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AUTOMATIC OPTIMIZATION FOR ULTRASOUND
MEDICAL IMAGING

BACKGROUND

[0001] The present invention relates to automatic optimi-
zation for ultrasound medical imaging. One or more param-
eters are adaptively updated in a medical diagnostic ultra-
sound imaging system.

[0002] Different ultrasound parameters may be adaptively
optimized. B-mode dynamic range and gain are adaptively
optimized as a function of received ultrasound data. The
adaptive optimization is performed at regular intervals, but
irregular intervals based on a substantial change in an image
may be provided as disclosed in U.S. Pat. No. 6,579,238
(application Ser. No. 09/791,405), the disclosure of which is
incorporated herein by reference. U.S. Pat. No. 6,733,454
(application Ser. No. 10/374,258), the disclosure of which is
incorporated herein by reference, discloses optimization of
spectral Doppler parameters. For color flow imaging, other
parameters may be updated. In U.S. Pat. No. 6,162,176, the
distribution of the velocity values is used to identify a
velocity threshold and color mapping. U.S. Pat. No. 6,478,
742 discloses adjusting a pulse repetition frequency for
automatic optimization. Maximum velocity along a single
line of corrected velocity values is used to set the pulse
repetition frequency. One dimensional reflection correction
may result in residues or other artifacts in corrected veloci-
ties. The pulse repetition frequency may be set higher than
optimal. For flow imaging parameters, the adaptive param-
eters may be incorrectly set or not fully optimized.

BRIEF SUMMARY

[0003] By way of introduction, the preferred embodiments
described below include methods and systems for automatic
optimization for ultrasound medical imaging. In one
embodiment, velocity values are unwrapped to avoid alias-
ing artifacts. Multi-dimensional phase unwrapping is
applied to the velocity data. The unwrapped velocity infor-
mation is used to optimize one or both of the velocity scale
(e.g., pulse repetition frequency) and the imaging frequency.
For optimizing the scale setting, the distribution of
unwrapped velocities from a systolic time period of the heart
cycle are used to identify the pulse repetition frequency. For
optimizing the imaging frequency, a correlation of velocity
estimates as a function of depth shows the penetration depth
for a given imaging frequency which gets lowered when the
penetration depth is not sufficient. In a dependent or inde-
pendent embodiment, one or more thresholds for velocity or
energy in flow imaging are adaptively selected as a function
of an amount of clutter. Velocity or energy information in
addition to the clutter information may be used for selecting
the thresholds. In yet another dependent or independent
embodiment, displacement of an imaging plane or other
change is detected and used to trigger an automatic update
of an imaging parameter for a same or different mode.

[0004] In afirst aspect, a method for automatic optimiza-
tion in color Doppler velocity imaging is provided. Multi-
dimensional phase unwrapping is applied to a set of velocity
data representing a multi-dimensional region.

[0005] 1In a second aspect, a method for automatic opti-
mization of thresholds for color Doppler imaging is pro-
vided. A clutter level is determined as a function of energy
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input to and energy output from a clutter filter. A threshold
is selected as a function of the clutter level.

[0006] In a third aspect, a method for automatic optimi-
zation in color Doppler velocity imaging is provided. A
correlation is determined as a function of depth between two
sets of velocity data. An imaging frequency is altered as a
fanction of the correlation.

[0007] In a fourth aspect, a method for automatic optimi-
zation of an ultrasound imaging parameter is provided. A
displacement in an imaging region is detected. An imaging
parameter selected from the group of: a flow imaging
parameter, a velocity scale, a velocity threshold, an energy
threshold, an imaging frequency, a beamforming parameter,
a persistence value, spatial filter value and combinations
thereof is automatically updated in response to the detection.

[0008] In a fifth aspect, a method for automatic optimiza-
tion of an ultrasound imaging parameter is provided. A
change is detected with data of a first ultrasound imaging
mode. An imaging parameter of a second ultrasound imag-
ing mode different than the first ultrasound imaging mode is
automatically updated in response to the detection.

[0009] The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advantages
of the invention are discussed below in conjunction with the
preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The components and 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 through-
out the different views.

[0011] FIG. 1 is a block diagram of one embodiment of a
system for automatic optimization of a velocity scale or
imaging frequency;

[0012] FIG. 2 is a flow chart diagram of a method for
automatic optimization in velocity imaging of one embodi-
ment;

[0013] FIG. 3 is a block diagram of one embodiment of a
processor for automatic optimization of thresholds for color
Doppler imaging;

[0014] FIG. 4 is a flow chart diagram of a method for
automatic optimization of thresholds in one embodiment;
and

[0015] FIG. 5 is a flow chart diagram of one embodiment
of a method for automatic optimization of an imaging
parameter.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0016] Ultrasound imaging parameters are optimized
adaptively with no, minimal or other user input. For
example, the imaging frequency, the velocity scale or thresh-
olds for flow imaging are adaptively optimized as a function
of ultrasound data. The description below deals with four
different embodiments or aspects below: adaptively opti-
mizing the velocity scale, imaging frequency, flow imaging
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thresholds, and triggering of automatic updates of an imag-
ing parameter. These aspects or embodiments may be used
independently or in any possible combination of two, three
or all of the aspects.

[0017] FIG. 1 shows one embodiment of a system 10 for
automatic optimization of the velocity scale or imaging
frequency for flow imaging. The system 10 includes a
transmit beamformer 12, a transducer 14, a receive beam-
former 16, a flow estimator 18 and a phase unwrap processor
20. Additional, different or fewer components may be pro-
vided. For example, one or more of the components, such as
the phase unwrap processor and/or the flow estimator 18, are
separate and remote from the beamformers and transducers,
such as in a work station. As another example, the phase
unwrap processor 20 is integrated within the flow estimator
18 or not provided. Where the system 10 is a medical
diagnostic ultrasound imaging system, further components
connect with the phase unwrap processor or flow estimator
18, including a color mapping lookup table, a scan converter
and a display.

[0018] The transmit beamformer 12 generates transmit
waveforms for a plurality of channels. Due to relative timing
and apodization of the waveforms across the transducer
array 14, one or more transmit beams are generated. Plane
wave generations may alternatively be used. The transmis-
sions are separated by a pulse repetition interval, resulting in
pulses being transmitted at a pulse repetition frequency. In
response to each transmission, the receive beamformer 16
applies relative delays and apodizations to form samples
representing one or more regions of a patient. Each sample
is associated with a particular time based on the pulse
repetition interval. The receive beamformer 16 generates
radio frequency or in-phase and quadrature data for each
sample.

[0019] The flow estimator 18 is a Doppler processor,
general processor, digital signal processor, application spe-
cific integrated circuit, correlation processor, digital circuit,
analog circuit, combinations thereof or other now known or
later developed device for determining or estimating flow
characteristics. The flow estimator 18 estimates velocities,
energy, and/or variance from the sequence of signals repre-
senting a same location at different times. For a Doppler
processor, the phase of the first lag of the autocorrelation
function of the in-phase and quadrature components indi-
cates the Doppler frequency shift, and the frequency shift
information is converted to velocity information. The mag-
nitude of the zeroth lag of the autocorrelation function
provides energy. The scale or range of velocities determined
by the flow estimator 18 is subject to the Nyquist sampling
frequency, so the pulse repetition interval or pulse repetition
frequency limits the velocity scale. Increasing the pulse
repetition frequency allows for a larger scale. Where the
velocity scale has a small range in comparison to the
velocities of the flow being imaged, some velocity values
may be aliased, resulting in incorrect estimation of velocity.
A +/-2m wraparound phase error aliases some velocity data,
such as high velocities.

[0020] The phase unwrap processor 20 is a general pro-
cessor, a control processor, a digital signal processor, an
application specific integrated circuit, a field programmable
gate array, a digital circuit, an analog circuit, combinations
thereof or other now know or later developed device. In one
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embodiment, the phase unwrap processor 20 is a single
processor, but multi-processors may be provided. While
shown as a separate device, the phase unwrap processor 20
may be implemented as a control or other processor within
different components, such as a processor of the flow
estimator 18, transmit beamformer 12, receive beamformer
16, a control processor for the system 10, or other now
known or later developed processor within the system 10. In
one embodiment, the phase unwrap processor 20 imple-
ments phase unwrapping processes, and a control processor
of the transmit beamformer 12, receive beamformer 16 or
both the transmit and receive beamformers 12, 16 deter-
mines the pulse repetition interval and imaging frequency
from data output from the phase unwrap processor 20. A
processor for implementing the phase unwrapping and set-
ting of velocity scale and imaging frequency as used herein
may include multiple different processors implementing the
same function in parallel or different functions in series.

[0021] The phase vawrap processor 20 is operable to
apply multi-dimensional phase unwrapping to a set of veloc-
ity data representing a multi-dimensional region and set one
or both of the velocity scale and imaging of frequency as a
function of the unwrapped velocities. A frame of data
representing velocities within a two- or three-dimensional
region is input to the phase unwrap processor 20. Using two-
or three-dimensional phase unwrapping, a true phase or
unaliased phase of the first lag of the autocorrelation func-
tion is calculated. The velocities or blood flow are treated as
an analytic function, identifying residues separately and
integrating the gradient of the phase along paths such that
the integral of the gradient of the phase around the two-
dimensional closed path is zero (i.e. path independence of
the integral is assured). For setting the scale, a histogram of
unaliased phase (e.g., velocity distribution) is used to iden-
tify a velocity scale that avoids some or all aliasing. The
velocity scale is set at a minimum while avoiding undesir-
able aliasing. For example, a user selected velocity scale
may be increased or decreased. For imaging frequency
optimization, correlation associated with two different
frames of unwrapped velocity or phase values is used to
identify whether the imaging frequency should be lowered
to avoid poor correlation at deeper depths.

[0022] In response to the different imaging frequency or
velocity scale, the transmit beamformer 12 and the receive
beamformer 16 are reconfigured to implement a different
pulse repetition frequency and associated interval and dif-
ferent imaging frequency in either fundamental or harmonic
receive modes. In addition, the new pulse repetition fre-
quency is scaled by the ratio of the new imaging frequency
to the old imaging frequency.

[0023] FIG. 2 is a flow chart of one embodiment for
automatic optimization in velocity imaging. The method of
FIG. 2 is implemented using the system 10 of FIG. 1 or a
different system. Different, additional or fewer acts may be
provided.

[0024] 1In act 22, velocity data is identified for phase
unwrapping. The velocity data provided is responsive to
either a user set or a previously determined velocity scale.
The velocity data represents one or more heart cycles. The
data identified for unwrapping is one or more frames of data
or a region of interest associated with a peak systole portion
of the heart cycle. In alternative embodiments, different
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portions of the heart cycle are used. Velocities at peak
systole are more likely associated with aliasing. In one
embodiment, the frame of velocity data associated with peak
systole is identified by summing the variance of velocity
estimates for each of the frames or a region of interest of data
or for each of a plurality of time periods. The sum is
performed for each entire frame of data or for a same region
or regions of each frame of data. The maximum sum
identifies the systole. Other processes may be performed,
such as identifying the peak systole using different param-
eters than variance, such as a sum of velocities, or using
different functions, such as identifying the two or more
frames of data having a highest average. In alternative
embodiments, a heart monitor is used to identify the time
periods or frames associated with peak systole. The identi-
fied velocity data may be spaced temporally away from the
true peak.

[0025] In act 24, multi-dimensional phase unwrapping is
applied to one or more sets of the velocity data representing
one or more multi-dimensional regions. For example, two-
dimensional phase unwrapping is performed to determine
phase values of a set of velocity data representing a two-
dimensional area. As another example, three-dimensional
phase unwrapping is performed to determine the phase
values of the set of velocity data representing a volume or
three-dimensional region. The dimensions are spatial, but
one dimension may be temporal.

[0026] Any now known or later developed multi-dimen-
sional phase unwrapping algorithms may be used. In one
embodiment, the measured or estimated phase is represented
as:

D=arg(R(1)),Pe[0,27],
where the desired true phase is given by:
p=0+2nk,

where R(1) is the first lag of an autocorrelation function or
other phase or velocity estimate that may or may not be
aliased and k is unknown integer value. To unwrap the phase
or velocity values, the following equation is solved:

Y(E)=[Vp.drap(ro),

where c¢ is a multi-dimensional path connecting the current
range sample, r, to a range sample, r,, of a known or
assumed true phase. The value of y(r) depends on the choice
of the path c. If a current velocity or phase for a given range
is not aliased, the unwrapped phase is the same. If the value
is aliased, the phase value is different by 27 or other
multiple, k, of 2x. The multi-dimensional path is identified
such that the integral of the phases around the closed path C
is zero, as given by:

[ Vp.dr=0

where V is a gradient and C the is closed path. This integral
will not be equal to 0 if there are phase residues on the path.
As part of multi-dimensional phase unwrapping, phase
residues are selected along the path that have opposite
values such that the integral more likely sums to zero. Any
phase residues are selected to balance, such as matching a
positive phase residue with a negative phase residue some-
where along the path. The path extends along two- or
three-dimensions rather than just along a single line.

[0027] The unaliased phase is determined for each veloc-
ity value along the path and within the sets of frames of data.
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More than one path may be calculated for a given set of data
for determining phase values for each of the velocities
within the set. Alternatively, a single path is determined for
a subset of all the velocities. For a given spatial location
along the path, the gradient of the phase is integrated along
the path from a known or assumed true phase value to the
desired phase value. The integral of the gradient of the phase
along the path provides the true phase at that spatial location
provided the path contains a balanced number of residues.
As a result, an aliased value is unaliased. Phase for a
plurality of locations is determined. Any aliased phase is
unwrapped or corrected to a true phase. This is equivalent to
adding or subtracting 27 to the estimated phase in a 1D path
if the difference from the previous estimate on the path is
greater than .

[0028] In act 26, one or both of the velocity scale and
imaging frequency are set as a function of the results of the
phase unwrapping in act 24. For setting the velocity scale as
a function of the results, a histogram of the unwrapped
velocities is formed. The histogram is populated by veloci-
ties unwrapped along one or more paths, such as velocities
of the entire or only a portion of the set of velocity data. The
pulse repetition interval or other velocity scale characteristic
is calculated from the histogram distribution, such as the one
corresponding to mean velocity plus two standard devia-
tions. Alternatively, a velocity or phase associated with an
inclusion of 95 or other percentage of the unwrapped
velocities is selected. The pulse repetition interval is then
calculated to provide a minimum velocity scale that does not
alias the selected phase. Any other now known or later
developed functions for selecting the velocity scale based on
the results or the distribution of the histogram may be used.

[0029] Ina further embodiment, the selected velocity scale
1s a function of both the results and a user aliasing selection.
For example, the user selects an amount of aliasing by
selecting a percentage of the distribution of the phases to be
included within the velocity scale. For example, a slider is
provided for selecting between 99% and 80%, between 99%
and 95% or other range of inclusion or exclusion. As another
example, the user selection is a selection of an offset from
the mean velocity. The range of user selection or the function
or thresholds used by the algorithm for selecting an amount
of aliasing may be dependent on the type of examination,
such as being different for imaging of the heart than for
imaging of the aorta.

[0030] As an alternative or in addition to setting the
velocity scale, the imaging frequency used for flow imaging
is set in act 26. The imaging frequency is set as a function
of the results of the phase unwrapping or as a function of
other velocity values with or without unwrapping. Two
different sets of data are identified, both associated with the
peak systole period. For example, both sets of data are from
a same heart cycle or from different cycles. None, one or all
of the frames of the velocity data are a function of the results
of phase unwrapping.

[0031] As yet other alternatives or additions to setting one
or both of the velocity scale and imaging frequency used for
flow imaging, one or combinations of multiple of baseline,
parameters for auto-Doppler tracking, persistence, spatial
filters, thresholds, and clutter filters are set in act 26.
Parameters for auto-Doppler tracking may use unwrapped
velocity information. For example, unwrapped velocities are
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used to set the scale of a base, initial or standard frame of
velocity information in the embodiments disclosed in U.S.
Pat. No. (application Ser. No. 10/374,258) rather
than using a maximum velocity scale. Other spectral Dop-
pler parameters may be set as a function of unwrapped
velocities, such as setting a variable, function or other aspect
of an algorithm for tracking a characteristic of spectral
waveform (e.g., maximum velocity of the Doppler spectrum
as a function of time). Persistence, spatial or other filtering
may be varied as a function of the unwrapped velocities. For
example, high unwrapped velocities indicate less spatial or
temporal filtering. As discussed below, the thresholds for
energy and/or velocity may be varied as a function of the
unwrapped velocities. The clutter filter or characteristic of a
clutter filter may also vary as a function of the unwrapped
velocities. For example, a simple (e.g., three tap) clutter
filter is used for high velocities, but a more complex clutter
filter (e.g., four or more taps) with a tighter stop band is used
for lower velocities.

[0032] A correlation between the sets of data as a function
of depth is determined. The correlation as a function of depth
provides a curve or a line. Any correlation function may be
used, such as a cross correlation, a minimum sum of absolute
differences, or other now known or later developed corre-
lation or similarity functions. If the correlation between the
two sets of data drops below a threshold as a function of
depth, the imaging frequency is reduced. The reduction in
correlation at greater depths indicates poor penetration.
Lower frequencies are likely to increase the depth of pen-
etration. The process is then repeated for the different
imaging frequency to assure proper penetration depth given
the user depth settings. Any of various functions may be
used for determining an amount of decrease of the fre-
quency, such as preprogrammed steps or adaptive as a
function of the amount of correlation for deeper depths. The
threshold for a correlation may be adjusted as a function of
spatial resolution loss. As the frequencies decrease, the
threshold may be decreased to minimize spatial resolution
loss. The frequency may be increased where the correlation
is above the threshold for the entire imaging depth. Using an
iterative or process, the frequency is increased in an attempt
to increase spatial resolution while maintaining the desired
correlation as a function of the depth of penetration.

[0033] In one embodiment, the velocity scale or imaging
frequency are set in response to an initial user configuration.
Alternatively, the velocity parameters are set in response to
user activation of a key or other selection. In yet other
embodiments, the velocity parameters are set periodically or
in response to a trigger.

[0034] Other flow imaging parameters may be set at a
same or different times than the scale or imaging frequency,
such as setting thresholds as a function of the results of the
phase unwrapping and a clutter level. Flow imaging param-
eters include any of the various parameters discussed herein
for color Doppler. Color Doppler imaging includes images
based on velocity, energy, variance and combinations
thereof. FIGS. 3 and 4 show a system and method, respec-
tively, for determining thresholds and other filter settings in
response to a clutter level with or without phase unwrapping
for color Doppler imaging.

[0035] FIG. 3 shows a system 28 for automatic optimiza-
tion of thresholds for velocity imaging. The system 28
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includes a clutter filter 32, a flow estimator 18, an energy or
velocity thresholder 34 and a threshold processor 36. Addi-
tional, different or fewer components may be provided. In
one embodiment, the system 28 is incorporated within the
system of FIG. 1, but may be incorporated in other or
different systems.

[0036] The clutter filter 32 is a digital or analog filter for
implementing a finite or infinite impulse response. Any now
known or later developed clutter filter may be provided. In
one embodiment, the clutter filter 32 includes a corner-
turning memory for filtering the data along different firings
of the same ultrasound line. The clutter filter 32 is operable
to reduce or remove data associated with certain velocities,
such as low velocities for moving tissue imaging. The output
of the clutter filter 32 is provided to the threshold processor
36 and to the flow estimator 18. The flow estimator 18
operates as discussed above to estimate velocity, energy
and/or variance from the clutter filtered data.

[0037] The energy or velocity thresholder 34 is a digital
signal processing circuit, application specific integrated cir-
cuit, filter, general processor, look-up table, memory, filter,
digital circuit, analog circuit, combinations thereof or any
other now known or later developed thresholding device.
The thresholder 34 acts to reduce or limit the maximum
energy or velocities associated with such energies. The
thresholder 34 is also operable to remove data associated
with low velocities. The thresholder 34 may be implemented
as part of the clutter filter 32, such as through selection of
various filtering parameters to implement thresholding. The
energy thresholding turns-off (removes or reduces) the color
for velocities with an energy above a maximum energy, such
as from bright stationary or slowly moving reflectors for
which the clutter filter does not provide enough suppression.

[0038] The threshold processor 36 is a general processor,
control processor, application specific integrated circuit,
digital signal processor, digital circuit, analog circuit, com-
binations thereof or any other now known or later developed
processor operable to determine a clutter level and select
thresholds for application by the thresholder 30 and the
thresholder 34. In response to the energy values input to the
clutter filter 32 and output from the clutter filter 32, the
threshold processor 36 is operable to determine a clutter
level. One or more thresholds are then selected as a function
of the clutter level. For example, the processor 36 includes
a memory for a look-up table representing different N-di-
mensional surfaces for one or more thresholds as a function
of one or more inputs including clutter.

[0039] FIG. 4 shows a flow chart of one embodiment of
automatic optimization of thresholds for color Doppler
imaging. The method of FIG. 4 is implemented using the
system 28 of FIG. 3 or a different system.

[0040] 1Inact 40, a clutter level is determined as a function
of energy input into and energy output from a clutter filter.
The clutter level is calculated as a difference in the energy
input versus the energy output. For example, the energy
input is divided by the energy output (i.e. ratio). As another
example, the energy input is subtracted from the energy
output. Other functions for determining clutter level may be
used. In one embodiment, the clutter level is determined for
each spatial location. The different clutter levels are then
maintained separately or combined, such as combining for
different regions or combining for an entire imaging region.
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For example, an average value is provided for an entire
frame of data. As another example, two or more average
values are provided for two distinct or overlapping regions
of the same frame of data.

[0041] In act 42, energy and/or velocity values are deter-
mined for each of the plurality of spatial locations. For
example, a flow estimator is used to identify velocity and
energies. The velocity values may or may not be unwrapped.
For each spatial location, a clutter value, a velocity value and
an energy value is determined. In alternative embodiments,
only the clutter or only a combination of two of the three
above listed values is determined.

[0042] Inact44, athreshold is selected as a function of the
clutter level. Any of various thresholds may be selected,
such as a threshold for energy input to a clutter filter, a
threshold for energy output from a clutter filter or estimator
and a velocity threshold for data output from an estimator.
Other thresholds for the same or different types of data and
levels of processing may be used. In one embodiment, the
threshold is selected as a function of clutter level, the energy
output from an estimator and the velocity output from an
estimator. In a further embodiment, each of the energy input
threshold, the energy output threshold and the velocity
threshold are selected as different functions of the clutter
level, the energy output from an estimator and a velocity
output from an estimator. Only one, only two, three or four
or more different thresholds may be selected as a function of
the clutter level and/or other values. The thresholds are
selected for or from data of each spatial location, for or from
data of multiple spatial location regions, or for or from data
of an entire frame of data or associated imaging area. The
input values are averaged or other function is used for
determining an input value for selecting a threshold when a
global threshold is to be chosen for imaging. For multi-
spatial location regions, the threshold is selected as a func-
tion of an average, maximum, minimum or other determi-
nation of the inputs. For example, an average clutter level,
a maximum energy and a minimum velocity associated with
the region are used for selecting a threshold for that region.
The same type of threshold with a different value is then
selected for a different region that includes all different or
overlapping spatial locations. Thresholds are smoothed
across different regions to avoid abrupt changes. In yet
another embodiment, the different thresholds are determined
for different regions and then a compromise threshold is
selected. For example, an average threshold value is
selected. As another example, bimodal distribution of input
values (e.g., high and low velocity flow in the same frame)
is used to select a compromise threshold from the look-up
table implementing any linear or non-linear function.

[0043] The energy thresholds are selected to remove flash,
and the velocity thresholds are selected to remove informa-
tion from slowly moving tissue in one embodiment. Input
energy, output energy and velocity thresholds are selected as
different functions of the clutter, velocity and energy in one
embodiment. This input and output refers to the input and
output of the clutter filter. The energy threshold is used to
turn-off (select) velocity values based on the associated
energies. Using a look-up table, three-dimensional surfaces
implementing the different functions are provided for each
of the thresholds with clutter, velocity and energy as inputs
and an input energy, output energy and velocity threshold as
outputs. Optimal thresholds are selected as a function of the
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input clutter, velocity and energy. For example, thresholds
and clutter filters are provided for high energy, low clutter,
and low velocity ranges for imaging venus flow, the portal
vein or the hepatic vein. A different set of thresholds and
associated clutter filtering are provided for the high velocity,
high energy, low clutter ranges for carotid, cardiac and IVC
imaging. For high clutter with low energy and low velocity
ranges, settings are provided for testicular and thyroid
imaging. For medium velocity, high clutter and low energy
ranges, different settings are provided for kidney imaging.
For high velocity with high energy and high clutter ranges,
settings are provided for imaging the aorta. Yet further
settings may be provided for high clutter with low energy
and high velocity ranges for imaging of the hepatic artery or
ovarian artery. Depending on the input clutter, energy and
velocity values, the desired settings are selected. Additional,
different or fewer settings, types of imaging, imaged object
and groupings may be provided. In a further embodiment,
more gradual settings of one or more of the thresholds are
performed than the groupings discussed above. For example,
a gradually varying surface is provided for each of the
thresholds. While smoothly varying functions of the input
values may be provided in some embodiments, step func-
tions may be provided in other embodiments. The surfaces
or threshold functions are implemented with a look-up table
or through direct calculation. User experimentation or inter-
polation or extrapolation from various currently available
filtering settings and associated thresholds may be used for
identifying any one or all of the threshold functions. In
general, the minimum velocity threshold is a decreasing
fanction of velocity. The input and output energy thresholds
are decreasing functions of clutter level but may be zero
values or not used for high velocity signals regardless of
clutter levels. Different functions may be provided for
different transducer, types of examination, or pulse repeti-
tion frequencies.

[0044] During imaging, the current velocity, energy and/or
clutter level are determined and used to select one or more
thresholds or operating points of a desired filter. In one
embodiment, the determination of the thresholds is an ongo-
ing process that continually adapts to new sets of data.
Alternatively, the thresholds are selected and only periodi-
cally updated or updated in response to a trigger.

[0045] For bimodal distributions, such as associated with
two different regions of different flow or maximum veloci-
ties, a single threshold set is calculated for both regions or
separate thresholds are used for each region. For using the
same thresholds for both regions, the minimum velocity is
biased towards the lower maximum velocity and the maxi-
mum energy thresholds for input and output energies are
increased for flash suppression.

[0046] In one embodiment, different functions or other
selections are performed in response to particular combina-
tions of inputs. For example, the clutter level is identified as
a high value with a velocity identified as a low value. A
clutter filter is then selected as a complex notch filter, such
as disclosed in U.S. Pat. No. 5,664,575, the disclosure of
which is incorporated herein by reference. The complex
notch filter is implemented through adaptive filtering where
the signals are modulated to a mean velocity of the clutter
through two-pass filtering. The minimum velocity threshold
and the stopband bandwidth of the clutter filter are reduced
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for adaptive filtering. The stopband bandwidth and the
number of taps of the clutter filter is then a function of the
clutter energy.

[0047] To provide user control over the thresholds and any
optimized clutter filter settings, a user filter key or other
input may be provided for altering the adaptive selection of
thresholds. For example, the user selects more or less
filtering. Depending on the threshold, the value is changed
in a particular direction. For example, in a high velocity and
high energy case, the minimum velocity threshold is
increased for more filtering and decreased for less filtering.
As another example in a low energy and low velocity
situation, an increase in the maximum input energy thresh-
old provides more filtering, and a decrease provides less
filtering. Adjustments of more than one threshold may be
provided in other embodiments for more or less filtering in
response to user input.

[0048] FIG. 5 shows one embodiment of a method for
automatic optimization of an ultrasound imaging parameter.
The method is implemented using the systems of FIG. 1,
FIG. 3, a control processor of the same or different systems
or processors in any now known or later developed ultra-
sound imaging system or sub-system. Optimal control set-
tings for imaging in any of various modes vary between
patients and different imaged parts of the anatomy. As
discussed above, many different imaging parameters may be
automatically set or determined. The automatic optimization
may occur when requested by the user, such as through
depressing a button or initially configuring a system for a
particular exam. Alternatively, received data is continuously
monitored and analyzed. When a change or other criteria are
detected, a control processor or other processor causes a
subsystem or algorithm responsible for optimizing an imag-
ing parameter to perform the optimization. Any of various
imaging parameters, such as adaptive persistence, spatial
compounding, adaptive beamforming, pulse repetition inter-
vals, velocity scale, flow mode thresholds, transmit power,
display depth, imaging frequency or other now known or
later developed imaging parameters are optimized in
response to a detected change. This intermittent optimiza-
tion avoids frame rate reduction due to optimization pro-
cesses but applies the optimization for changes likely to
effect whether a parameter continues to be optimum.

[0049] FIG. 5 represents one embodiment of monitoring
continuously and requesting optimization when there is a
change resulting from a displacement in the imaging plane.
In act 52, displacement in the imaging region is detected.
The imaging region may comprise a gate location, a line, an
area, or a volume. For example, an elevation displacement
in an imaging plane extending along azimuth and range
dimensions is detected. The elevation dimension is orthogo-
nal to the imaging plane or two dimensional imaging region.
Displacements within the imaging region (i.e., displacement
in the azimuth and/or range dimensions) are detected in
other embodiments.

[0050] The displacement is detected from any of various
types of data, such as pre-detected, detected, B-mode or flow
data. The data represents the entire imaging region or a
sub-region of the entire imaging region. For example, the
displacement is detected from B-mode data representing a
sub-region of the imaging region. Only a central region, a
low resolution version or sub-sampling of the imaging

Jan. 24, 2008

region, or other sub-region is monitored. As an alternative or
in addition to sub-sampling, the data used for detecting
displacement is acquired at a lower frame rate than imaging
data, but a same frame rate or greater frame rate may be
provided. For simultaneous imaging modes, such as the
combination of B-mode and flow modes, the change is
detected from the B-mode signal only, from both types of
data or from color flow information only. The change is
detected from data used for the current imaging parameter,
such as detecting displacement from two- or three-dimen-
sional flow data (e.g., color Doppler data) where flow
imaging is provided. Alternatively, the displacement is
detected using a different type of data or different mode than
the current imaging mode, such as transmitting and receiv-
ing B-mode signals for detecting displacement while imag-
ing without B-mode information.

[0051] The displacement is detected by calculating a simi-
larity between different images of a sequence of images. The
similarity or a value responsive to the similarity is then
compared to a threshold to detect a particular displacement.
Any of various functions may be used for determining the
similarity, such as a maximum sum of absolute differences
or other now known or later developed function indicating
an amount of similarity.

[0052] Forexample, each image is divided into a plurality
of regions. Each region includes one or more samples or
pixels. The average intensities of B-mode data or average
values of other data in each of the regions are calculated. The
sum of the squares of the differences for each region from
one image to another is determined. Alternatively, the sum
of the squares of the differences is calculated for each entire
image. As another example of a similarity, the rate of change
of the sum of the squares of the differences indicates the
similarity.

[0053] Each subsequent image is compared to the imme-
diately preceding image, but may be compared to a first
image or other image within the sequence. For example, a
reference image is used determining the similarity from each
of the other images within the sequence. The reference
image may be a first image in the sequence, a combination
of images from the sequence, or a previously acquired
reference not part of the current sequence of images.

[0054] The average of the sum of the squares of the
differences is compared to a threshold. The threshold is
selected to indicate a displacement in the imaging region
likely to result in unoptimal parameters, such as a displace-
ment of an entire elevation beam width. Lesser or greater
displacements may be detected.

[0055] In another embodiment for detecting displacement,
a feature is identified. The feature within a first or reference
image is then compared to the feature within a second
image. For example, two or more images are segmented and
quantities characterizing the morphology of the images are
compared. The number of connected segments, the location
of the segments, the size of the segments or other charac-
terization is used for comparison. Segmentation is per-
formed by automatic border detection or morphological
image processing or other now known or later developed
process for identifying a feature, such as applying a thresh-
old to a gradient image. Unexpected changes in the mor-
phology or feature indicate a displacement of an imaging
plane. For example, the imaging plane intersects an organ



US 2008/0021326 A1l

having a particular area. Where the organ is relatively static
in size and shape, changes in the shape or area of the organ
indicate elevational displacement of the plane. For cyclically
varying organs, the features are identified at a same portion
of the cycle, or the differences in features as a function of the
cycle are considered to not trigger optimization.

[0056] For flow imaging, such as Doppler imaging, color
imaging or spectral Doppler imaging, B-mode data is used
for determining the displacement. Alternatively, the flow
imaging data is used. For example, changes in the pulsatility
index (e.g., (maximum (systolic peak) velocity minus mini-
mum velocity (end diastolic)) divided by the time averaged
max velocity) or the resistivity index (e.g., (max—min)/max)
over one or a number of estimated or actual heart cycles is
used to indicate displacement. Where either of these indexes
varies by a threshold amount over a portion or the entire
cycle displacement is detected. Alternatively, changes in the
peak velocity, mean velocity, energy or other flow imaging
data are used to trigger the optimization.

[0057] For spectral Doppler optimization, the feature seg-
mentation or morphological detection discussed above is
used to distinguish a region of interest associated with a
vessel or outside vessel. Alternatively, the system detects
that the user has repositioned the spectral Doppler gate. This
displacement of the spectral Doppler imaging region is
detected for automatically optimizing or updating the opti-
mization of spectral Doppler parameters. In one embodi-
ment, the data is monitored continuously to detect displace-
ment using a same algorithm or thresholds. Alternatively, the
threshold varies as a function of previous detections. For
example, a threshold difference increases for a time period
immediately after a previous optimization.

[0058] Other hysteresis may be used. For example, the
detection of displacement is delayed or stopped for a par-
ticular amount of tinie after an optimization is applied. In yet
another embodiment, a displacement is detected. A delay is
then provided before performing any optimization. If no
further changes are detected within the time period, the
optimization is performed. If further changes are detected,
the time period begins again. Once the imaging region is
stable, the optimization is performed, minimizing reductions
in frame rates due to repeated undesired optimizations.

[0059] Other changes than displacement within an imag-
ing region or of an imaging region may be detected for
triggering optimization of an imaging parameter. For
example, the presence of contrast agents newly flowing into
an imaged region is detected where the imaging region
maintains a same position. Contrast agent data or B-mode
data intensities change due to the increase reflectivity pro-
vided by contrast agents. In response to the detected pres-
ence of contrast agents, one or more imaging parameters are
automatically optimized.

[0060] In act 54, one or more imaging parameters are
updated automatically in response to the detected displace-
ment or other change. Imaging parameters include flow
imaging parameters, such as a velocity scale, velocity
threshold, energy threshold or imaging frequency discussed
above or using different processes. For example, multi-
dimensional or other phase unwrapping is applied to a set of
velocity data representing a multi-dimensional region. The
velocity scale or the imaging frequency is then set as a
function of the phase unwrapped velocities. As another
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example, a clutter level is determined as a function of energy
input to and energy output from a clutter filter. Energy or
velocity thresholds are set as a function of the clutter level.
Other flow imaging parameters, such as beamforming, pet-
sistence, spatial filtering, clutter filtering or combinations of
multiple imaging parameters may be automatically updated.
Beamformer parameters include delay profiles, apodization
profiles, aberration correction or any other beamforming
variable. Persistence values include any of various filtering
weights or types of filters for performing persistence. Spatial
filter values include weights or filters for spatial filtering
(e.g. the size of a spatial filter) as well as variables within an
algorithm for edge enhancement or edge detection. The
same or different imaging parameters are provided for
automatic optimization in B-modes operation. U.S. Pat. No.

(application Ser. No. 10/374,258), the disclosure of
which is incorporated herein by reference, discloses auto-
matic optimization of some example parameters for spectral
Doppler imaging. Other now known or later developed
imaging parameters for any of various now known or later
developed imaging modes may be automatically updated in
response to a detected change or displacement.

[0061] The automatic optimization is provided by adap-
tively updating one or more parameters. The parameter
value is selected as a function of received data. As a result,
the imaging parameter adapts to the current imaging plane or
flow state.

[0062] In another embodiment of the method for auto-
matic optimization of an ultrasound imaging parameter,
different ultrasound imaging modes are used in combination.
A change is detected with data of a first ultrasound imaging
mode. For example, a displacement in an imaging plane is
detected from one of B-mode or flow mode data. Alterna-
tively, the change is detected from contrast agent imaging
mode data, harmonic imaging mode data or Doppler mode
data. Other now known or later developed modes of imaging
may be used, such as imaging modes using multiple trans-
missions with different phasing or apodization and combi-
nations of responsive receive signals for isolating frequen-
cies of a desired content,

[0063] In response to the detected change, an imaging
parameter of a second imaging mode different than the first
imaging mode is automatically updated. For example where
B-mode data is used to detect the change, the imaging
parameter for a flow mode imaging is automatically
updated. Conversely, where flow mode data is used for
detecting the change, an imaging parameter for B-mode
imaging is automatically updated. Other modes may be used
in combination, such as either flow mode or B-mode in
combination with a third type of mode. Any now known or
later developed modes may be used for detecting the change
or for automatic updating of an associated imaging param-
eter. For example, any of the imaging parameters discussed
above for flow imaging, B-mode imaging or any other mode
of imaging are automatically updated in response to the
detected change.

[0064] 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
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that it is the following claims, including all equivalents, that
are intended to define the spirit and the scope of this
invention.

1-41. (canceled)
42. A method for automatic optimization of an ultrasound
imaging parameter, the method comprising:

(a) detecting a change with data of a first ultrasound
imaging mode; and

(b) automatically updating an imaging parameter of a
second ultrasound imaging mode different than the first
ultrasound imaging mode in response to (a).

43. The method of claim 42 wherein (a) comprises

detecting a displacement of an imaging plane from one of
B-mode and flow mode data, and (b) comprises automati-
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cally updating the imaging parameter of the other of the flow
mode and the B-mode.

44. The method of claim 42 wherein (b) comprises
automatically updating the imaging parameter selected from
the group of: a flow imaging parameter, a velocity scale, a
velocity threshold, an energy threshold, an imaging fre-
quency, a beamforming parameter, a persistence value,
spatial filter value, edge enhancement value and combina-
tions thereof in response to (a).

45. The method of claim 42 wherein (a) detecting the
change from data of the first mode selected from the group
of: B-mode, color flow mode, contrast agent imaging mode,
harmonic imaging mode, and Doppler mode.
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