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GAP FILLING FOR SPECTRAL DOPPLER
ULTRASOUND

BACKGROUND

[0001] The present invention relates to spectral Doppler
ultrasound. Spectral Doppler ultrasound imaging provides an
image of velocity (vertical axis) modulated by energy as a
function of time (horizontal axis). These spectra may be used
for studying fluid flow or tissue motion within a patient. By
transmitting a plurality of pulses at a single gate location, a
spectral Doppler response is generated with received echo
signals. The frequency spectrum of the object’s motion or
flow for a single spatial region is estimated and displayed as
a function of time. Flow or tissue deformation parameters
may be derived from the acquisition.

[0002] To indicate the location of the gate, the spectral
Doppler image is frequently provided with a B-mode and/or
color flow mode (F-mode) image. These other images are
acquired by ultrasound transmission. To provide this other
information, the acquisition of data for spectral Doppler
images may be interrupted. These interruptions result in gaps
in the spectral Doppler data. When the spectral Doppler
image is generated, gap artifacts result. FIG. 1 shows an
example spectral Doppler image with a plurality of gap arti-
facts. The gap artifacts appear as vertical streaks.

BRIEF SUMMARY

[0003] By way of introduction, the preferred embodiments
described below include methods, systems, computer read-
able media, and instructions for gap filling in spectral Doppler
ultrasound. Due to the cyclical nature of the cardiac and
respiratory systems, data likely to be similar to data that
would have been acquired without gaps is copied into the gap
generated by B-mode and/or color flow acquisitions.
Acquired data associated with the gap, such as adjacent to the
gap, is correlated with other acquired data. By identifying
similar data, acquired data temporally related to the similar
data as the gap associated data is temporally related to the gap
is found. This found data is likely to be similar to data that
would have been acquired during the gap. The gap is filled
with a copy of this data.

[0004] 1Inafirst aspect, a method is provided for gap filling
in spectral Doppler ultrasound. Spectral Doppler data repre-
senting a patient is acquired. A gap in the spectral Doppler
data is identified. A first sub-set of the spectral Doppler data
adjacenttothe gapis selected. A second sub-set of the spectral
Doppler data is determined based on correlation of the spec-
tral Doppler data of the first sub-set with the spectral Doppler
data. A third sub-set of the spectral Doppler data is selected
relative to the second sub-set. The gap is filled with a copy of
the spectral Doppler data of the third sub-set. A spectrum is
estimated from the spectral Doppler data with the copy of the
third sub-set in the gap. An image is displayed as a function of
the spectrum.

[0005] Inasecond aspect, a non-transitory computer read-
able storage medium has stored therein data representing
instructions executable by a programmed processor for gap
filling in spectral Doppler ultrasound. The storage medium
includes instructions for correlating samples from adjacent a
gap in a sequence with samples spaced away from the gap,
locating a group of samples spaced away from the gap as a
function of the correlating, filling the gap in the sequence with
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the samples of the group, and estimating a spectrum from the
samples including samples filling the gap.

[0006] Inathird aspect, a system is provided for gap filling
in spectral Doppler ultrasound. A memory is operable to store
first data representing a sequence with a gap. A processor is
configured to add second data into the gap by copying, into
the gap, a first sub-set of the first data adjacent to a second
sub-set of the first data that is similar to a third sub-set of the
first data adjacent to the gap.

[0007] The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. Further aspects and advantages of the
invention are discussed below in conjunction with the pre-
ferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] 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 throughout
the different views.

[0009] FIG. 1 is an example medical image of a spectral
Doppler display with streak artifacts;

[0010] FIG. 2isa flow chart diagram of one embodiment of
a method for gap filling in spectral Doppler ultrasound;
[0011] FIG. 3 is an illustration of one embodiment of spec-
tral Doppler data in a sequence with a gap;

[0012] FIG. 4 is an illustration of different sub-sets of data
used for gap filling according to one example;

[0013] FIG. 5 is a graphical representation of an example
spectrum,
[0014] FIG. 6 is an example medical image of a spectral

Doppler display after gap filling; and
[0015] FIG. 7 is a block diagram of one embodiment of an

ultrasound system for gap filling in spectral Doppler ultra-
sound.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0016] The gap in spectral Doppler data acquired in simul-
taneous Doppler mode is filled, reducing artifacts. Features in
the time-domain or frequency-domain are used to identify an
appropriate section of the other data to be used for filling the
spectral gap. The corrected information may be used to
improve the spectral Doppler display and/or audio.

[0017] Filling the gaps to reduce or remove gaps may
improve work flow, providing diagnostic information with
less distraction. Sonographers may be more likely to use
simultaneous mode (e.g., both spectral Doppler and another
mode (e.g., B-mode or F-mode)), providing additional diag-
nostic information.

[0018] FIG. 2 shows a method for gap filling in spectral
Doppler ultrasound. The method is implemented on the sys-
tem 10 of FIG. 7 or adifferent system. The acts are performed
in the order shown, but other orders are possible. Additional,
different, or fewer acts may be provided. For example, act 36
is not performed. As another example, one or both of acts 40
and 42 are not performed. In yet another example, acts asso-
ciated with simultaneous imaging are included, such as trans-
missions, receiving, and processing for B-mode or F-mode
interleaved with the acquisition of act 22.
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[0019] 1In act 22, spectral Doppler data representing a
patient is acquired. The spectral Doppler data is beamformed
samples. The spectral Doppler data may be in the time-do-
main. Radio frequency or in-phase/quadrature (I/O) samples
output by the beamformer may be used to estimate the spec-
tra, so may spectral Doppler data even if also available to use
for other detection. In other embodiments, the spectral Dop-
pler data is in the frequency domain. A fast Fourier transform
(FFT) is applied to beamformed samples. The FFT bins val-
ues, providing spectral Doppler data in the frequency domain.
In alternative embodiments, the spectral Doppler data is from
other points in the processing, such as before beamformation
or after binning.

[0020] The beamformed samples are obtained by transmit-
ting beams. The transmit beams are repetitively transmitted to
the same location or locations. In order to obtain samples for
spectral analysis, the transmissions occur repetitively. The
transmit beams are formed with any pulse repetition interval.
The focal region of the transmit beam is at the gate location,
but may be elsewhere.

[0021] Receive operation occurs in response to the trans-
mitting. Signals from the gate location within the transmit
beams are received. The signals received at each element in
the receive aperture are combined or beamformed to generate
a sample. Any scan sequence and/or pulse repetition fre-
quency may be used.

[0022] Each transmit and receive event generates a sample
for the location. Samples for the same location are acquired
over time. Samples are obtained over a period. By transmit-
ting one or more beams from a transducer array, receiving
responsive echoes, and then repeating, a series of samples are
obtained for one or more locations. The series includes suf-
ficient samples (e.g., 5 or more) for spectral analysis. The
repetition allows reception of sufficient samples to perform
spectral analysis. FIG. 3 shows an example where 46 samples
are received in one period and samples 72-N are received in
another period.

[0023] Other transmissions and receptions are performed.
The transmissions and receptions for spectral Doppler may be
interleaved with other transmissions and receptions. For
example, transmissions and receptions to scan a two or three-
dimensional region for B-mode or F-mode are performed. As
another example, transmissions and receptions for M-mode
imaging along a different scan line from the scan line for the
spectral Doppler gate are performed. FIG. 3 shows a gap
between samples 46 and 72. The gap corresponds to a time at
which samples are acquired for other purposes than spectral
Doppler. Other causes of the gap may exist.

[0024] Any interleaving pattern may be used. The inter-
leaving allows an ongoing series to be acquired, such as over
0.05 seconds, for a given location. The scan then occurs for
another region. Any period of continuously acquiring
samples of spectral Doppler data and any period for acquiring
samples for other purposes may be used. The periods may
vary over time.

[0025] This interleaving repeats. Any repetition interval
may be used. The interval is the same or varies over time. FIG.
3 shows one gap. This is representative. Other gaps may or
may not be provided.

[0026] In act 24 of FIG. 2, the gap is identified. The gap is
in the spectral Doppler data due to the interleaving or other
cause. In the time domain, the samples are acquired with a
time stamp. The time of acquisition is recorded or known. The
time may be used to identify the gap. Where data is not
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available at the pulse repetition interval, a gap exists. In other
embodiments, the gap is identified based on the schedule of
beamformer operation. The interleaving of the scanning is
known, so may be used to identify the gap.

[0027] In one embodiment, the gap, such as between
samples 46 and 72 in FIG. 3, is identified in the time domain.
The gap may be converted to the frequency domain to identify
the gap associated with frequency-domain spectral Doppler
data. Alternatively, the gap is determined in the frequency
domain.

[0028] In act 26, a sub-set of the spectral Doppler data is
selected. Any size sub-set may be used, such as four or more
samples. The selected sub-set of samples is less than all of the
samples. In one embodiment, at least ten samples are
selected. The samples are contiguous or sequential samples.
In other embodiments, every other (e.g., even samples from
sample 30 to sample 46), other pattern (e.g., every third), or
random selection may be used.

[0029] The sub-setis selected based on a relationship to the
gap or other criteria. In one embodiment, the samples imme-
diately adjacent to the gap are selected. In the example of FIG.
3, samples 37-46 are selected. There are no samples between
the selected sub-set and the gap. In other embodiments, the
samples of the sub-set are after the gap, but still immediately
adjacent to the gap (e.g., samples 72-82). In yet other embodi-
ments, the selected samples are spaced from the gap, such as
selecting samples 33-40 in the example of FIG. 3. The same
sub-set may include samples from both before and after the
gap (e.g., selecting samples 34-46 and 72-79).

[0030] The selected sub-set is a kernel or group of spectral
Doppler data. This kernel is used to match to other samples of
the spectral Doppler data in act 28. Since the spectral Doppler
data is cyclical, the occurrence of a similar sequence of
samples as the selected sub-set is found. Another sub-set of
samples is identified that matches the sub-set associated with
the gap (e.g., adjacent to the gap or a known number of
samples or time away from the gap).

[0031] The search for the similar sub-set is performed in a
forward or backward direction in the time domain. Where
datamay not be acquired yet for searching forward in the time
domain, then the search is performed with previously
acquired data. In the example of FIG. 3, the search is of
samples 1-36. Other size or number of samples may be
searched.

[0032] The search may be along every sample, such as
moving a window sized for the original sub-set from act 26. In
other embodiments, other search patterns may be used. For
example, the general period of the heart cycle is used. The
search begins with samples likely acquired at a same phase in
a pervious heart cycle or cycles. Coarse and fine searching
may be used, such as searching by moving the window by
more than one sample (e.g., step size of half the number of
samples in the sub-set). Once the best match is found in the
coarse search, the window may be moved by one sample at a
time centered on the best match from the coarse search.

[0033] Any measure of similarly may be used. In one
embodiment, a complex cross-correlation is performed.
Since beamformed samples are complex values (e.g., 1/O),
complex cross-correlation is performed. A simple cross-cor-
relation using I or QQ data, a sum of absolute differences
(SAD), taking a gradient and finding a matching slope, taking
a second derivative and finding a matching inflection point,
matching zero-crossings, or some combination of different
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calculations may be used in other embodiments. For fre-
quency domain spectral Doppler data, a two-dimensional
correlation may be used.

[0034] The measure is repeated for each position of a win-
dow. The selected sub-set is translated to different groups of
samples and the similarity measured. The samples with the
highest correlation are identified. The peak of the normalized
complex cross-correlation result is used to locate the match-
ing sub-set of the spectral Doppler data. In other embodi-
ments, a sufficient correlation is identified. A threshold may
be used. The samples first associated with a correlation above
the threshold are selected.

[0035] In an example embodiment shown in FIG. 4, the
sub-set 50 of data adjacent to the gap (e.g., between the
vertical lines) is selected in act 26. Searching backwards in
time, the sub-set 50 is translated to different times and corre-
lation is performed. The correlation is repeated for other
groups (e.g., moving window) of samples spaced away from
the gap. A matching sub-set 52 of previous samples is deter-
mined to have the best or sufficient match to the initial sub-set
50 from adjacent to the gap.

[0036] In an alternative or additional embodiment, the
Doppler data to fill the gap is identified using ECG timing
information. When ECG timing information is available in
conjunction with the acquired Doppler samples, then appro-
priate Doppler data for filling is identified based upon the
ECG timing instead of using cross-correlation. For example,
if a gap begins 47 psec after the peak of the R-wave in the
ECG signal, than Doppler data previously acquired starting
47 psec after the peak of a previous R-wave can be used to fill
in the gap. Both ECG and similarity based identification of
the data for filling may be used. For example, ECG timing is
used to facilitate cross-correlation searches and reduce the
number of lags needed in the cross-correlation search.
[0037] Inact300fFIG.2,asub-set of the spectral Doppler
data is selected for filling the gap. In act 26, the sub-set is
selected relative to the gap. This sub-set is matched to another
sub-setin act 28. This other sub-set is similar to acquired data.
The goal is to find a sub-set that would be similar to spectral
Doppler data acquired in the gap if the data had been acquired.
In act 30, the sub-set is selected relative to the matched
sub-set based on the relationship between the original sub-set
of act 26 and the gap.

[0038] In the example of FIG. 4, the original sub-set 50 is
adjacent to the gap. This sub-set 50 is matched to the sub-set
52. Since the gap occurs after the original sub-set 50, the
sub-set 54 is selected in act 30 as after the matched sub-set52.
If the original sub-set 50 were spaced from the gap, the same
spacing in time or frequency is used to select the sub-set 54
relative to the matched sub-set 52. The relationship in time or
frequency of the gap to the original sub-set 50 is applied to the
matched sub-set 52 and the corresponding gap filling sub-set
54. Where the gap is immediately before or immediately after
the original sub-set 50, the gap filling sub-set 54 is selected as
immediately before or after the matching sub-set 52. Where
the original sub-set 50 is selected to include samples before
and after the gap, the gap filling sub-set 54 is selected to be
between the samples of the matched sub-set 52.

[0039] The selected gap filling sub-set 54 is, like the
matched sub-set 52, spaced away from the gap. The gap filling
sub-set 54 includes the same or different number of samples
as the matched sub-set 52. In one embodiment, the gap filling
sub-set 54 includes a sufficient number of samples to fill the
gap. The gap represents a period in which samples could have
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been obtained at the sampling frequency. The number of
samples selected to be in the gap filling sub-set 54 is enough
to fill the gap. In other embodiments, additional or fewer
samples are selected.

[0040] Inact32of FIG. 2, the gap in the sequence is filled.
The samples from the gap filling sub-set 54 are placed in the
gap as a sub-set 56 (see FIG. 4). Rather than create another
gap, a copy of the samples is used to fill the gap. Due to the
similarity and relative timing, the samples used to fill the gap
are likely a continuation from the samples adjacent to the gap.
Given the cyclical nature of spectral Doppler signals, the gap
is filled with data likely emulating the samples that would
have been acquired without interleaving.

[0041] Where the number of samples or period represented
by the samples is the same as the number of missing samples
or period of the gap, the copy 56 of the samples of the gap
filling sub-set 54 fill the gap.

[0042] In other embodiments, any discontinuity is
accounted forin act 36. Ifthe number of samples is fewer than
dictated by the length of the gap and the sample interval, then
the discontinuity is dealt with by adding further samples,
interpolating, extrapolating, or resampling. Alternatively, the
spectrum is estimated with fewer samples, but enough to
provide the spectrum.

[0043] There may be discontinuity at the end of the gap
with or without sufficient samples. For example, the matched
sub-set 52 has an ending sample value likely similar to the end
of the original sub-set 50. As a result, the beginning of the gap
filling sub-set 54 likely transitions well or matches the end of
the original sub-set 50 at the beginning of the gap. The ending
samples of the gap filling sub-set 54 and corresponding copy
56 may be match the post-gap data as well, especially where
the samples after the gap are not used for correlating. Alter-
natively, the discontinuity may be at the beginning of the gap
where the original sub-set for matching is formed from
samples after the gap.

[0044] To account for discontinuity in the values of the
copied samples at the beginning and/or ending of the gap,
different processes may be used. The copied samples are
aligned to the spectral Doppler data before or after the gap. In
one embodiment, correlation is used to align. For example,
complex cross-correlation is applied between a kernel from
the copied data used to fill the gap and spectral Doppler data
after and/or before the gap. Based on the complex cross-
correlation result, data after and/or before gap is discarded to
minimize the discontinuity of the data. Extra data is copied or
the copied data is resampled to account for the discarded data.
The data is better fit to the gap by aligning features in the gap
data to the features in the pre and/or post gap Doppler data
(e.g., aligning using cross-correlation).

[0045] In another embodiment, blending is used. The num-
ber of samples or period for gap filling extends beyond the
gap. Samples for any amount of over lap may be copied. The
overlapping samples are blended. For example, a weighted
average is applied. The copied samples near the gap are more
heavily weighted as well as the original or acquired samples
further from the gap. For example and in reference to FIG. 3,
the copied samples are provided for five samples over the gap
(e.g., for samples 72-76). For sample 72, the copied sample is
weighted more than original sample. For sample 76, the cop-
ied sample is weighted less than the original sample. Any
transition function for the weighting may be used, such as a
linear function representing a sloped line.
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[0046] In another embodiments, features before and after
the gap are used for correlation. The original sub-set includes
samples from before and after the gap. The resulting matched
data may have less discontinuity at the end or beginning of the
gap thanifonly before or after samples were used. For abetter
match, the correlations may be performed independently. The
data before is correlated separately from the data after. The
result may be a sub-set of data to be copied that has more or
fewer samples than would be provided in the gap. The copied
samples may be resampled to fit the gap.

[0047] Inact380fFIG.2,aspectrum is estimated from the
samples. The samples include acquired or original samples as
well as one or more samples copied into the gap. A single
spectrum is estimated. Alternatively, a sequence of spectra is
estimated for multiple times. A spectrum or series of spectra
are estimated from the received samples.

[0048] The spectra correspond to a period in which the
samples were acquired. The time period may include any
number of samples, such as estimating the spectrum with
twenty samples. By repeating the estimation for different
time periods, a sequence of spectra is estimated. Some
samples may be used for different time periods, such as esti-
mating each spectrum from a moving window of samples.
Alternatively, samples are used once.

[0049] The step size of the window may be any number of
samples, such as one or more samples for each estimation.
Different spectra may be estimated for the same spatial loca-
tion at different times corresponding to different periods of
acquisition.

[0050] The spectra are estimated by applying a Fourier
transform, wavelet transform or Wigner-Ville distribution to
the ultrasound samples. FIG. § shows a spectrum. Any trans-
form may be applied to determine the spectrum. The spectra
represent energy as a function of frequency. FIG. 6 shows a
spectral strip of spectra for a same location over time.

[0051] Where additional gaps occur, the identification of
act 24, the selection of act 26, the determination of act 28, the
selection of act 30, and the filling of act 32 are repeated. The
process is performed for each of the gaps. A given spectrum
may be estimated from samples filled into none, one, or more
gaps. A sequence of spectra may be estimated from samples
filled into none, one, or more gaps.

[0052] In act 40, an image is displayed. The image is a
function of the estimated spectrum or spectra. For example, a
maximum velocity is determined from the spectrum. Text or
other indication of the velocity may be output. As another
example, the spectrum is used as part of a display of the
spectrum, such as a graph represented in FIG. 5. In yet another
example, the spectrum is used as part of a spectral Doppler
display or spectral strip display. The spectral strip shows the
frequency modulated by energy as a function of time. Any
now known or later developed spectral strip mapping may be
used, such as gray scale mapping with the intensity represent-
ing energy. Filtering may be applied to smooth the spectrum.
Characteristics of the spectral strip may be determined and
displayed, such as graphically tracking a maximum velocity
as a function of time in the spectral strip.

[0053] FIG. 6 shows a spectral strip display using the
samples used for FIG. 1, but with the gaps filled. The streak or
gap artifacts are no longer or less visible. The copied samples
fill the gaps and are used to estimate one or more spectrain the
ongoing spectral strip display. Due to the filling, streak arti-
facts are reduced and the signal-to-noise ratio may be
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improved. Since data from the patient is identified with cor-
relation, the filling may more accurately represent the patient
than other gap filling.

[0054] Tn act 42, the spectra are output as audio. The Dop-
pler shift frequency is in the audio range. The spectral infor-
mation may be provided to a speaker. The speaker generates
audio based on the input spectra. The audio may have
improved characteristics due to the gap filling.

[0055] FIG. 8 shows a system 10 for gap filling in spectral
Doppler ultrasound. The system 10 is a medical diagnostic
ultrasound imaging system, but other imaging systems may
be used, such as a workstation. The system 10 estimates
spectra during simultaneous Doppler imaging.

[0056] The system 10includes a transmit beamformer 12, a
transducer 14, a receive beamformer 16, an image processor
18, a display 20, and a memory 22. Additional, different or
fewer components may be provided, such as the system 10
without the front-end beamformers 12, 16 and transducer 14
or the system 10 with a scan convetrter.

[0057] The transducer 14 is an array of a plurality of ele-
ments. The elements are piezoelectric or capacitive mem-
brane elements. The array is configured as a one-dimensional
array, a two-dimensional array, a 1.5D array, a 1.25D array, a
1.75D array, an annular array, a multidimensional array, com-
binations thereof or any other now known or later developed
array. The transducer elements transduce between acoustic
and electric energies. The transducer 14 connects with the
transmit beamformer 12 and the receive beamformer 16
through a transmit/receive switch, but separate connections
may be used in other embodiments.

[0058] Thetransmit beamformer 12 is shown separate from
the receive beamformer 16. Alternatively, the transmit and
receive beamformers 12, 16 may be provided with some or all
components in common. Operating together or alone, the
transmit and receive beamformers 12, 16 form beams of
acoustic energy for scanning a one, two, or three-dimensional
region. Vector®, sector, linear or other scan formats may be
used. For spectral Doppler imaging, pulse wave Doppler
scanning is provided along one or more scan lines.

[0059] The transmit beamformer 12 is a processor, delay,
filter, waveform generator, memory, phase rotator, digital-to-
analog converter, amplifier, combinations thereof, or any
other now known or later developed transmit beamformer
components. In one embodiment, the transmit beamformer
12 digitally generates envelope samples. Using filtering,
delays, phase rotation, digital-to-analog conversion and
amplification, the desired transmit waveform is generated. In
other embodiments, the transmit beamformer 12 includes
switching pulsers or waveform memories storing the wave-
forms to be transmitted. Other transmit beamformers 12 may
be used.

[0060] The transmit beamformer 12 is configured as a plu-
rality of channels for generating electrical signals of a trans-
mit waveform for each element of a transmit aperture on the
transducer 14. The waveforms are unipolar, bipolar, stepped,
sinusoidal, or other waveforms of a desired center frequency
or frequency band with one, multiple, or fractional number of
cycles. The waveforms have relative delay and/or phasing and
amplitude for focusing the acoustic energy. The transmit
beamformer 12 includes a controller for altering an aperture
(e.g. the number of active elements), an apodization profile
(e.g., type or center of mass) across the plurality of channels,
adelay profile across the plurality of channels, a phase profile
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across the plurality of channels, center frequency, frequency
band, waveform shape, number of cycles, coding, and com-
binations thereof.

[0061] The transmit beamformer 12 is operable to transmit
one or more transmit beams of ultrasound energy substan-
tially simultaneously. A transmit beam originates from the
transducer 14 ata location in the transmit aperture. The trans-
mitbeam is formed along a scan line at any desired angle. The
acoustic energy is focused at a point along the scan line, but
multiple points, line focus, no focus, or other spread may be
used.

[0062] The receive beamformer 16 is a preamplifier, filter,
phaserotator, delay, summer, base band filter, processor, buff-
ers, memory, combinations thereof, or other now known or
later developed receive beamformer component. Analog or
digital receive beamformers capable of receiving one or more
beams in response to a transmit event may be used. The
receive beamformer 16 is configured into a plurality of chan-
nels for receiving electrical signals representing echoes or
acoustic energy impinging on the transducer 14. A channel
from each of the elements of the receive aperture within the
transducer 14 connects to an amplifier and/or delay for apply-
ing apodization amplification. An analog-to-digital converter
digitizes the amplified echo signal. The digital radio fre-
quency received data is demodulated to a base band fre-
quency. Any receive delays, such as dynamic receive delays,
and/or phase rotations are then applied by the amplifier and/or
delay. A digital or analog summer combines data from differ-
ent channels of the receive aperture to form one or a plurality
of receive beams. The summer is a single summer or cascaded
summer. The summer sums the relatively delayed and
apodized channel information together to form a beam. In one
embodiment, the beamform summer is operable to sum in-
phase and quadrature channel data in a complex manner such
that phase information is maintained for the formed beam.
Alternatively, the beamform summer sums data amplitudes or
intensities without maintaining the phase information. Other
receive beamformation may be provided, such as with
demodulation to an intermediate frequency band and/or ana-
log-to-digital conversion at a different part of the channel.
[0063] Beamforming parameters including a receive apet-
ture (e.g., the number of elements and which elements used
for receive processing), the apodization profile, a delay pro-
file, a phase profile, imaging frequency, inverse coding, and
combinations thereof are applied to the receive signals for
receive beamforming. For example, relative delays and
amplitudes or apodization focus the acoustic energy along
one or more scan lines. A control processor controls the
various beamforming parameters for receive beamformation.
[0064] Acoustic echoes are received by the transducer 14 in
response to the transmit beam. The echoes are converted into
electrical signals by the transducer 14, and the receive beam-
former 16 forms the receive samples from the electrical sig-
nals. The receive samples represent a gate location along a
scan line. The receive beamformer 16 outputs data represent-
ing the acoustic response from the location of the spectral
gate.

[0065] Theimage processor 18 includes a spectral Doppler
processor and/or imaging detectors. A separate control pro-
cessor is provided as part of the image processor 18. Alterna-
tively, the processor or processors used for estimation or
detection control the imaging and/or system 10. The image
processor 18 is a general processor, control processor, digital
signal processor, application specific integrated circuit, field
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programmable gate array, analog circuit, digital circuit, com-
binations thereof or other now known or later developed
device for processing.

[0066] In one embodiment, the image processor 18 is a
digital signal processor or other device for applying a trans-
form to the receive beam data. A sequence of transmit and
receive events is performed over a period. A buffer or the
memory 22 stores the receive beamformed data from each
transmit and receive event. Any pulse repetition interval may
be used for the transmit beams. Any number of transmit and
receive events may be used for determining a spectrum, such
as three or more. The image processor 20 is operable to
estimate a spectrum. By applying a discrete or fast Fourier
transform, or other transform, to the ultrasound samples for
the same spatial location, the spectrum representing response
from the location is determined. Samples in the frequency
domain are provided by the transform. A histogram or data
representing the energy level at different frequencies for the
period of time to acquire the beamformed samples is
obtained.

[0067] By repeating the process, the image processor 20
may obtain different spectra for a given location at different
times. Overlapping data may be used, such as calculating
each spectrum with a moving window of selected ultrasound
samples. Alternatively, each ultrasound sample is used for a
single period and spectrum.

[0068] The image processor 18 is configured by hardware
and/or software to fill any gaps in the samples. The image
processor 18 adds data into the gap by copying from other
data. The data to be copied is found based on correlation with
data adjacent to or with a known relationship relative to the
gap. By finding the similar data, the image processor 18
determines what data to use for filling the gap.

[0069] Theimage processor 18 generates display values as
a function of the spectra. Display values include intensity or
other values to be converted for display, values provided to the
display 20 (e.g., red, green, blue values), or analog values
generated to operate the display 20. The display values may
indicate intensity, hue, color, brightness, or other pixel char-
acteristic. For example, the color is assigned as a function of
one characteristic of a spectrum and the brightness is a func-
tion of another spectrum characteristic or other information.
The display values are generated for a spectral strip display, a
graph of the spectrum, or text.

[0070] The image processor 18 may include a B-mode
detector for determining intensity and/or a color Doppler
detector for determining average velocity, variance, and/or
energy. One or more filters, such as clutter, spatial or temporal
filters may be provided. The detector outputs incoherent
image data. Additional processes, such as filtering, interpo-
lation, and/or scan conversion, may be provided by the image
processor 18.

[0071] The display 18 is a CRT, monitor, LCD, plasma
screen, projector or other now known or later developed dis-
play for displaying an image responsive to the display value.
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 spectrum indi-
cates the velocity and energy information for a given time.
The intensity of a given pixel or pixel region represents
energy where velocity is provided on the vertical scale and
time provided on the horizontal scale. Other image configu-
rations may be provided, including colorized spectral Dop-
pler images.
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[0072] The memory 22 stores buffered data, such as ultra-
sound samples for spectrum estimation. Spectral Doppler
samples in the time domain or frequency domain are stored.
The stored data represents a sequence with a gap, data to fill
the gap, and/or the sequence with the gap filled. The memory
22 may store display values or images, such as a CINE
memory.

[0073] In one embodiment, the memory 22 is a non-transi-
tory computer readable storage medium having stored therein
data representing instructions executable by the programmed
processor 18 for gap filling in spectral Doppler ultrasound.
The instructions for implementing the processes, methods
and/or techniques discussed herein are provided on com-
puter-readable storage media or memories, such as a cache,
buffer, RAM, removable media, hard drive or other computer
readable storage media. Computer readable storage media
include various types of volatile and nonvolatile storage
media. The functions, acts or tasks illustrated in the figures or
described herein are executed in response to one or more sets
of instructions stored in or on computer readable storage
media. The functions, acts or tasks are independent of the
particular type of instructions set, storage media, processor or
processing strategy and may be performed by software, hard-
ware, integrated circuits, firmware, micro code and the like,
operating alone or in combination. Likewise, processing
strategies may include multiprocessing, multitasking, paral-
lel processing and the like. In one embodiment, the instruc-
tions are stored on a removable media device for reading by
local or remote systems. In other embodiments, the instruc-
tions are stored in a remote location for transfer through a
computer network or over telephone lines. In yet other
embodiments, the instructions are stored within a given com-
puter, CPU, GPU or system.

[0074] 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.

I (we) claim:

1. A method for gap filling in spectral Doppler ultrasound,
the method comprising:

acquiring spectral Doppler data representing a patient;

identifying a gap in the spectral Doppler data;

selecting a first sub-set of the spectral Doppler data adja-

cent to the gap;

determining a second sub-set of the spectral Doppler data

based on correlation of the spectral Doppler data of the
first sub-set with the spectral Doppler data;

selecting a third sub-set of the spectral Doppler data, the

third sub-set selected relative in time to the second sub-
set;

filling the gap with a copy of the spectral Doppler data of

the third sub-set;

estimating a spectrum from the spectral Doppler data with

the copy of the third sub-set in the gap; and

displaying an image as a function of the spectrum.

2. The method of claim 1 wherein acquiring comprises
acquiring the spectral Doppler data as a sequence of beam-
formed samples in a time domain.

3. The method of claim 1 wherein acquiring comprises
acquiring the spectral Doppler data as frequency domain data.
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4. The method of claim 1 wherein identifying the gap
comprises identifying interleaving of scanning.

5. The method of claim 1 wherein selecting comprises
selecting the first sub-set as a plurality of samples immedi-
ately before or immediately after the gap.

6. The method of claim 1 wherein determining comprises
determining the second sub-set as having a highest complex
cross correlation with the spectral Doppler data of the first
sub-set with a period from the first sub-set.

7. The method of claim 1 wherein selecting the third sub-
set comprises selecting the third sub-set as immediately
before or immediately after the second sub-set.

8. The method of claim 1 wherein selecting the third sub-
set comprises selecting the third sub-set as being for a period
based on the gap.

9. The method of claim 1 wherein estimating the spectrum
is performed as part of estimating a series of spectra for a
location over time, and wherein displaying comprises dis-
playing a spectral Doppler image.

10. The method of claim 1 further comprising repeating
identifying, selecting the first sub-set, determining, selecting
the third sub-set, filling, and estimating for each of different
gaps.

11. The method of claim 1 further comprising:

aligning the copy to the spectral Doppler data after the gap

with correlation.

12. The method of claim 1 wherein the third sub-set is for
a longer period than the gap;

further comprising:

blending some of the spectral Doppler data of the third

sub-set with spectral Doppler data after the gap.

13. The method of claim 1 wherein selecting the first sub-
set comprises selecting the spectral Doppler data from before
and after the gap, and wherein selecting the third sub-set
comprises selecting the third sub-set as spectral Doppler data
between the spectral Doppler data of the second sub-set.

14. The method of claim 13 further comprising:

resampling the spectral Doppler data of the third sub-set

based on a size of the gap.

15. The method of claim 1 wherein determining comprises:

identifying ECG timing of the gap relative to a heart cycle;

and

determining the second sub-set with a correlation search

region being based on the ECG timing.

16. In a non-transitory computer readable storage medium
having stored therein data representing instructions execut-
able by a programmed processor for gap filling in spectral
Doppler ultrasound, the storage medium comprising instruc-
tions for:

correlating samples from adjacent a gap in a sequence with

samples spaced away from the gap;

locating a group of samples spaced away from the gap asa

function of the correlating;

filling the gap in the sequence with the samples of the

group; and

estimating a spectrum from the samples including samples

filling the gap.

17. The non-transitory computer readable storage medium
of claim 16 wherein correlating comptises complex cross-
correlating the samples.

18. The non-transitory computer readable storage medium
of claim 16 wherein locating comprises locating the group of
samples with a highest correlation with the samples from
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adjacent the gap, and wherein filling the gap comprises copy-
ing the group of samples into the sequence at the gap.

19. The non-transitory computer readable storage medium
of claim 16 wherein filling comprises accounting for a dis-
continuity at an end of the gap with the group of samples.

20. The non-transitory computer readable storage medium
of claim 16 wherein correlating the samples comprises cor-
relating the sample in a time domain or in a frequency
domain.

21. The non-transitory computer readable storage medium
of claim 16 further comprising outputting audio signals as
function of the spectrum.

22. A system for gap filling in spectral Doppler ultrasound,
the system comprising:

a memory operable to store first data representing a

sequence with a gap; and

a processor configured to add second data into the gap by

copying, into the gap, a first sub-set of the first data
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adjacent to a second sub-set of the first data that is
similar to a third sub-set of the first data adjacent to the
gap.

23. In a non-transitory computer readable storage medium
having stored therein data representing instructions execut-
able by a programmed processor for gap filling in spectral
Doppler ultrasound, the storage medium comprising instruc-
tions for:

determining a time of a gap relative to a heart cycle;

locating a group of samples spaced away from the gap as a
function of the time;

filling the gap in the sequence with the samples of the
group; and

estimating a spectrum from the samples including samples
filling the gap.
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