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SYSTEMS AND METHODS FOR
PROCESSING ULTRASOUND COLOR FLOW
MAPPING

FIELD OF THE INVENTION

[0001] In general, the invention relates to the field of ultra-
sound color flow mapping. In particular, the invention relates
to processing of ultrasound image data and detecting both
positive and negative mean flow velocity parameters.

BACKGROUND OF THE INVENTION

[0002] Among the medical imaging modalities, ultrasound
imaging technology is noninvasive, safe, affordable and gen-
erally easy to use. Ultrasound operates using a short burst
mechanical wave transmitted into a patient’s body. The echo
reflected from structures in the patient’s body is processed to
form two dimensional or three-dimensional images for tissue
and flow information. The frequency range for a noninvasive
medical ultrasound imaging system is normally between 1
MHz to 15 MHz. The ultrasound images are normally dis-
played in real-time. Therefore, the operator or clinician can
make an immediate diagnostic decision, or archive it for
future comparison purposes.

[0003] As part of a given ultrasound data collection session,
the data can be used to detect blood flow. Such flow detection
can be performed using ultrasound Doppler imaging. A probe
that includes one or more transducers can be used to transmit
acoustic waves to and receive scattered waves from a sample
of interest. The waves or echoes backscattered from the
sample include information about the sample and its proper-
ties and components. When it comes to detecting blood flow
in a sample, the backscattered acoustic waves can be com-
pared to a frequency reference to determine if a Doppler
frequency shift occurred. Such a frequency shift can occur in
the backscattered waves as a result of moving backscattering
elements from the sample such as blood cells within an artery.
[0004] Further, such a frequency shift, which can also cor-
respond to a phase shift, when detected using the ultrasound
system, can be correlated with the velocity of the blood flow
in the sample. The blood velocity is calculated by measuring
the phase shift. The change or shift in backscattered fre-
quency increases when blood flows toward the transducer and
decreases when blood flows away from the transducer.
[0005] Color flow images are produced by superimposing a
colorimage of the velocity of moving material, such as blood,
over a gray scale anatomical B-mode image. Typically, a
color flow mode displays hundreds of adjacent sample vol-
umes simultaneously, all laid over a B-mode image to repre-
sent each sample volume’s velocity. When arteries are adja-
cent, regions of overlap in an image can be challenging to
resolve and result in ambiguities relating to flow direction. A
need therefore exists for methods to resolve such ambiguities
and improve upon color flow mapping techniques. The
embodiments of the invention address these needs and others.

SUMMARY OF THE INVENTION

[0006] In one aspect, the invention relates to systems and
methods of detecting a positive blood flow velocity and a
negative blood flow velocity using an ultrasound imaging
system. In one embodiment, the invention relates to a method
for detecting blood flow when two blood vessels that are
adjacent to each other are scanned using an ultrasound probe.
Thus, positive and negative blood flow can be resolved when
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scanned together even though the flows overlap from the
perspective of an ultrasound imaging probe.

[0007] In one aspect, the invention relates to an ultrasound
data processing system that further includes a quadrature
demodulation system. The quadrature demodulation system
uses a first Hilbert transform configured to operate on a real
signal and transform such a signal into an analytic signal. In
one embodiment, the first Hilbert transform is applied to one
or more signals in the quadrature phase (Q) channel. In one
embodiment, a zero degree all pass filter is applied to one or
more signals in the in-phase (I) channel. In part, the invention
further relates to using a second Hilbert transform (also
referred to herein as a Hilbert filter) in conjunction with a
summer suitable for adding or subtracting signals after signal
processing and a quadrature mixer in an ultrasound system to
separate a positive flow signal and a negative flow signal for
both the I and Q channels. In another aspect, the invention
relates to the use of one or more Hilbert transform pairs as a
signal processing stage to resolve overlapping flows as part of
ultrasound color flow mapping. The second Hilbert transform
output or subsets thereof can be used to perform autocorrela-
tion processes to identify mean positive and negative flows.
[0008] Inanotheraspect, the invention also relates to apply-
ing an autocorrelation process to the analytic signals resulting
from the processing of the positive flow signals and the nega-
tive flow signals resulting from the application of one or more
Hilbert transforms. In this way, the autocorrelation algorithm
can be used to estimate mean signal values and variance
signal values associated with positive directional flow and
negative directional flow. This allows ambiguities relating to
adjacent flow paths such as adjacent arteries to be resolved. In
turn, the mean signal values and/or the variance signal values
can be used to generate identifiers or indicia such as color
which can then be used to perform color flow mapping mean
positive and negative flows.

[0009] In one embodiment, the invention relates to resolv-
ing blood flowing in a positive direction relative to blood
flowing in a negative direction in a sample volume such as
within a kidney or a heart chamber. In one embodiment,
resolution of adjacent blood flows is performed by selecting a
pulse repetition frequency in the range of from about 1 KHz
to about 50 KHz and using a transform, such as a Hilbert
transform, to allow signals comprising flow data to be pro-
cessed in the time domain, such as through an autocorrela-
tion-based process, to reduce the number of data points that
need to be acquired during scanning. In this way, signals that
can contain flow data can be correlated with themselves to
facilitate identifying relevant flow data. For a given color flow
mapping, an embodiment of the invention determines the
mean flow velocity in one or both directions and associated
velocity variance values instead of a full spectrum of values
for flow.

[0010] In one aspect, the invention relates to an ultrasound
imaging system that includes an ultrasound receiver config-
ured to receive ultrasound signals scattered from tissue or
blood in real time; an acoustic beam former; and an ultra-
sound data demodulation system. In one embodiment, the
ultrasound imaging system further includes a processing sys-
tem configured to process demodulated scan data and per-
form ultrasound image generation and blood flow processing
and a display configured to show ultrasound image data and
blood flow velocity data relative to such image data. In one
embodiment, the blood flow processing is implemented as a
software module or a circuit or an application-specific inte-
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grated circuit configured to detect flow velocity or flow in
either a positive or a negative flow direction.

[0011] In one embodiment, the detection of blood flow
velocity is performed on a per color line signal basis. In one
embodiment, a color line is a scan line in a specific beam
direction extending from a point of a sound wave entering the
body and echoing back towards the probe along the scan line
in which different colors along such a scan line correspond to
different parameters such as blood flows, turbulence, mean
values, variance or other parameters. In one embodiment, the
color flow mapping display is generated based on the pro-
cessing of ultrasound data on a per color line signal basis, and
form a two dimensional color flow image. In one embodi-
ment, the blood flow velocity is a bi-flow velocity. In one
embodiment, the bi-flow velocity is a mean velocity for either
flow in the positive or negative direction based on acquired
color line information. In one embodiment, bi-flow informa-
tion with separate mean values can be encoded to have one
color assigned for one direction (e.g. red for positive), and
another color assigned for the other direction (e.g. blue for the
negative), and another color (e.g. purple) assigned for the
occurrence of combined flow in both positive and negative
directions.

[0012] In one embodiment, the bi-flow mean or variance
estimate is generated using an autocorrelation method after
flow direction separation. The bi-flow mean or variance can
be encoded using one or more indicia such as a color. In one
embodiment, a color bar or another colored visual element
can be used to display color flow information relative to
ultrasound images generated following an ultrasound scan
with a probe.

[0013] In one aspect, the invention relates to a method of
ultrasound color flow mapping. The method includes sepa-
rating a positive flow signal and a negative flow signal from
ultrasound data using a first pair of Hilbert transforms; con-
verting the separated positive flow signal and the separated
negative flow signal into a positive flow analytic signal and a
negative flow analytic signal using a second pair of Hilbert
transforms; autocorrelating the positive flow analytic signal
to obtain a mean positive flow velocity; autocorrelating the
negative flow analytic signal to obtain a mean negative flow
velocity; and performing color flow mapping using the mean
positive flow velocity and the mean negative flow velocity.
The method can further include determining a flow velocity
variance using an autocorrelation process.

[0014] Inoneembodiment, performing color flow mapping
further comprises using the flow velocity variance. The
method of claim can further include collecting the ultrasound
data using a probe. The method can further include selecting
a data acquisition period during which the ultrasound data is
collected by the probe that ranges from about 2 milliseconds
to about 32 milliseconds. The method can further include the
step of reducing occurrence of a spectral broadening artifact
in response to the selection of the data acquisition period. The
method can further include performing the autocorrelation
steps using a time domain presentation of the positive flow
analytic signal and the negative flow analytic signal.

[0015] Themethod can further include applying a first indi-
cia to ultrasound image data corresponding to the mean posi-
tive flow; and applying a second indicia to ultrasound image
data corresponding to the mean negative flow. The method
can further include displaying ultrasound image data and the
first indicia and the second indicia overlaid on a B-mode
image. The method can further include assigning a first color
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code for the mean positive flow, assigning a second color code
for the mean negative flow, and assigning a third color code
for the flow with both positive and negative flow.

[0016] In one embodiment, the ultrasound data comprises
one or more RF signals and can further include wall filtering
the one or more RF signals to remove vessel wall motion; and
frequency shifting the positive flow analytic signal and the
negative flow analytic signal using a mixer. The method can
further include selecting a pulse repetition frequency in the
range of from about 1 KHz to about 50 KHz for the probe. In
one embodiment, a phase angle for one Hilbert transform of
the first pair is set at about 0 degrees and a phase angle for the
other Hilbert transform of the first pair is set at about 90
degrees.

[0017] In one aspect, the invention relates to a method of
ultrasound color flow mapping. The method includes trans-
forming one or more RF signals received from an ultrasound
probe into one or more analytic signals using a first Hilbert
transform; frequency shifiing the one or more analytic signals
to relative to a baseband using a complex mixer; wall filtering
the one or more frequency shifted analytic signals to remove
vessel wall motion; separating a first flow signal from the one
or more wall filtered signals such that a first flow signal
results; transforming the first flow signal into an analytic first
flow signal using a second Hilbert transform; autocorrelating
the analytic first flow signal to obtain a mean first flow veloc-
ity; and performing color flow mapping using the mean first
flow velocity. The method can further include separating a
second flow signal from the one or more wall filtered signals;
transforming the first second flow signal into an analytic
second flow signal using a third Hilbert transform; autocor-
relating the analytic second flow signal to obtain a mean
second flow velocity; and performing color flow mapping
using the mean second flow velocity.

[0018] In one aspect, the invention relates to an ultrasound
system. The system can include a mixer comprising a mixer
input to receive radiofrequency (RF) signals from an ultra-
sound probe and a mixer output; a first wall filter comprising
a first wall filter output and a first wall filter input in electrical
communication with the mixer output; a second wall filter
comprising a second wall filter output and a second wall filter
input in electrical communication with the mixer output; a
first Hilbert filter configured to perform a first Hilbert trans-
form on an in-phase signal received from the first wall filter
such that a Hilbert transformed in-phase signal results; a
second Hilbert filter configured to perform a second Hilbert
transform on a quadrature phase signal received from the
second wall filter such that a Hilbert transformed quadrature
signal results; a first summer in electrical communication
with one or more of the first and second Hilbert filters, the first
summer configured to receive one or more of the Hilbert
transformed in-phase signal and the Hilbert transformed
quadrature signal, the first summer comprising a first summer
input and a first summer output; a second summer in electrical
communication with one or more of the first and second
Hilbert filters, the second summer configured to receive one
or more of the Hilbert transformed in-phase signal and the
Hilbert transformed quadrature signal, the second summer
comprising a second summer input and a second summer
output; a first signal processing device comprising a first
analytic signal transform in electrical communication with
the first summer output, and a second signal processing
device comprising a second analytic signal transform in elec-
trical communication with the second summer output; and a
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processing unit configured to perform autocorrelation on ana-
lytic signals received from the first and second signal process-
ing devices.

[0019] In one embodiment, the first analytic signal trans-
form is a first Hilbert transform having a first phase angle and
a second Hilbert transform having a second phase angle. In
one embodiment, the second analytic signal transform is a
third Hilbert transform having a first phase angle and a fourth
Hilbert transform having a second phase angle. The ultra-
sound system can further include a display, the display con-
figured to receive color flow mode processing data from the
processing unit, the processing unit configured to generate a
positive mean flow and a negative mean flow in response to
performing autocorrelation on the received analytic signals.
In one embodiment, one or more of the Hilbert transforms are
implemented using a device selected from the group consist-
ing of a FPGA, a circuit, a filter, a finite impulse response
(FIR), and an infinite impulse response (IIR) filter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a block diagram of an ultrasound system
configured to implement or include one or more color flow
processing systems or related methods in accordance with an
embodiment of the invention.

[0021] FIG.2is the color flow image with a color region of
interest (CROTI) displayed on top of a B-Mode image resulting
from an ultrasound scan.

[0022] FIG. 3 is a block diagram of an ultrasound system
configured to implement or include one or more color flow
processing systems or methods in accordance with an
embodiment of the invention.

[0023] FIG. 4is a schematic diagram of a color flow image
of a blood vessel generated with a transversal Doppler ultra-
sound artifact when the Doppler angle is close to 90 degrees.
[0024] FIG.5isa schematic diagram of arterial and venous
flow in a sample of interest such as in a kidney suitable for
evaluation using a conventional spectral Doppler FFT method
that illustrates flow direction ambiguity problem that is
addressed by an embodiment of the invention.

[0025] FIG. 6 is a series of spectrum representations A
through J that include (from top to bottom radiofrequency
(RF) signals, in-phase baseband (IBB) signals, quadrature
baseband (QBB) signals, Hilbert transformed QBB signals
(QBBH), the sum of the IBB signal and the QBBH signal, the
difference of the IBB and the QBBH signal, the positive
analytic flow signal (PA), the negative analytic flow signal
(NA), a positive mean (PMean) flow signal, and a negative
mean (NMean) flow signal in which the colors red (R), blue
(B) and green (G) are used as indicia according to an embodi-
ment of the invention.

[0026] FIG. 7 is a process flow showing various signal
processing steps or stages according to an embodiment of the
invention.

DETAILED DESCRIPTION

[0027] Inpart,embodiments of the invention relate to ultra-
sound systems and image and signal processing subsystems.
In general, a probe that includes one or more transducers that
generate acoustic waves for scanning a sample, such as a
person, is used with various subsystems. The probe also
receives echoes or backscattered waves from the sample.
Blood moving within an artery or a vein results in a change in
the backscattered waves or echoes received by the probe.
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These changes can be detected and evaluated along with
image details of the sample being imaged using various tech-
niques. Further, certain features relating to improvements
regarding blood velocity resolution using Doppler techniques
and image or pixel-based display features relating thereto are
described below with regard to an embodiment of the inven-
tion.

[0028] A typical ultrasound imaging system includes a pro-
cessor or other device configured to execute or implement
algorithms for producing the 2D tissue Brightness mode (also
called B-mode), tissue Motion mode (M-mode), spectra Dop-
pler mode Pulsed Wave (PW) or Continuous Wave (CW),
color flow mode (based on auto-correlation), and others. The
B-mode image is displayed as the gray scale to represent the
soft tissue of the internal organs being scanned. In one
embodiment, the spectral Doppler uses fast Fourier transform
(FFT) spectrum analysis to display the blood flow pattern in
order to detect the degree of blood flow being blocked, such as
by a stenosis, and other properties.

[0029] Inthe case of Doppler imaging as part of color flow
mode, the time varying phase signal P(t) is of interest because
blood flow velocity in a target area is proportional to first
derivative of P(t) with regard to time. The color flow mode is
a two dimensional flow mapping that shows the blood flow in
color and overlaid on top of the B-mode image (as shown in
FIG. 2). Various indicia such as colors or hatching or symbols
or other indicia can be used to overlay the flow mapping
relative to the image data from the ultrasonic scan. PMean or
positive mean flow and NMean or negative mean flow values
can be mapped to the relevant indicia in one embodiment
[0030] The pixels of the flow image can be color-coded as
an implementation of color-based indicia. For example, pix-
els of one color, suchas red pixels, can be used to represent the
flow toward the ultrasound transducer of an imaging probe,
and pixels of a second color, such as blue pixels, can be used
to indicate flow away from the transducer. This color selec-
tion can be reversed or substituted with other color pairs
without limitation. In some applications, the flow is shown by
coding pixels with a third color such as a green color or other
indicia to represent the turbulence. As discussed in more
detail below, various signals can be represented as an image
or in a frequency space as shown in FIG. 6 and described in
more detail below.

[0031] In addition to color flow mode, the processing unit
of the ultrasound system embodiments described herein can
be configured to perform M-mode scans. M-mode is a real
time motion modality suitable for displaying the heart muscle
and valve movement in a cardiac ultrasound imaging appli-
cation. Embodiments of the systems and method described
herein, such as with regard to FIGS. 1 and 3, for example, can
use one or more or combinations of the foregoing ultrasound
modes and others.

[0032] FIG. 1 shows an ultrasound system 10 suitable for
implementing various embodiments of the invention relating
to color flow mapping and other embodiments described
herein. The system 10 can be used to scan a sample 20, such
as a portion of a patient that includes one or more arteries,
using sound waves 25. The system of FIG. 1 includes a probe
101 in electrical communication with a transmit and receive
(T/R) switch 102. The probe sends and receives ultrasound
waves 25 to and from the sample 20. A transmit pulser 105 is
also in communication with the switch 102.

[0033] As shown in FIG. 1, the system 10 also includes a
transmit beamformer 109 which is configured based on con-
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trol signals from a processing unit 115 (also referred to herein
as a processor). The processing unit or processor 115 can
include one or more microprocessor or central processing
units or computing devices. The processing unit can be con-
figured to perform color flow mapping as outlined herein
using signals transformed into analytic signals, FET pro-
cesses, and autocorrelation features described herein to gen-
erate positive mean flow data and negative mean flow data. A
receive beamformer 116 receives RF signals returning from
the probe 101 after being received by the switch 102. In one
embodiment, the receive beamformer 116 is configured to
sample the receive signals such as by Quadrature sampling.
This sampling process transforms the received RF signals
from the transducer in the probe such that a signal pair results
the I (in-phase) and the Q (quadrature) signals. These can be
referred to as the 1 and Q signal pair or the 1/Q signal and in
other forms as described below.

[0034] After passing the T/R switch, the RF signals routed
to the receive beamformer 116 and sampled I/Q signal pairs
are sent to a demodulation system 118 or other subsystems for
signal processing. In part, the demodulation system 118 can
be configured to remove the carrier frequency from the 1/Q
signal pairs. The demodulation system 118 can include a
signal processing system such as a post-processing analytic
signal transform and autocorrelation system 120. System 120
can also be separate from the demodulation system 118 or
part of the processing unit 115. The system 120 can include
circuits, processors or other electrical devices suitable for
applying a transform to the 1/Q signal pairs such as a Hilbert
transform or other transform resulting in analytic signal gen-
eration. Further, the system 120 can also include circuits,
processors or other electrical devices suitable for performing
autocorrelation with regard to transformed ultrasound sig-
nals. A power supply 123 can be in electrical communication
with the system 10, such as through the demodulation system
118.

[0035] The system 10 can also include a display and user
interface 125. This can allow the user to specify color flow
mapping properties relating to mean negative flow data and
positive flow data resulting from autocorrelation and other
signal processing performed by one or both of the demodu-
lation system 118 or the processing unit 115.

[0036] With regard to displaying color flow mapping 150,
display 125 can be used. As shown in FIG. 2, the region of
interest in the sample 27 called color region of interest
(CROI), is overlaid on top of the B-Mode image 175 to
generate the color flow mode display 150 with use of red (R)
and blue (B) color coding and/or the positive (PF) and nega-
tive flow (NF) direction arrows shown. Arterial and Venous
flow are shown mixing together in the color flow mode image
150 of FIG. 2. The CROI is virtually divided into multiple
sample volumes along a scan line. Each sample volume is
interrogated by transmitting the ultrasound energy from a
probe such as probe 101. The probe receives the echo from
sample 20.

[0037] Theultrasound waves can be generated by the probe
in various sequences such as by energizing transducers in the
probe to generate a plurality of burst pulses. For example in
the color flow mode, a given probe can generate between
about 6 to about 12 pulses which impinge on the sample of
interest 20, such as region of a body with one or more overlaid
arties. For each pulse, a corresponding echo or backscattered
wave is received such that a packet of ensemble data is gen-
erated for subsequent data processing and display. For
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example, the sample 20 is scanned using probe 101 and an
ultrasound-based image of the sample 25 is displayed using a
display such as display 125 of FIG. 1. The ultrasound image
25 shows arterial branches and veins through which blood
flows in a kidney.

[0038] Color flow mapping is based on detecting the phase
shift of the echo from each data point within the packet of that
sample volume in the CROI. Therefore, each sample volume
is interrogated multiple times in order to calculate the reliable
phase difference of the blood movement. Further, the ultra-
sound waves returning from the body as a result of interroga-
tion by the probe for each sample volume form an ensemble
packet. As described herein, various methods steps are used to
process such an ensemble packet, including various trans-
forms, filters, and autocorrelation steps, to calculate blood
velocity, mean positive flow data, mean negative flow data,
and other parameters as described herein.

[0039] When the scanned blood vessels are small, and curv-
ing closely together at various directions within the color
sample volume as in FIG. 2, the ultrasound interrogation
cannot resolve the vessels in either the lateral dimension or in
an elevation dimension. As a result, the positive flow (PF) and
negative flow (NF) from the same sample volume are ambigu-
ous. With legacy approaches, the user has no way of knowing
whether there are two vessels in the opposite direction within
the same color sample volume, or indeed if the scanned vol-
ume of a sample has no blood flow at all because the mean
flow estimate may give zero velocity. This problem is espe-
cially pronounced when imaging the kidney or blood flow
relative to the heart. The methods and features described
herein relating to signal processing and other features over-
come these issues in legacy approaches. Additional details
relating to the color flow-related embodiments of the inven-
tion can be explained using the system 10 of FIG. 1 and
ultrasound subsystem 205 shown in FIG. 3.

[0040] FIG. 3 shows an ultrasound subsystem 205 suitable
for use with the ultrasound system 10 of FIG. 1 and other
ultrasound systems. The subsystem 205 includes additional
components and additional details including the post-pro-
cessing Hilbert transform (or other analytic signal generating
transforms) and auto correlation system 120. In the ultra-
sound system 10 and subsystem 205 of FIGS. 1 and 3, respec-
tively, the received signal from a sample such as sample 20 is
transmitted to the front end beam-former 116. The signals
received from the sample energize a transducer in probe 101
and generate R.F. signals that are processed using quadrature
sampling at the front end beam-former 116 and mixer 210 to
form 1/Q signal pairs. The R.F. signals are generated in
response to the echo signals impinging on each element of the
transducer array in the probe. In a quadrature demodulation
system, a mixer 210 is used to shift the RF frequency down to
the baseband in order to extract the Doppler phase shift. In
this way, the mixer 210 forms the I/Q baseband signal. The T
stands for In-Phase, and the ‘Q’ stands for Quadrature-Phase.
The I baseband signal and Q baseband signal have a 90 degree
phase difference relative to each other and constitute a signal
pair along each color acquisition line. As shown, in the sub-
system 205 of FIG. 3, the mixer 210 can include one or more
low pass filters (LPF). The mixer can also be in electrical
communication with a local oscillator 212.

[0041] In color flow ultrasound data acquisition, there are
many color sample volumes (such as for example about 1 to
about 200) in each color line. Each line includes a plurality of
color signals resulting from multiple interrogations of a
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sample of interest, such as sample 20 of FIG. 1, to form an
ensemble packet. As shown, in FIG. 3, following the output
portof'the mixer 210 output, after the I/Qbaseband signal pair
is formed, a pair of wall motion filters 220 and 223 are used to
remove certain unwanted signals such as stationary vessel
features or vessel wall motion data in the signal pair. Specifi-
cally, in one embodiment the signals associated with station-
ary tissue or vessel wall motion are removed from the I/Q
baseband signal pair using such filters 220, 223.

Autocorrelation Embodiments for Signal Processing and
Flow and Variance Calculations

[0042] Once the stationary and vessel wall motion related
features are removed from the signals, then the blood velocity
can be determined using a suitable process such as auto-
correlation algorithms or processes as shown in the first and
second auto correlation processing stages or subsystems 300
and 310 within system 120 of FIG. 3. For example, the phase
angle is calculated by using equation arctangent (Q/1), and the
angular velocity is the difference of the phase angle in the
ensemble packet.

[0043] ForinputdataX,,...,X X . ,,...,X,,6=N=12
the auto-correlation function of the data set is:

[0044] With (I,,, Q,) data set at a specific sample volume,
N
Rel=1)= 3" (I + JQ)- (et = jQoe1)
1
=Re + jIm
[0045] Where
N N
Re= " (bt + Q- Cut ), IM= D" (it - O = o+ Ot
1

1

Re is the vector dot product term, and Im is the vector cross
product term. From the above equation, we have

A= —tan’l(%)

[0046] The variance of the flow velocity is derived from

, 2 IR(D) 2( (Re2+1m2)”2]
7 (' RXX(O)) -

7 R0

Where R_(0)=2X , X* =¥(I,>+Q, ).

[0047] Color flow processing is based on the Doppler prin-
ciple. When the detected flow is moving toward the trans-
ducer, the mean velocity estimate yields a positive number as
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an output. This positive number is then used to identify the
flow as part of the data set. For example, the positive number
can be used by the processing unit or processor 115 and
associated encoded or data processing software to associate
the positive flow velocity with a color such as a red color or
with other indicia such as flashing pixels or hatching. In
contrast, when the detected flow is moving away from the
transducer, the mean velocity estimate yields a negative num-
ber, and the system encodes it with a blue color or other
indicia. In this way, positive and negative flow information
can be identified and shown to the user such as via display
125.

[0048] The application of the Hilbert transforms 236, 239,
summing of signals using summers 245, 247 and the trans-
forms 266, 269 of FIG. 3 perform positive and negative flow
separation in the subsystem 205 of FIG. 3 before using sepa-
rate autocorrelation processes for the respective negative and
positive signals. Prior to discussing other features relating to
the foregoing transforms and summers of the subsystem 205
of FIG. 3, it is useful to consider some features relating to how
color flow mapping and signal processing are handled for an
embodiment of the invention.

[0049] In many cases, the processor also calculates the
variance or turbulence of the flow velocity, and uses addi-
tional indicia such as a green color to the original color map.
In one embodiment, the first and second auto correlation
processing stages or subsystems 300 and 310 can be imple-
mented in hardware or software, including as instructions
executed by the processing unit 115. As a result, with indicia
for the positive flow, the negative flow, and variance or tur-
bulence, various representational schemes can be used to
display the data to a user of the system. For example, the
positive flow, if encoded using a red color, can be shown with
variance, encoded with a green color, to give a yellow color
representative of positive flow and variance.

[0050] Similarly, if the negative flow is encoded with blue,
when the negative flow and the variance signals overlap, the
resulting indicia can be shown as a cyan color. In one embodi-
ment, the various indicia and the rules for assigning them are
stored in software and executed using components in system
120 or processing unit 115 and are customizable based on a
user’s preference in terms of how a first flow velocity in a first
flow direction, a second flow velocity in a second flow direc-
tion, and variance or turbulence are displayed together rela-
tive to the ultrasound scan data such as an image of an ana-
tomical structure.

[0051] As part of the processes of identifying and encoding
a flow direction, the processor-based system is configured
based on the constraint that the flow signal is only positive or
negative within the same vessel. This is generally true
because the blood inside a vessel is either flowing towards or
away from the heart and does not flow in both directions in
one vessel. There are circumstances where signals can cause
unwanted effects such as blood appearing to be moving in two
directions in a vessel or other unwanted visual artifacts.
[0052] For example, in the case when the Doppler angle is
close to 90 degrees as shown in FIG. 4, there will be trans-
versal flow due to the side lobe or broadening of the beam.
When the Doppler angle approaches 90 degrees and the beam
width is broadened, there will be some energy above 90
degrees and some below. This spread of energy relative to the
90 degree phase level can result in values associated with both
positive and negative flow being present in the receiving echo
even though the blood flow is actually moving in one direc-
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tion. When the received echo from the sample has both posi-
tive and negative flow information simultaneously present,
the resulting display is factually inaccurate, and steps need to
be taken to compensate for this scenario.

[0053] 1In the case where positive and negative flow infor-
mation is simultaneously present, the flow with associated
with a higher energy signal (greater amplitude in the signal)
dominates the mean velocity detection, and the mean value
can be biased based on the higher energy/amplitude associ-
ated with one of the two flow directions. If the Doppler angle
at the center of the beam is exactly 90 degree, and the positive
and negative flow is symmetrical due to the side-lobe. As a
result of this symmetry, the mean velocity will be zero. An
imaging artifact will then result such that no blood appears to
shown in the vessel at all. Thus, users are trained to avoid
using 90 degree Doppler angle when taking the flow image if
possible. The reason for this problem is that legacy methods
do not separate the flow direction before calculating the mean
and variance using an auto-correlation algorithm. The Hilbert
transforms 236,239, summing of signals using summers 245,
247 and the Hilbert transforms 266, 269 of FIG. 3 perform
positive and negative flow separation. These features allow
for improved flow direction resolution and display in color
mode.

[0054] FIG.5isa schematic diagram of arterial and venous
flow in a sample of interest suitable for evaluation using a
spectral Doppler FFT method according to an embodiment of
the invention. FIG. 5 is the spectrum in PW Doppler mode
with FFT method which can be used for the positive and
negative mean estimate. In FIG. 5, the vertical axis is fre-
quency; up for positive and down for negative, with zero hertz
at baseline. The horizontal axis is time, and the brightness is
for intensity, which is amplitude related.] Given the problems
described above, one solution to overcome the flow direction-
related problems and ambiguities are to use a fast Fourier
transform (FFT) method to perform the color flow mapping
and process the signals using various transforms and autocor-
relation methods. By separating the flow signals prior to
performing autocorrelation, the color encoding performed by
the processing unit with regard to Pmean, Nmean, P-Vari-
ance, N-Variance is improved. This follows, in part, from the
separate treatment of positive and negative flow data such as
through the application of the transforms described herein.

[0055] For example, according to one embodiment, the
FFT, as shown in FIG. 5 with complex I/Q data input, yields
both positive and negative flow information in the Doppler
spectrum. The arterial flow shown above the x-axis has a
positive flow while the venous flow below the x-axis has a
negative flow. In part, one embodiment of the invention
relates to the application of a Doppler spectrum FFT method
in color flow mode. The processor 115 can calculate the
positive mean flow and negative mean flow separately using
the full FFT spectrum as shown in FIG. 5. The processor can
also calculate the mean and variance out of the spectrum for
arterial flow above the baseline (x-axis_for the positive flow,
and also do the same thing on the spectrum for venous flow
below the baseline for the negative flow. These calculations
can be performed using the processor and a set of scanned
ultrasound data using the following equations inorder to yield
the Doppler shift frequency:

, =l wP(w)dw/;° P(w)dw For positive flow mean
o_=[_,.OwP(w)dw/_,’P(w)dw For negative flow mean

P(w) is the power spectrum and o is the angular velocity,
which is the Doppler shifting frequency.
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[0056] Another problem that can result from using FFT for
the color flow processing relates to processing delays. Spe-
cifically, the FFT method will slow down the frame rate
considerably (more than 10 times) on the multiple sample
volumes because the size of the color ensemble packet needs
to be increased from the typical number of 6-12 bursts or
pulses from the imaging probe to at least 16-64 bursts or
pulses in order to have the necessary velocity resolution. The
reason is that the frequency resolution in FFT is determined
based on the PRF (Pulse Interrogate Repetition Frequency)
divided by the number of FFT points. Each pulse from the
probe corresponds to one of the FFT points. For example,
with a PRF of 16 KHz and an ensemble of 8 FFT points, the
frequency resolution is 2 KHz (16 KHz/8). Unfortunately,
this frequency resolution is too coarse for detecting a flow
velocity. Specifically, if this frequency resolution is used with
the FFT method, the processor being used for the FFT calcu-
lations will be subjected to a high processing load that will
result in unreasonably long processing delays and slow down
the frame rate. For these reasons, it is desirable to use auto-
correlation based approaches for mean flow and variance
calculations.

[0057] As a result, according to one embodiment of the
invention, the ensemble size is adjusted to increase the granu-
larity of the frequency resolution. For example, if the
ensemble size of points for FFT is increased to 64 for
example, the (64)(1/PRF) yields the time to collect a com-
plete packet of data for FFT. As a result, if the PRF is 2 KHz
and the FFT uses 64 points, then the total time period for
acquiring 64 points of data is 0.5 milliseconds*64=32 milli-
seconds (ms). The blood flow occurring within a 32 ms time
period cannot assume to be stationary, especially in the sys-
tolic cardiac phase. The blood flow velocity may change
significantly during the 32 ms time span, especially when the
patient has stenosis in the vessel. Changes in flow velocity
during data acquisition can cause a spectral broadening arti-
fact and bias the mean velocity calculation. One embodiment
of the invention relates to selecting the time domain for signal
processing purposes to reduce the data acquisition period
such that it ranges from about 32 ms to about 2 ms to reduce
or prevent the occurrence of spectral broadening artifacts.
[0058] In order to reduce the data acquisition period,
according to one embodiment of the invention, it is useful to
use a transform, such as a Hilbert transform to perform signal
processing in the time domain and reduce the data acquisition
period used in the processing. The system of FIG. 3 is con-
figured to mitigate such unwanted artifacts resulting from
long data acquisition periods, such as for example data acqui-
sition periods greater than 32 ms.

[0059] Returning to subsystem 205 of FIG. 3, an in-phase
wall filter 220 transmits an in-phase signal. The in-phase
signal has no phase shift, which is equivalent to zero degree
phase shift. In contrast, the quadrature phase wall filter 223
transmits a quadrature phase signal. The quadrature phase
signal has a 90 degree phase shift. A first Hilbert transform
236 is applied to or otherwise operates upon the in-phase
signal from wall filter 220 to generate a Hilbert transformed
in-phase signal. In parallel with the processing of the in-phase
signal, a first Hilbert transform 239 is applied to or otherwise
operates upon the Quadrature phase signal from wall filter
223 to generate a Hilbert transformed Quadrature phase sig-
nal.

[0060] Upon the application of each of these first Hilbert
transforms on the respective vessel wall motion filtered in-
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phase and Quadrature phase signals, any real signal that has
no energy (zero amplitude) at zero Hz is generated as an
output signal along with the imaginary part of the signal. As
a result, the application of a Hilbert transform to a suitable
signal can yield a complex analytic signal at the 236 and 239
outputs. According to some implementations of the invention,
a Hilbert transform is used multiple times in different ways.
The application of the Hilbert transforms 236, 239 in FIG. 3
are each configured to operate on a signal from the filter 220,
223. They are in electrical communication with and to pet-
form all pass filtering based on phase angle.

[0061] Additional details relating to these signals and their
processing is described herein, including with regard to the
spectrum representations of FIG. 6 and the exemplary method
steps of FIG. 7. The Hilbert transforms 236, 239 can be
implemented using one or more filters such as an all pass filter
configured for phase delay rather than amplitude attenuation.
Hilbert transforms 236, 239 can also be implemented with a
finite impulse response (FIR) filter or an infinite impulse
response (IIR) filter. In one embodiment, digital filters are
used.

[0062] In FIG. 3, in communication with the mixer 210
output as noted above, the wall filters 220, 223, which can be
high pass filters, are used to remove the direct current (D.C.)
stationary signal and signals associated with very slow vessel
wall movement. In this way, the 1/Q baseband signals are
processed to retain flow velocity information while removing
stationary and vessel wall movement contributions. In addi-
tion, this filtering step is performed to provide a signal that
will satisfy the condition of Hilbert transform at the next
signal processing stage in which the zero degree phase shift
Hilbert transform 236 and the 90 degree phase shift Hilbert
transform 239 operate on the wall filtered signals.

[0063] As shown in FIG. 3, the Quadrature phase Hilbert
transform (90 degree shifter) 239 and the in-phase Hilbert
transform 236 are in electrical or otherwise in communication
with a first summer 245 and a second summer 247. In one
embodiment, the Hilbert transform as a function of the phase
shift S is of the form H(s) such that for a zero degree phase
shift the transform is H(0) and for a 90 degree phase shift the
transform can be expressed as H(90). The summers 245 and
247 are used to separate the positive flow and negative flow
signals from the I/Q signals entering the summers 245, 247.

[0064] Following signal processing using the summers
245, 247, additional Hilbert transforms are applied to the
positive flow signal and negative flow signal transmitted from
summers 245 and 247. The additional Hilbert transforms 266
and 269 are used to convert or transform such real signals into
an analytic format. This format is suitable for the autocorre-
lation processors 300 and 310 in the next processing stage,
and can be used to calculate positive and negative mean
separately. The autocorrelation method solves the problem of
spectral broadening artifacts by reducing the data collection
period and/or the number of data points needed generate an
analysis relating to flow.

[0065] In FIG. 3, after the summer 245, transform 266
includes a Hilbert transform pair designated as H(0) and
H(90) with phase angles 0 and 90 degrees, respectively.
Transform 269 also includes a Hilbert transform pair desig-
nated as H(0) and H(90) with phase angles 0 and 90 degrees,
respectively. These respective transform pairs are used to
generate the analytical signals using the real signal for each of
positive and negative flow on the 245 and 247 outputs. The
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analytical format is desirable prior to using the autocorrela-
tion processes on such analytic signals to obtain mean flow
estimates.

[0066] In a FFT method, the signals are converted into
frequency domain spectrum, and the mean is calculated using
the spectrum. In contrast, in the time domain autocorrelation
method of the invention, the signals are converted into ana-
Iytic format with a Hilbert transform or other analytic signal
transform, and then the mean flow velocity in a direction is
obtained using an autocorrelation function as described
herein. Autocorrelation addresses phase shift directly and
thus does not require long data set as required by the FFT
method.

[0067] By using a time domain set of signals, such as can be
generated using Hilbert transforms 266 and 269, the signal
processing still remains in the time domain with a short or
size-reduced ensemble packet. Therefore, the computation
load is lower when compared with the FFT method discussed
above that uses a frequency resolution of 2 KHz in the
example given. In addition, after processing using autocorre-
lation processes 300, 310 values for Pmean, Nmean, P-Vari-
ance, N-Variance) are generated which can then be mapped to
indicia using the processing unit. In one embodiment, the
autocorrelation processes 300, 310 are implemented using a
digital signal processing integrated circuit, a FPGA circuit, or
other electronic processor device or circuit.

[0068] In one embodiment, other orders of processing
using the Hilbert transform can be used. Thus, Hilbert trans-
forms used to generate analytic signals can be applied first
and then Hilbert transforms can be applied later to separate
the flow data. In one embodiment, the mixer used is a complex
signal mixer.

[0069] Certain features of an embodiment of the invention
can summarized and explained by comparing various signal
data from a frequency spectrum point of view. FIG. 6 shows
various signals that are generated and processed according to
various signal processing stages and methods of the invention
such as pursuant to the method of FIG. 7 or as implemented
using system 205 or components thereof. The signals shown
in FIG. 6 are depicted in a frequency domain or space. As
shown in FIG. 6, in-phase is for positive flow, and Q phase is
for negative flow.

[0070] FIG. 6 shows various frequency spectrums 500 in
which frequency values corresponding to values along the
x-axis or horizontal axis. In contrast, the vertical or y-axis is
used to display intensity values or amplitude values for a
particular frequency f such as by the intensity function H(f).
The carrier frequency for the ultrasound signal is represented
as fc in FIG. 6. Typically, a demodulation system is used to
remove this frequency prior to signal processing. The nega-
tive carrier frequency -fc is shown by the left dotted vertical
line. In contrast, the positive carrier frequency fc is shown by
the right dotted vertical line. The various signals are repre-
sented as arrows corresponding to their frequency and flow
direction or other parameter of interest such as variance or
positive or negative mean flow values.

[0071] For example, the arrows identified with a f2 or B in
FIG. 6 can be shown on a display using a blue color (or other
suitable first color or indicia) and correspond to a blood flow
signal or value that indicates flow away from the transducer.
The arrows identified with an f1 or R in FIG. 6 can be shown
on a display using a red color (or other suitable second color
or indicia) and correspond to a blood flow signal or value that
indicates flow toward the transducer.



US 2015/0045666 A1l

[0072] Starting at the top of FIG. 6, the first signals shown
in the frequency space representation of FIG. 6 are radiofte-
quency (RF) signals. The RF signals shown in the first hori-
zontal spectrum plot of FIG. 6 are the input spectrum. The RF
signals include a signal 505 having a positive Doppler fre-
quency f1 which is set above the carrier frequency fc and
associated with a red (R) color for purposes of this explana-
tion or subsequent use in a color flow mapping and to indicate
the direction of flow. In addition, the RF signals include a
signal 507 having a negative Doppler frequency f2 which is
set below the carrier frequency fc and associated with a blue
(B) color corresponding to an opposite flow direction. In one
embodiment, as a convention red (R) is used for positive flow
1 and blue (B) is used for negative flow 2 as a convention.

[0073] In one embodiment, signals 505 and 507 are gener-
ated as pure sine waves such that the spectrum for each signal
is a line positioned at its frequency. Since the RF signals are
real valued signals, mirrored signals can result. RF signals
505, 507 having frequencies f1 and f2 are disposed in the
positive side of the spectrum while corresponding mirror
signals 505m and 507m (shown with dotted lines) are posi-
tioned on the negative side of the frequency axis on either side
of a negative —fc axis. Signals 505m and 507m are mirrored
versions of signals 505 and 507 respectively. The inclusion of
“m” after the designator of another signal indicates that such
a signal is a mirror.

[0074] Similarly, for the spectrum B of FIG. 6, the in-phase
signals at baseband (IBB) 515 and 517 and their mirror sig-
nals 515m and 517m are shown. The spectrum C of FIG. 6
shows the Quadrature phase signals at baseband (QBB) 520
and 525 and their mirrors 520m and 525m. The mirror signals
520m and 525m for the QBB spectrum are inverted with a
negative amplitude. The negative amplitude is a representa-
tion for mathematical operation purposes such for the opera-
tion of Hilbert transform, autocorrelation functions, and other
processes and operations.

[0075] With regard to the in-phase channel of spectrum B,
the radiofrequency signal is frequency shifted down to the
baseband, the 0 Hz axis, through a mixer 210 used in the
ultrasound system 205. In one embodiment, the mixer 210
can include or be in electric communication with one or more
low pass filters (LPF). The f1 signal 505 in the RF spectrum
moves to the position of signal 515 in the IBB spectrum and
its mirror 505m moves to the position of signal 515m in the
IBB spectrum. The 2 signal 507 moves to the position of
signal 517 in the IBB spectrum and its mirror 507m moves to
the position of signal 517m. The Doppler frequency signals
transition to new frequencies in the IBB spectrum because the
fl signal and f2 signal in the radiofrequency spectrum are at
both upper and lower sidebands around the fc carrier.

[0076] Referring to FIG. 3, the IBB signals are the output
signals from in-phase wall filter 220. Similarly, the QBB
signals are the output signals from quadrature phase wall filter
223. The quadrature phase channel baseband signals genet-
ated after the first Hilbert transform are identified as QBBH
and are shown on spectrum D of FIG. 6. The QBBH signals
include signal 530 and 535 and their mirrors 530m and 535m
as shown on spectrum D of FIG. 6. The QBBH signals are
output from signal processing stage 239 in which a Hilbert
transform is applied with a 90 degree shift to the QBB signals.
[0077] As part of the signal processing of summers 245 and
247, the summing together of the QBBH signals and the IBB
signals is performed as shown in the spectrum E of FIG. 6.
Signals 517 and 517m from the IBB spectrum having upward
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directed arrows cancel signals 535 and 535m from the QBBH
spectrum with the downward directed arrows as shown in the
IBB+QBBH spectrum also referred to as spectrum E in FIG.
6. In spectrum E, as shown signal 540 with Doppler frequency
f1 and its mirror 540m remain while the f2 signal in the lower
sideband is removed.

[0078] A difference operation can be performed to show the
2 Doppler signal remaining with the f1 signal being removed
in the F spectrum. Specifically, a difference calculation,
which can also be performed using summers 245 and 247, is
performed in which the QBBH signals are subtracted from
the IBB signals as shown in spectrum F of FIG. 6. This results
in signal 550 with Doppler frequency f2 remaining as the
baseband f2 flow with its mirror signal 550m with the f1
signal and its mirror removed. Accordingly, as a result of the
Hilbert transform to generate the QBBH signals, the addition
operation of spectrum E, and the difference operation of
spectrum F provide a process for the positive flow and nega-
tive flow to be separated as evidenced by the real signal 540
with Doppler frequency f1 and real signal 550 with Doppler
frequency f2.

[0079] Signals 550 and 540 (and their mirrors, in one
embodiment are processed using the second Hilbert trans-
forms 266, 269 to generate complex signals 560 and 570
corresponding to different flow directions in spectrum G and
H. Signal 560 corresponds to the analytic positive flow signal
and signal 570 corresponds to the analytic negative flow
signal. The transforms 266, 269 that results in signals 560,
570 processes the signals into a complex (or analytic) format
suitable for use with autocorrelation methods in signal pro-
cessing stages 300, 310 such that mean value calculations and
variance can be determined with regard to the transforms of
signals 560 and 570. After the performance of the autocorre-
lation method in signal processing stages 300, 310, the final
result is the positive mean (also referred to as PMean) and the
negative mean (also referred to as NMean). The resultant
PMean signal 580 and the NMean signal 585 are shown on the
spectrum plots I and J of FIG. 6 at the bottom of the figure.
The variance can also be calculated using an autocorrelation
fanction.

[0080] FIG. 7 is a flow diagram of a signal processing
method 700 according to an illustrative embodiment of the
invention. In one embodiment, the method relates to various
signal and data processing steps relative to ultrasound data
obtained with respect to a patient. In one embodiment, In-
phase (1) signals and Quadrature (Q) signals originating from
a mixer are the input signals. These are typically 1/Q signal
pairs. The mixer, for example, may be the mixer 210
described with regard to FIG. 3, although other mixers, beam
formers, and other sources of I and Q signals can be used with
the steps of the method 700.

[0081] Inoneembodiment, the method includes 700 apply-
ing a wall filter to both the I signal and the Q signal output
from a mixer or other signal processing device (Step Al).
Various signal processing steps can be performed as part of
the method 700. The various steps of the method can be
performed by a processor or other circuits or devices as
described herein, for example, such as those depicted in
FIGS. 1 and 3. As a convenience, various signals generated as
result of the processing of the In-phase signal are designated
as SI1, SI2, SI3, SI4, and SI5. Similarly, as a convenience,
various signals generated as result of the processing of the
Quadrature signals are designated as SQ1, SQ2, SQ3, SQ4,
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and SQ5. Thus, for example, the signals resulting from the
wall filter application of Step Al are signals SI1 and SQI.
[0082] Inturn, signal SI1 can be filtered through a 0 degree
all pass filter forthe I channel as shown in Step A2. The output
of the zero degree all pass filtering of signal SI1 is output
signal SI2. In contrast, signal SQ1 is filtered through a 90
degree Hilbert filter through the Q channel as shown in Step
A2'. The output of the 90 degree Hilbert filtering of signal
SQ1 is output signal SQ2. The Hilbert filtering performed in
Step A2 and A2' can correspond to the transforms 236 and 239
being applied to a signal in FIG. 3.

[0083] Next, these two signals are separated based upon
positive flow and negative flow characteristics using one or
more summers as shown in Step A3. Two summers can be
used such as summers 245 and 247. The signals that result
from processing using the summer are signals SI3 and SQ3.
Additional processing based upon the positive and negative
flow associated with the respective signals is then performed
using Steps A4 and A4'".

[0084] Withrespectto step A3, signal SI3 is filtered through
a 0 degree all pass filter and a 90 degree Hilbert filter to
generate analytic signal pairs for positive flow in the form of
one or more signals SI4. In contrast, with respect to step A3,
signal SQ3 is filtered through a 0 degree all pass filter and a 90
degree Hilbert filter to generate analytic signal pairs for nega-
tive flow in the form of one or more signals SQ4. In one
embodiment, at this point in the signal processing a total of
four Hilbert transforms or Hilbert filters (236, 239, 266, and
269) have been applied, twice for the In-phase and Quadra-
ture signals, and twice for the positive and negative flow
signals.

[0085] Following the application of the Hilbert filtering of
Steps A4 and A4, autocorrelation steps A5 and AS' are per-
formed relative to each of the signals, SI4 and SQ4, respec-
tively. Specifically, a processor performs autocorrelation with
respect the SI4 signal to calculate mean for positive flow SI5.
Similarly, with regard to the negative flow, a processor per-
forms autocorrelation with respect the SQ4 signal to calculate
mean for negative flow SQ5. Step A6 includes applying color
coding for ultrasound display based on the mean positive flow
and the mean negative flow. Further Step A7 includes display-
ing an ultrasound image with a graphic overlay corresponding
to positive and negative flow information. Variance values can
also be calculated for the positive and negative flows using the
processing unit or autocorrelation methods.

[0086] In step A6, the flow data is used to encode image
data such that a user can view a color map based. The color
map is arrived at based on signal processing that includes a
flow signal separation step and two separated autocorrelation
processes. The color map can be displayed with various leg-
ends or codes to map indicia to flow directions and variance
values in Step A7.

[0087] The present disclosure discusses embodiments in
the context of ultrasound imaging systems, however, these
embodiments are not intended to be limiting and those skilled
in the art will appreciate that the present disclosure can also be
applied to other imaging systems.

[0088] The aspects, embodiments, features, and examples
of the present disclosure are to be considered illustrative in all
respects and are not intended to limit the invention, the scope
of which is defined only by the claims. Other embodiments,
modifications, and usages will be apparent to those skilled in
the art without departing from the spirit and scope of the
present disclosure.
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[0089] The aspects, embodiments, features, and examples
of the invention are to be considered illustrative in all respects
and are not intended to limit the invention, the scope of which
is defined only by the claims. Other embodiments, modifica-
tions, and usages will be apparent to those skilled in the art
without departing from the spirit and scope of the claimed
invention.

[0090] The use of headings and sections in the application
is not meant to limit the present disclosure; each section can
apply to any aspect, embodiment, or feature of the present
disclosure.

[0091] Throughout the application, where compositions
are described as having, including, or comprising specific
components, or where processes are described as having,
including or comprising specific process steps, it is contem-
plated that compositions of the present teachings also consist
essentially of, or consist of, the recited components, and that
the processes of the present teachings also consist essentially
of, or consist of, the recited process steps.

[0092] In the application, where an element or component
is said to be included in and/or selected from a list of recited
elements or components, it should be understood that the
element or component can be any one of the recited elements
or components and can be selected from a group consisting of
two or more of the recited elements or components. Further,
it should be understood that elements and/or features of a
system, a composition, an apparatus, or a method described
herein can be combined ina variety of ways without departing
from the spirit and scope of the present teachings, whether
explicit or implicit herein.

[0093] The use of the terms “include,” “includes,” “includ-
ing,” “have,” “has,” or “having” should be generally under-
stood as open-ended and non-limiting unless specifically
stated otherwise.

[0094] The use of the singular herein includes the plural
(and vice versa) unless specifically stated otherwise. More-
over, the singular forms “a,” “an,” and “the” include plural
forms unless the context clearly dictates otherwise. In addi-
tion, where the use of the term “about” is before a quantitative
value, the present teachings also include the specific quanti-
tative value itself, unless specifically stated otherwise.
[0095] It should be understood that the order of steps or
order for performing certain actions or operations is immate-
rial so long as the present teachings remain operable. More-
over, two or more steps or actions or operations may be
conducted simultaneously.

[0096] Where a range or list of values is provided, each
intervening value between the upper and lower limits of that
range or list of values is individually contemplated and is
encompassed within the invention as if each value were spe-
cifically enumerated herein. In addition, smaller ranges
between and including the upper and lower limits of a given
range are contemplated and encompassed within the inven-
tion. The listing of exemplary values or ranges is not a dis-
claimer of other values or ranges between and including the
upper and lower limits of a given range.

[0097] The present disclosure may be embodied in many
different forms, including, but in no way limited to, computer
program logic for use with a processor (e.g., a microproces-
sor, microcontroller, digital signal processor, or general pur-
pose computer), programmable logic for use with a program-
mable logic device, (e.g., a Field Programmable Gate Array
(FPGA) or other PLD), discrete components, integrated cir-
cuitry (e.g., an Application Specific Integrated Circuit
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(ASIC)), or any other means including any combination
thereof. In one embodiment of the present invention, some or
all of the processing of the data used to generate a control
signal or initiate a user interface command is implemented as
a set of computer program instructions that is converted into
a computer executable form, stored as such in a computer
readable medium, and executed by a microprocessor under
the control of an operating system. In one embodiment, out-
put control signals from a controller are transformed into
processor understandable instructions suitable for color flow
mapping, signal separation, flow calculation, color flow map-
ping, variance calculation, autocorrelating separated flows
signals, analytic signal transforms, phase-based filters, Hil-
bert transforms, and other features and embodiments as
described above.

[0098] Computer program logic implementing all or part of
the functionality previously described herein may be embod-
ied in various forms, including, but in no way limited to, a
source code form, a computer executable form, and various
intermediate forms (e.g., forms generated by an assembler,
compiler, linker, or locator). Source code may include a series
of computer program instructions implemented in any of
various programming languages (e.g., an object code, an
assembly language, or a high-level language such as Fortran,
C, C++, JAVA, or HTML) for use with various operating
systems or operating environments. The source code may
define and use various data structures and communication
messages. The source code may be in a computer executable
form (e.g., via an interpreter), or the source code may be
converted (e.g., via a translator, assembler, or compiler) into
a computer executable form.

[0099] The computer program may be fixed in any form
(e.g., source code form, computer executable form, or an
intermediate form) either permanently or transitorily in a
tangible storage medium, such as a semiconductor memory
device (e.g., a RAM, ROM, PROM, EEPROM, or Flash-
Programmable RAM), a magnetic memory device (e.g., a
diskette or fixed disk), an optical memory device (e.g., a
CD-ROM), a PC card (e.g., PCMCIA card), or other memory
device. For example, a computer program product may reside
on a computer readable storage medium having a plurality of
instructions stored thereon, which, when executed by a pro-
cessot, cause the processor to perform operations discussed
herein.

[0100] The computer program may be fixed in any form in
a signal that is transmittable to a computer using any of
various communication technologies, including, but in no
way limited to, analog technologies, digital technologies,
optical technologies, wireless technologies, networking tech-
nologies, and internetworking technologies. The computer
program may be distributed in any form as a removable stor-
age medium with accompanying printed or electronic docu-
mentation (e.g., shrink-wrapped software), preloaded with a
computer system (e.g., on system ROM or fixed disk), or
distributed over a network.

[0101] Programmable logic may be fixed either perma-
nently or transitorily in a tangible storage medium, such as a
semiconductor memory device (e.g., a RAM, ROM, PROM,
EEPROM, or Flash-Programmable RAM), a magnetic
memory device (e.g., a diskette or fixed disk), an optical
memory device (e.g., a CD-ROM), or other memory device.
The programmable logic may be fixed in a signal that is
transmittable to a computer using any of various communi-
cation technologies, including, but in no way limited to, ana-
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log technologies, digital technologies, optical technologies,
wireless technologies (e.g., Bluetooth), networking technolo-
gies, and internetworking technologies. The programmable
logic may be distributed as a removable storage medium with
accompanying printed or electronic documentation (e.g.,
shrink-wrapped software), preloaded with a computer system
(e.g., on system ROM or fixed disk), or distributed from a
server or electronic bulletin board over the communication
system (e.g., the Internet or World Wide Web).

[0102] Various examples of suitable processing modules
are discussed below in more detail. As used herein a module
refers to software, hardware, or firmware suitable for per-
forming a specific data processing or data transmission task.
Typically, in a preferred embodiment a module refers to a
software routine, program, or other memory resident appli-
cation suitable for receiving, transforming, routing and pro-
cessing instructions, or various types of data such as ultra-
sound modes, color modes, ultrasound mammography data,
ultrasound infant or prenatal data, ultrasound cardiac data,
icons, touch screen primitives, and other information of inter-
est.

[0103] Computers and computer systems described herein
may include an operatively associated machine-readable
medium such as computer-readable media such as memory
for storing software applications used in obtaining, process-
ing, storing and/or communicating data. It can be appreciated
that such memory can be internal, external, remote or local
with respect to its operatively associated computer or com-
puter system.

[0104] Theterm “machine-readable medium” includes any
medium that is capable of storing, encoding or carrying a set
of instructions for execution by the machine and that cause
the machine to perform any one or more of the methodologies
of the present disclosure. While the machine-readable
medium is shown in an example embodiment to be a single
medium, the term “machine-readable medium” should be
taken to include a single medium or multiple media (e.g., a
database, one or more centralized or distributed databases
and/or associated caches and servers) that store the one or
more sets of instructions.

[0105] Memory may also include any means for storing
software or other instructions including, for example and
without limitation, a hard disk, an optical disk, floppy disk,
DVD (digital versatile disc), CD (compact disc), memory
stick, flash memory, ROM (read only memory), RAM (ran-
dom access memory), DRAM (dynamic random access
memory), PROM (programmable ROM), EEPROM (ex-
tended erasable PROM), and/or other like computer-readable
media.

[0106] In general, computer-readable memory media
applied in association with embodiments of the invention
described herein may include any memory medium capable
of storing instructions executed by a programmable appara-
tus. Where applicable, method steps described herein may be
embodied or executed as instructions stored on a computer-
readable memory medium or memory media.

[0107] It is to be understood that the figures and descrip-
tions of the invention have been simplified to illustrate ele-
ments that are relevant for a clear understanding of the present
disclosure, while eliminating, for purposes of clarity, other
elements. Those of ordinary skill in the art will recognize,
however, that these and other elements may be desirable.
However, because such elements are well known in the art,
and because they do not facilitate a better understanding of
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the present disclosure, a discussion of such elements is not
provided herein. It should be appreciated that the figures are
presented for illustrative purposes and not as construction
drawings. Omitted details and modifications or alternative
embodiments are within the purview of persons of ordinary
skill in the art.

[0108] It can be appreciated that, in certain aspects of the
present disclosure, a single component may be replaced by
multiple components, and multiple components may be
replaced by a single component, to provide an element or
structure or to perform a given function or functions. Except
where such substitution would not be operative to practice
certain embodiments of the present disclosure, such substi-
tution is considered within the scope of the present disclosure.

[0109] Theexamples presented herein are intended to illus-
trate potential and specific implementations of the present
disclosure. It can be appreciated that the examples are
intended primarily for purposes of illustration of the present
disclosure for those skilled in the art. There may be variations
to these diagrams or the operations described herein without
departing from the spirit of the present disclosure. For
instance, in certain cases, method steps or operations may be
performed or executed in differing order, or operations may
be added, deleted or modified.

[0110] Furthermore, whereas particular embodiments of
the present disclosure have been described herein for the
purpose of illustrating the present disclosure and not for the
purpose of limiting the same, it will be appreciated by those of
ordinary skillin the art that numerous variations of the details,
materials and arrangement of elements, steps, structures, and/
or parts may be made within the principle and scope of the
present disclosure without departing from the invention as
described in the claims.

What is claimed is:
1. A method of ultrasound color flow mapping comprising:

separating a positive flow signal and a negative flow signal
from ultrasound data using a first pair of Hilbert trans-
forms;

converting the separated positive flow signal and the sepa-
rated negative flow signal into a positive flow analytic
signal and a negative flow analytic signal using a second
pair of Hilbert transforms;

autocorrelating the positive flow analytic signal to obtain a
mean positive flow velocity;

autocorrelating the negative flow analytic signal to obtain a
mean negative flow velocity; and

performing color flow mapping using the mean positive
flow velocity and the mean negative flow velocity.

2. The method of claim 1 further comprising determining a
flow velocity variance using an autocorrelation process.

3. The method of claim 2 wherein performing color flow
mapping further comprises using the flow velocity variance.

4. The method of claim 1 further comprising collecting the
ultrasound data using a probe.

5. The method of claim 4 further comprising selecting a
data acquisition period during which the ultrasound data is
collected by the probe that ranges from about 2 milliseconds
to about 32 milliseconds.

6. The method of claim 5 further comprising the step of
reducing occurrence of a spectral broadening artifact in
response to the selection of the data acquisition period.
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7. The method of claim 1 further comprising performing
the autocorrelation steps using a time domain presentation of
the positive flow analytic signal and the negative flow analytic
signal.

8. The method of claim 1 further comprising

applying a first indicia to ultrasound image data corre-

sponding to the mean positive flow; and

applying a second indicia to ultrasound image data corre-

sponding to the mean negative flow.

9. The method of claim 8 further comprising displaying
ultrasound image data and the first indicia and the second
indicia overlaid on a B-mode image.

10. The method of claim 8 further comprising assigning a
first color code for the mean positive flow, assigning a second
color code for the mean negative flow, and assigning a third
color code for the flow with both positive and negative flow.

11. The method of claim 1 wherein the ultrasound data
comprises one or more RF signals and further comprising

wall filtering the one or more RF signals to remove vessel

wall motion; and

frequency shifting the positive flow analytic signal and the

negative flow analytic signal using a mixet.

12. The method of claim 4 further comprising selecting a
pulse repetition frequency in the range of from about 1 KHz
to about 50 KHz for the probe.

13. The method of claim 1 wherein a phase angle for one
Hilbert transform of the first pair is set at about 0 degrees and
aphase angle for the other Hilbert transform of the first pair is
set at about 90 degrees.

14. A method of ultrasound color flow mapping compris-
ing:

transforming one or more RF signals received from an

ultrasound probe into one or more analytic signals using
a first Hilbert transform;

frequency shifting the one or more analytic signals to rela-

tive to a baseband using a complex mixer;

wall filtering the one or more frequency shifted analytic

signals to remove vessel wall motion;

separating a first flow signal from the one or more wall

filtered signals such that a first flow signal results;
transforming the first flow signal into an analytic first flow
signal using a second Hilbert transform;

autocorrelating the analytic first flow signal to obtain a

mean first flow velocity; and

performing color flow mapping using the mean first flow

velocity.

15. The method of claim 14 further comprising

separating a second flow signal from the one or more wall

filtered signals;

transforming the first second flow signal into an analytic

second flow signal using a third Hilbert transform;

autocorrelating the analytic second flow signal to obtain a

mean second flow velocity; and

performing color flow mapping using the mean second

flow velocity.

16. An ultrasound system coniprising

amixer comprising amixer input to receive radiofrequency

(RF) signals from an ultrasound probe and a mixer out-
put;

a first wall filter comprising a first wall filter output and a

first wall filter input in electrical communication with
the mixer output;
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a second wall filter comprising a second wall filter output
and a second wall filter input in electrical communica-
tion with the mixer output;

a first Hilbert filter configured to perform a first Hilbert

transform on an in-phase signal received from the first

wall filter such that a Hilbert transformed in-phase sig-
nal results;

second Hilbert filter configured to perform a second

Hilbert transform on a quadrature phase signal received

from the second wall filter such that a Hilbert trans-

formed quadrature signal results;

a first summer in electrical communication with one or
more of the first and second Hilbert filters, the first
summer configured to receive one or more of the Hilbert
transformed in-phase signal and the Hilbert transformed
quadrature signal, the first summer comprising a first
summer input and a first summer output;

a second summer in electrical communication with one or
more of the first and second Hilbert filters, the second
summer configured to receive one or more of the Hilbert
transformed in-phase signal and the Hilbert transformed
quadrature signal, the second summer comprising a sec-
ond summer input and a second summer output;

a first signal processing device comprising a first analytic
signal transform in electrical communication with the
first summer output; and

12
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a second signal processing device comprising a second
analytic signal transform in electrical communication
with the second summer output; and

a processing unit configured to perform autocorrelation on
analytic signals received from the first and second signal
processing devices.

17. The ultrasound system of claim 16 wherein the first
analytic signal transform is a first Hilbert transform having a
first phase angle and a second Hilbert transform having a
second phase angle.

18. The ultrasound system of claim 17 wherein the second
analytic signal transform is a third Hilbert transform having a
first phase angle and a fourth Hilbert transform having a
second phase angle.

19. The ultrasound system of claim 16 further comprising
a display, the display configured to receive color flow mode
processing data from the processing unit, the processing unit
configured to generate a positive mean flow and a negative
mean flow in response to performing autocorrelation on the
received analytic signals.

20. The ultrasound system of claim 16 wherein one or more
of the Hilbert transforms are implemented using a device
selected from the group consisting of a FPGA, a circuit, a
filter, a finite impulse response (FIR), and an infinite impulse
response (IIR) filter.
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In one aspect, the invention relates to an ultrasound imaging
system that includes an ultrasound receiver configured to
receive ultrasound signals scattered from a sample in real
time; an acoustic beam former; and an ultrasound data
demodulation system. In one embodiment, the ultrasound
imaging system further includes a processing system config-
ured to process demodulated scan data and perform ultra-
sound image generation and flow processing and a display
configured to show ultrasound image data and blood flow
velocity data relative to such image data. Signals that include
positive flow information and negative flow information are
separated from received signals using phase-filters and ana-
Iytic signal transforms such that a first and a second autocor-
relation signal processing stage is used to generate mean
positive flow, mean negative flow, and variance data for such
flows.
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