrum is provided without the alteration of'act 32 or
only for the altered settings of act 32. A sequence of Doppler
pulses is provided for calculating or estimating the Doppler
spectrum at a given time. Any number of transmitted pulses
may be used for a sequence, including different numbers of
transmitted pulses for sequential sequences of Doppler
pulses.

In one embodiment, a value for a single spectral Doppler
parameter is altered for optimization. In alternative embodi-
ments, the values for two, more, a subset or all of the spectral
Doppler parameters are altered between two sequences of
Doppler pulses. The sequences of Doppler pulses may be
separated by none, one or more other sequences of Doppler
pulses or other ultrasound pulses for any purpose.

A subsequent spectral Doppler parameter setting is deter-
mined as a function of a numerical optimization of the initial
and altered spectral Doppler parameter settings in act 36. In
alternative embodiments, the subsequent spectral Doppler
parameter value is determined as a numerical optimization of
only the initial or only the altered spectral Doppler parameter
value. In yet other alternative embodiments, additional alter-
ations of one or more spectral Doppler parameters are pro-
vided for numerically optimizing a given spectral Doppler
parameter value. By providing numerical optimization, the
amount of samplings to determine an optimum value is
reduced. Any of various spectral Doppler parameters are opti-
mized individually, sequentially, or in parallel.

To perform the numerical optimization of act 36, goal
values are determined in response to the fired sequences of
Doppler pulses of act 34. For example, a resulting value
responsive to the initial spectral Doppler parameter value is
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calculated, and another resulting value responsive to the
altered spectral Doppler parameter value is calculated. Goal
values responsive to any of the various combinations of set-
tings of spectral Doppler parameters are calculated.

The resulting or goal value is calculated from any of vari-
ous mathematical functions. In one embodiment, the result-
ing or goal values are calculated from a spectrum resulting
from the firings and settings of acts 30-34. Detected informa-
tion or image gray scale values are used. In alternative
embodiments, the resulting or goal values are calculated from
received data other than the calculated Doppler spectrumi.

The goal value is calculated from a function to be opti-
mized with respect to the spectral Doppler parameters, such
as gate location, beamline orientation, gate size, transmit
frequency, filter settings or Doppler gain. One energy func-
tion is the spectral intensity sum or sum of intensity or energy
values for non-noise velocities at a given time or period. The
spectral intensity sum is given by:

sis(xl, y1,0) = Z WGy, 1)

vt

where x and y provide the gate location, the 0 is the beamline
orientation, v is the velocities and G(v, t) is the gray scale
values for each velocity at a given time. (v,t) are all the points
inside the chosen velocity (min_v, max_v) and time duration
(min_t, max_t) window in the spectral display. The velocity
may be squared or other spectral intensity functions may be
used.

Another energy function is the spectral signal-to-noise
ratio. The signal can be expressed as follows,

Z G2, 1)

wneX

num of elements in set X

where X is a set of (v,t) points inside the chosen time duration
and velocity window which has the value of G(v,t) greater
than a certain threshold. The noise information is acquired by
image processing or by receiving a frame of data without
transmitting acoustic energy. Yet another function is a spectral
maximum velocity sum as shown below.

Z max([v:v € [min v, max v] and G(v, 1) > threshold})
t

Means of energy, velocity or combination thereof are used in
alternative embodiments. Any of various functions which
may be minimized, maximized, thresholded or otherwise
used to identify an optimal setting may be used. For example,
pattern matching of the energy as a function of velocity of the
spectrum is used. Correlation or other pattern matching algo-
rithms are performed to provide an amount of match.

The function used to determine the goal value is the same
or different for different spectral Doppler parameters. In one
embodiment, gate location, beamline orientation and gate
size are optimized using the spectral intensity sum. The trans-
mit frequency is optimized using the spectral signal-to-noise
ratio sum to obtain a maximum energy as a function of trans-
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mit frequency. The Doppler gain is set as a function of the
spectral signal-to-noise ratio sum. The filter settings are also
optimized as a function of the spectral signal-to-noise ratio
sum. For example, the bandwidth of the clutter filter is altered
to provide the maximum signal-to-noise ratio. Other filtering
parameters for a clutter filter or other filter may be optimized.
Different combinations of spectral Doppler parameter and
optimization function are provided in other embodiments.

The function used for optimizing a particular spectral Dop-
pler parameter differs in response to different types of spec-
tral Doppler ultrasound imaging. For example, the location of
the gate is optimized as a function of pattern matching for
valve regurgitation imaging. A square shaped spectrum of
energy as a function of velocity identifies an improper valve
regurgitation. The system 10 and associated spectral Doppler
imaging parameters, such as the location of the gate, are
optimized to provide the spectrum most resembling a square
shape so that the worse case is identified for comparison or
diagnosis.

Goal values are calculated for a discrete time or over a time
duration. Forexample, the spectral intensity sum is calculated
for optimizing the gate position, beamline orientation and/or
gate size over one or more heart cycles. Different time periods
may be used. In one embodiment, the heart cycle is calculated
for identifying the time duration. In other embodiments, a
time period is selected that is associated with a typical heart
cycle. Other parameters for input to the optimization function
may be varied or set, such as the velocity window. In one
embodiment, the velocity window for identifying signal from
noise in a spectral Doppler image is used. In other embodi-
ments, a greater or lesser threshold is used for calculating the
goal value.

In act 40, a new setting of the spectral Doppler parameter
value is estimated. The setting is adaptively based on the
calculated goal values. A change of the spectral Doppler
parameter value or setting is estimated. The change is esti-
mated either as a difference from a current setting or as an
absolute value that is different than the current setting. The
change is estimated for any one or more of the spectral Dop-
pler parameters discussed above, such as transmit frequency,
gate position, filter settings, Doppler gain, angle of the scan
line through a gate position (beamline orientation) and com-
binations thereof.

A numerical optimization searching technique is used to
maximize the goal values. In alternative embodiments, the
goal value is minimized or otherwise thresholded. Any of
various numerical searching techniques now known or later
developed are used, such as in multi-dimensional case, Gra-
dient Descent method, Conjugate Gradient method, Newton
or Quasi-Newton method, in one dimensional case, Parabolic
fitting method, Brent’s method, Brent with first derivative
method or Newton numerical optimization. For example,
rather than performing an exhaustive search by sampling a
plurality of locations within a region, as in Gradient Descent
method, a derivative is used to identify a likely value or setting
of the spectral Doppler parameter from previous settings. A
gradient of the current setting provides a search direction of a
future setting. If one of the altered settings of act 32 resulted
in the goal value being worse, the setting is altered in an
opposite direction. As shown in FIG. 4, given the search
direction, the numerical routine automatically and iteratively
generates zero or more immediate spectral Doppler param-
eter settings based on the goal values calculated with the
preceding settings. As a result of each numerical optimiza-
tion, a goal value is calculated. The need for generating addi-
tional intermediate settings of the Doppler parameter is deter-
mined, such as by comparison to a threshold indicating an
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optimal setting. If no more intermediate settings are to be
calculated, then an optimal setting is estimated by selecting
the setting associated with the desired goal value. If addi-
tional intermediate settings are to be calculated, then the next
setting is estimated from the numerical optimization. Pulses
are fired using the next setting and the process repeats by
calculating another goal value. As aresult, the optimal setting
along the search direction is determined based on the preced-
ing calculated goal values. When the desired value is a maxi-
mum value, a negative representation may be used to obtain
minima for numerical searching techniques. In alternative
embodiments, only one of direction or magnitude is altered.

For example, the Doppler gate steering angle or beamline
orientation varies from -20 to 20 degrees. Starting at zero
degrees, numerical optimization may adjust the steering
angle to maximum possible extent, such as —20 degrees in
only 2, 3, 4, or any other low number of iterations. An
exhausted sub-sampling may require 40 samples at one
degree increments.

The new spectral Doppler parameter setting for one or
more parameters is used to transmit and receive ultrasound
energy. A goal value is calculated based on the most recent
information. The numerical searching is then repeated to
identify a next setting. The operation is repeated until a local
maxima or local minima is identified. In alternative embodi-
ments, a threshold is applied to the magnitude of change to
indicate a sufficient maxima or minima without identifying an
exact maxima or minima setting. Other algorithms may be
used for ending the numerical optimization, such as a reversal
of direction in the derivative or gradient associated with a
sufficiently small magnitude change.

In one embodiment, the gradient direction is associated
with a two-dimensional plane, such as for the gate position.
Three or more goal values and associated initial and alternate
settings may be used to provide a two-dimensional gradient
direction or vector. Other values, such as the beamline orien-
tation, transmit frequency, Doppler filter settings, and Dop-
pler gain, are numerically optimized using initially two or
more different settings. For three-dimensional imaging, addi-
tional settings may be used for gate position numerical opti-
mization.

In one embodiment, the spectral Doppler parameters are
numerically optimized sequentially. For example, a gate loca-
tion or position is optimized, and then the beamline orienta-
tion or angle of incidence to the gate location is optimized
subsequently. The parameters are optimized in any of various
possible orders.

In alternative embodiments, two or more spectral Doppler
parameters are optimized substantially simultaneously, such
as using an energy or goal function that depends on two
different spectral Doppler parameters. For example, the gate
depth and beamline orientation relative to the gate location
(i.e. angle of incidence) are optimized as part of the same
fanction. An initial depth and orientation are received. A
sample is then acquired at a different depth with the same
orientation, and a subsequent sample is obtained with a dif-
ferent orientation but a same depth as the initial depth. The
spectral intensity sum is calculated for each of the three
samples. The derivative or gradient associated with each of
the parameters is calculated and provides one axis of a two-
dimensional vector representation. The resulting gradient
direction provides a search direction for a better gate depth
and orientation setting. Zero or multiple iterations of steps
generate, adaptively, which includes generating intermediate
settings along the search direction and calculating the corre-
sponding goal value as part of the numerical optimization.
Then, the optimal setting along the search direction can be
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determined based on the preceding calculated goal values. To
further optimize the setting, the above process is repeated to
obtain a new gradient direction at the current best setting and
thus determine the next best setting. In the above example, the
gradient provides a search direction of a desired setting for
each of the gate depth and orientation in a two-dimensional
space corresponding to gate depth and orientation. The two-
dimensional vector identifies a subsequent gate position and
orientation as part of the numerical optimization. Other vec-
tor processes may be used. Multivaried functions accounting
for two or more spectral Doppler parameters is numerically
optimized without requiring subsampling of predefined loca-
tions using a plurality of different settings and combinations.
Energy or goal functions that are a multiplication, addition,
subtraction, division or other mathematical combination of
information associated with two different parameters may be
used.

FIG. 3 shows an initial gate position 50 associated with a
scan line 52 perpendicular to the transducer 14. As part of
either sequential or simultaneous sampling for numerical
optimization, the gate position is shifted to a position shown
at 54 along a different scan line 56. The beamline orientation
or angle of incidence to the gate position 50 is also shifted as
represented by scan line 58. Using numerical optimization,
the gate position may be determined as position shown at 60
along the same scan line 52 that is normal to the transducer 14.
Other positions and scan line orientations may be provided.

Altering settings of one spectral Doppler parameter are
used to set a different spectral Doppler parameter in one
embodiment. For example, the bandwidth of a clutter filter is
set by altering the beamline orientation or angle of incidence.
A spectrum is obtained for two different angles of incidence.
The two spectra are compared. The bandwidth of the filter is
set at a frequency associated with the divergence on the low
frequency end of the spectra from each other. The similar low
frequency information represents clutter to be filtered out.
Where only flow information is available in each spectra, the
spectra may be different for all low frequencies. As a result,
the bandwidth of the Doppler clutter filter is set to zero or the
low frequency noise cut off of the spectra.

In act 42, the spectral Doppler parameter is set as a function
of the estimated change from the numerical optimization. The
processor 16 sets the spectral Doppler parameter without user
input other than an initial setting. The numerical optimization
is also performed automatically. The resulting value is used
for subsequent imaging or further numerical optimization.
Where more than one spectral Doppler parameter is being set
sequentially, the process automatically repeats until some or
all spectral Doppler parameters have been set. Where two or
more spectral Doppler parameters are set substantially simul-
taneously, such as a function of a vector, the final vector
identifying a maxima, minima or sufficiently close maxima or
minima identifies the final settings of the spectral Doppler
parameters. The final setting of the spectral Doppler param-
eters is the same or different than the initial or any subsequent
settings. For example, a numerical optimization may follow a
trend in a setting to the maxima and then determine the
additional sample or samples following a trend away from the
maxima in order to identify the maxima. As another example,
the initial user settings may correctly identify the maxima as
confirmed by numerical optimization.

In act 44, a spectral Doppler display is generated using the
automatically set spectral Doppler parameter values. A spec-
tral Doppler image is generated during the numerical optimi-
zation in response to the various settings in one embodiment,
but may be generated only after the settings are numerically
optimized in other embodiments. Alternatively, the initial
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settings are used for generating a spectral Doppler image until
numerically optimized settings are available.

The optimized spectral Doppler parameter settings are
used for an imaging session or until the user resets one or
more of the imaging controls affecting a spectral Doppler
parameter setting. In alternative embodiments, one, a subset
or all of the spectral Doppler parameters are optimized peri-
odically regardless of user input or are optimized in response
to auser request for optimization. Any of various periods may
be used, such as every heart cycle, every second, or every
minute. Optimization is triggered in other embodiments by
events, such as the detection of tissue movement relative to
the transducer, a heart cycle event, a breathing cycle event, or
other detected parameter.

Automatic optimization of spectral Doppler parameters for
ultrasound imaging are provided in another embodiment with
or without numerical optimization. At least one Doppler pulse
is fired into an identified region. A sequence of Doppler
pulses associated with determining a spectrum at one time or
a plurality of sequences of Doppler pulses may be used. The
region is identified by a user by positioning a region of inter-
est, identifying a range gate position or by positioning a
transducer relative to the patient. The system may identify a
region using numerical optimization, thresholding, border
detection or other fluid detection algorithms and devices.
Transmit frequency, filter settings or Doppler gain are auto-
matically set in response to echo signals from the firing. The
automatic setting is responsive to numerical optimization,
sampling and comparison, or other now known or later devel-
oped optimization techniques. In one embodiment, numerical
optimization is used so that the setting is estimated from one
or more previous settings using a numerical function. The
Doppler parameter of transmit frequency filter setting or
Doppler gain is automatically set as a function of the esti-
mated setting. In alternative embodiments, sample and com-
parison is used where a region is sampled or subsampled at
predefined values and resulting values associated with each
location or possible variation of the spectral Doppler param-
eter are compared to identify a maxima or minima value
without numerical optimization.

As an alternative to a gradient or vector based numerical
optimization, a numerical optimization using optimized
search patterns may be used. For example, a plurality of
locations around an initial setting are sampled. The maxima
or minima of the sample locations is selected and a search is
then repeated using the new setting. As yet another alterna-
tive, a subsampling with one magnitude or spacing is pro-
vided. Lesser magnitude changes are then implemented as the
process repeats for each identified maxima or minima. These
refined searching techniques provide numerical optimization
without using a mathematical formula for estimating the
change in a setting. The change in a setting is estimated by the
search pattern.

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 scope of this invention.

We claim:
1. A method for automatic optimization in spectral Doppler
ultrasound imaging, the method comprising:
(a) firing at least first and second sequences of spectral
Doppler pulses;



US 7,578,792 B2

11

(b) determining at least first and second goal values in

response to the first and second sequences, respectively;

(c) estimating a change of a spectral Doppler parameter

from the first and second goal values; and
(d) automatically setting the optimal spectral Doppler
parameter as a function of the estimated change;

wherein (a) comprises transmitting the first sequence in
response to a first setting of the spectral Doppler param-
eter and transmitting the second sequence in response to
a second setting of the spectral Doppler parameter, the
first setting different than the second setting, and (d)
comprises automatically setting the spectral Doppler
parameter at a third setting the same or different than one
or both of the first and second settings.

2. The method of claim 1 wherein (c) comprises estimating
the change of the spectral Doppler parameter selected from
the group of: transmit frequency, gate position, filter setting,
Doppler gain, angle of scan line for a gate position and com-
binations thereof and (d) comprises automatically setting the
spectral Doppler parameter selected from the group above for
(©).

3. The method of claim 2 wherein (c) comprises estimating
the change of the gate position and wherein (d) comprises
automatically setting the gate position.

4. The method of claim 2 wherein (c) comprises estimating
the change of the Doppler gain and wherein (d) comprises
automatically setting the Doppler gain.

5. The method of claim 2 wherein (¢) comprises estimating
the change of the filter setting and wherein (d) comprises
automatically setting the filter setting.

6. The method of claim 1 wherein (b), (c) and (d) comprise
numerically optimizing the spectral Doppler parameter with-
out full sampling of a one or higher dimensional region.

7. The method of claim 1 further comprising:

(e) generating a spectral Doppler display in response to the

spectral Doppler parameter set in act (d).

8. The method of claim 1 wherein (c) comprises estimating
a vector corresponding to two different spectral Doppler
parameters and (d) comprises setting both spectral Doppler
parameters as a function of the vector.

9. The method of claim 1 wherein (b) comprises determin-
ing the first and second goal values as spectral intensity sums.

10. The method of claim 1 wherein (b) comprises deter-
mining the first and second goal values as spectral signal-to-
noise sums.

11. The method of claim 1 wherein (b) comprises deter-
mining each of the first and second goal values over at least a
one heart cycle period, the first goal value corresponding to a
different heart cycle than the second goal value.

12. The method of claim 1 wherein (c) comprises adap-
tively performing zero or more iterations of the following acts
based on the first and second goal values;

(c1) generating an intermediate spectral Doppler param-

eter setting based on previous calculated goal values;

(c2) firing a sequence corresponding to the intermediate

spectral Doppler parameter; and
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(c3) calculating a third goal value in response to the
sequence; and

wherein (d) comprises automatically setting the optimal
spectral Doppler parameter based on the preceding cal-
culated goal values.

13. A method for automatic optimization in spectral Dop-

pler ultrasound imaging, the method comprising:

(a) firing at least two Doppler Pulses into an identified
region;

(b) automatically setting transmit frequency, filter settings
or combinations thereof in response to an echo signal
from (a); and

(c) estimating a first setting from previous settings, at least
one of the previous settings being different from another
of the previous settings;

wherein (b) comprises automatically setting as a function of
the estimated first setting.

14. A system for automatic optimization in spectral Dop-
pler ultrasound imaging, the system comprising:

a transducer operative to fire at least first and second
sequences of spectral Doppler pulses, the first sequence
being different from the second sequence; and

a processor operative to determine at least first and second
values in response to the first and second sequences,
respectively, estimate a change of a spectral Doppler
parameter as a numerical optimization function of the
first and second values, and automatically set the spec-
tral Doppler parameter as a function of the estimated
change.

15. The system of claim 14 wherein the processor is opera-
tive to estimate the change by adaptively generating zero or
more of iterations of acts which include one or more of:
generating intermediate spectral Doppler parameter setting
based on the preceding calculated values, to instruct the trans-
ducer to fire the corresponding sequence of spectral Doppler
pulses and compute the intermediate goal value, and to auto-
matically set the optimal spectral Doppler parameter value
based on the preceding calculated values.

16. A method for automatic optimization in spectral Dop-
pler ultrasound imaging, the method comprising:

(a) firing at least first and second sequences of spectral
Doppler pulses, the first sequence being different from
the second sequence;

(b) determining at least first and second goal values in
response to the first and second sequences, respectively;

(c) adaptively performing zero or more iterations of the
following acts based on the first and second goal values;
(c1) generating an intermediate spectral Doppler param-

eter setting based on previous calculated goal values;
(c2) firing a sequence corresponding to the intermediate
spectral Doppler parameter; and
(c3) calculating a third goal value in response to the
sequence; and

(d) automatically setting an optimal spectral Doppler
parameter based on the preceding calculated goal val-
ues.
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