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SYSTEM AND METHOD FOR ECG-TRIGGERED RETROSPECTIVE COLOR FLOW
ULTRASOUND IMAGING

Inventors:
Ross Williams
Andrew Needles
Emmanuel Cherin

F. Stuart Foster

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.
60/549,041, filed on March 1, 2004. The aforementioned application is herein
incorporated by reference in its entirety.

BACKGROUND OF INVENTION

[0002] Small animal or laboratory animal research is a cornerstone of modern
biomedical advancement. Research using small animals enables researchers to
understand complex biological mechanisms, to understand human and animal
disease progression, and to develop new drugs to cure or alleviate many human and
animal maladies. Small animal research is important in many areas of biomedical
research including neurobiology, developmental biology, cardiovascular research
and cancer biology.

[0003] In many areas of biomedical research, accurately determining blood flow
characteristics through a given organ or structure is important. For example, in the
field of oncology, determination of blood flow within a tumor can enhance
understanding of cancer biology and, since a tumor needs blood to grow and
metastasize, help identify and develop anti-cancer therapeutics.

[0004] Color flow imaging systems estimate blood velocity by measuring the time, or
frequency phase shift between backscattered signals. Color flow imaging of blood
velocity in small animals such as mice and in humans has been accomplished by

sweeping the transducer over a region of interest. This technique, however, has
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[0005]

[0006]

[0007]

[0008]
[0009]

[00010]

limitations including tissue clutter artifacts that are induced by the sweep velocity,
which limits the ability to detect low flow rates. Other limitations include spatio-
temporal decorrelation artifacts that occur when visualizing pulsatile flow,
particularly if the pulse frequency is large relative to the sweep frequency of the
probe. Moreover, an additional limitation includes limited accuracy of flow velocity
estimation because of the number of radio frequency (RF) data lines acquired per
location.

SUMMARY OF THE INVENTION

According to one embodiment a method for producing an ECG-triggered
retrospective color-flow ultrasound image comprises generating ultrasound,
transmitting the ultrasound into a subject at a first location, wherein a first reference
point of an ECG signal taken from the subject triggers the ultrasound transmission,
receiving ultrasound reflected from the subject at the first location, transmitting the
ultrasound into the subject at a second location, wherein a second reference point of
an ECG signal taken from the subject triggers the ultrasound transmission receiving
ultrasound reflected from the subject at the second location, processing the received
ultrasound to form ultrasound color traces, and reconstructing the ultrasound color
traces to form the ultrasound image.

Other apparatus, methods, and aspects and advantages of the invention will be
discussed with reference to the figures and to the detailed description of the preferred
embodiments.

BRIEF DESCRIPTION OF THE FIGURES

The invention will be described by way of example, in the description of
exemplary embodiments, with particular reference to the accompanying figures in
which:

Figure 1 is a block diagram illustrating an exemplary imaging system.

Figure 2 is a flowchart illustrating the operation of ultrasound data acquisition by
an exemplary imaging system for producing an ECG-triggered retrospective color
flow ultrasound image.

Figure 3 shows an exemplary ECG signal from an exemplary subject.



WO 2005/099345 PCT/IB2005/002437

[00011]

[00012]

[00013]
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[00017]

[00018]

[00019]

Figure 4 is a schematic diagram illustrating the acquisition of ultrasound data
using an exemplary imaging system for producing an ECG-triggered retrospective
color flow ultrasound image.

Figure 5 is a flowchart illustrating the operation of color flow processing by an
exemplary imaging system for producing an ECG-triggered retrospective color flow
ultrasound image.

Figure 6 is a flowchart illustrating the operation of color flow reconstruction by
an exemplary imaging system for producing an ECG-triggered retrospective color
flow ultrasound image.

Figure 7 is a schematic diagram illustrating retrospective color flow
reconstruction.

Figure 8 is a block diagram illustrating an exemplary retrospective color flow
imaging system.

Figure 9 shows selected reconstructed frames of a mouse carotid artery using the
ECG triggered retrospective color flow ultrasound imaging technique.

Figure 10 is a block diagram illustrating an exemplary retrospective B-mode
imaging system.

DETAILED DESCRIPTION

(11 22 &6
a

As used throughout, the singular forms an” and “the” include plural

referents unless the context clearly dictates otherwise. Thus, for example, reference

11

to “a trace,” “a frame,” or “a pulse” can include two or more such traces, frames or
pulses unless the context indicates otherwise.

By a “subject” is meant an individual. The term subject includes small or
laboratory animals as well as primates, including humans. A laboratory animal
includes, but is not limited to, a rodent such as a mouse or a rat. The term laboratory
animal is also used interchangeably with animal, small animal, small laboratory
animal, or subject, which includes mice, rats, cats, dogs, fish, rabbits, guinea pigs,
rodents, etc. The term laboratory animal does not denote a particular agé Or SeX.

Thus, adult and newborn animals, as well as fetuses (including embryos), whether

male or female, are included.
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[00020]

[00021]

[00022]

Figure 1 is a block diagram illustrating an imaging system 100. The system 100
operates on a subject 102. An ultrasound probe 112 is placed in proximity to the
subject 102 to obtain ultrasound image information. The ultrasound probe 112 can
comprise a mechanically swept transducer 109 that can be used for the collection of
ultrasound data 110. The transducer 109 is typically a single element mechanically
scanned transducer. The ultrasound probe 112 comprises a mechanism to reposition
(and record the spatial location of) the ultrasound beam. In one embodiment, the
positioning mechanism comprises an optical position encoder connected to a high
resolution stepping motor as described in U.S. Patent Application No. 10/683,890,
entitled ““High Frequency, High Frame-Rate Ultrasound Imaging System,” which is
incorporated herein by reference. In another embodiment, the transducer comprises
an array” of piezoelectric elements (not shown) which can be electronically steered
using variable pulsing and delay mechanisms.

The transducer 109 or, if used, the array can generate ultrasound energy at high
frequen.cies, such as, but not limited to, greater than 20 MHz and including 25 MHz,
30 MHz, 35 MHz, 40 MHz, 45 MHz, 50 MHz, 55 MHz, 60 MHz 65 MHz, 70 MHz,
75 MH=z, 80 MHz, 85 MHz, 90 MHz, 95 MHz, 100 MHz and higher. Further,
operating frequencies significantly greater than those mentioned above are also
contemplated. The transducer 109 or, if used, the array can also generate ultrasound
energy at clinical frequencies, such as, but not limited to, 1 MHz , 2 MHz, 3 MHz, 4
MHz, 5 MHz, 10 MHz or 15 MHz. These disclosed high and clinical frequencies
refer to exemplary nominal center frequencies at which the transducer 109 or array
can generate and transmit ultrasound energy. As would be clear to one skilled in the
art, such frequencies can vary.

The subject 102 is connected to electrocardiogram (ECG) electrodes 104 to
obtain a cardiac rhythm or signal (Figure 3) from the subject 102. The cardiac signal
from the electrodes 104 is transmitted to an ECG amplifier 106 to condition the
signal for provision to an ultrasound system 131. It is recognized that a signal
processor or other such device can be used instead of an ECG amplifier to condition

the signal.
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[00024]

[00025]

[00026]

[00027]

If the cardiac signal from the electrodes 104 is suitable as obtained, then use of
an amplifier 106 or signal processor could be avoided entirely.

The ultrasound. system 131 includes a control subsystem 127, an image
construction subsystem 129, sometimes referred to as a “scan converter,” a transmit
subsystem/beamformer 118, a receive subsystem/beamformer 120, a motor control.
subsystem 119 and a user input device 136. Beamformers are used if the transducer
comprises an electronically steerable array. The processor 134 is coupled to the
control subsystem 127 and the display 116.

A memory 121 is coupled to the processor 134. The memory 121 can be any
type of computer memory, and is typically referred to as random access memory
“RAM,” in which the system software 123, velocity estimation software 124 and
retrospective reconstruction software 125 of the invention resides. The system
software 123, velocity estimation software 124, and retrospective reconstruction
software 125, control the acquisition, processing and display of the ultrasound data
110 allowing the ultrasound system 131 to display a retrospective color flow image.
The system softwaxe 123, velocity estimation software 124, and retrospective
reconstruction software 125, comprise one or more modules to acquire, process, and
display data from the ultrasound system 131. The software comprises various
modules of machine code which coordinate the ultrasound subsystems.

Data is acquired from the ultrasound system, processed to form images, and then
displayed on a display 116. The system software 123, velocity estimation software
124, and retrospective reconstruction software 125, allow the management of
multiple acquisition sessions and the saving and loading of data associated with these
sessions. Post processing of the ultrasound data to obtain an image is also enabled
through the systemy. software 123, velocity estimation software 124, and retrospective
reconstruction software 125.

The system for ECG-triggered retrospective color flow imaging can be
implemented using a combination of hardware and software. The hardware
implementation of the system can include any or a combination of the following
technologies, which are all well known in the art: discrete electronic components, a

discrete logic circuit(s) having logic gates for implementing logic functions upon
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[00029]

[00030]

data signals, an application specific integrated circuit having appropriate logic gates,
a programmable gate array(s) (PGA), a field programmable gate array (FPGA), etc.

The software for the system commprises an ordered listing of executable
instructions for implementing logical functions, and can be embodied in any
computer-readable medium for use by or in connection with an instruction execution
system, apparatus, or device, such as a computer-based system, processor-containing
system, or other system that can fetch the instructions from the instruction execution
system, apparatus, or device and execute the instructions.

In the context of this document, a "computer-readable medium" can be any
means that can contain, store, cominunicate, propagate, or transport the program for
use by or in connection with the instruction execution system, apparatus, or device.
The computer readable medium can be, for example but not limited to, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconductor system, apparatus,
device, or propagation medium. More specific examples (a non-exhaustive list) of
the computer-readable medium would include the following: an electrical
connection (electronic) having one or more wires, a portable computer diskette
(magnetic), a random access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only rmemory (EPROM or Flash memory) (magnetic),
an optical fiber (optical), and a portable compact disc read-only memory (CDROM)
(optical). Note that the computer-readable medium could even be paper or another
suitable medium upon which the program is printed, as the program can be
electronically captured, via for instance optical scanning of the paper or other
medium, then compiled, interpreted or otherwise processed in a suitable manner if
necessary, and then stored in a computer memory.

The memory 121 can include the ultrasound data 110 obtained by the imaging
system 100. A computer readable storage medium 138 is coupled to the processor
for providing instructions to the processor to instruct and/or configure processor to
perform steps or algorithms related to the operation of the ultrasound system 131.
The computer readable medium can include hardware and/or software such as, by
way of example only, magnetic disks, magnetic tape, optically readable media such

as CD ROM’s, and semiconductor memory such as PCMCIA cards. In each case,
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[00032]

[00033]

the media may take the form of a portable item such as a small disk, floppy diskette,
cassette, or it may take the foram of a relatively large or immobile item such as hard
disk drive, solid state memory card, or RAM provided in the support system. It
should be noted that the above listed example mediums can be used either alone or in
combination.

The ultrasound system 131 can include a control subsystem 127 to direct
operation of various components of the ultrasound system 131. The control
subsystem 127 and related cormponents may be provided as software for instructing a
general purpose processor or as specialized electronics in a hardware
implementation. In one embo diment, the control subsystem 127 can include a
master oscillator 804 (Figure 8) which can generate a continuous wave (CW) signal
for provision to the transmit subsystem 118.

The control subsystem 127 is connected to a transmit subsystem/beamformer 118
to provide an ultrasound transmit signal to the ultrasound probe 112. The transmit
subsystem 118 can be internal to the ultrasound system 131 as shown in Figure 1. In
one embodiment, portions of the transmit subsystem 118 can be external to the
ultrasound system 131. For example, in one embodiment, an arbitrary waveform
generator (AWG) 812 (Figure 8) and an RF amplifier 814 (Figure 8) can be used to
provide the transmit signal to the ultrasound probe 112. The transmit subsystem 118
causes the transducer 109 to transmit a number of ultrasound pulses 402 (Figure 4)
into the subject 102. Multiple pulses can be transmitted and are referred to through
out as a “pulse train.” A “pulse train” or “train” can comprise about, for example,
500, 1000, 2000, 3000, 4000, 5000, 10,000 or more pulses per second. The number
of pulses in a pulse train or train can vary, however, as would be clear to one skilled
in the art.

The ultrasound probe 112 provides an ultrasound receive signal to a receive
subsystem/beamformer 120. T he receive subsystem 120 also provides signals
representative of the received signals to the image construction subsystem 129. In
one embodiment, the receive subsystem 120 can include a demodulator 806 (Figure
8) and an analog-to-digital (A/D) converter 808 (Figure 8), which can condition the

received ultrasound signal for provision to the control subsystem 127 and the image
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[00035]

[00036]

construction system 129. The demodulator 806 is an element that uses the envelope
of an RF data signal received from the transducer 109 and converts it into an in-
phase (I) and quadrature-phase (Q) format. The I and Q data from the demodulator
806 can be converted into digital data by the analog to digital converter 808 for
provision to the control subsystem 127 and the izmage construction subsystem 129.
In other embodiments, rather than the envelope being sampled to produce I and Q
data, the RF signal can be sampled directly by maethods known in the art.

The ultrasound system 131 includes an image construction subsystem 129 for
converting the electrical signals generated by the received ultrasound echoes to data
that can be manipulated by the processor 134 and that can be rendered into an image
on the display 116. The image construction subs ystem 129 is directed by the control
subsystem 127 to operate on the received data to render an image for display using
the ultrasound data 110. The control subsystem 127 is also coupled to a motor
control subsystem 119 to provide a motor contro1 signal to the motor 111 to control
the movement of the ultrasound probe 112 to a location K (Figure 2) on the subject
112, as described below. The image constructiom subsystem 129 is directed by the
control subsystem 127.

The ultrasound system 131 can include an ECG signal processor 108 configured
to receive signals from the ECG amplifier 106. The ECG signal processor 108
provides various signals to the control subsystema 127. The ECG signal can be used
to trigger transmission by the transducer 109 of & number of pulses of ultrasonic
energy, or pulse train. The signals provided to thie control subsystem 127 from the
ECG signal processor 108 can trigger the acquisition of ultrasound data 110 across a
region of anatomy of a subject 102.

In another embodiment, rather than triggering the transmission of ultrasonic
energy, the receive subsystem 120 can also receive an ECG time stamp from the
ECG signal processor 108 as described in U.S. P atent Application No. 10/736,232
entitled “System of Producing an Ultrasound Image using Line-Based Image
Reconstruction,” which is incorporated herein by reference. In this incorporated
embodiment, the ECG signal is not used to trigger the transmission of pulses, but

instead the ECG is recorded continuously and sitmultaneously with the ultrasound
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data 110. From the recorded ECG signal, a series of time stamps are selected and
used to determine which of the RF data collected at each location will be used to
reconstitute the first frame of a cineloop, and from there, the subsequent frames. As
used throughout this document, a cineloop is a movie comprising a series of images
displayed at a relatively high frame-rate.

The ultrasound system 131 transmits and receives ultrasound data through the
ultrasound probe 112, provides an interface to a user to control the operational
parameters of the imaging system 100, and processes data appropriate to formulate
an ECG-triggered retrospective color flow image. As used throughout this
document, an ECG-triggered retrospective color flow image is an image comprising
an image of flow (i.e. bloodflow) over a region of interest at a specific time relative
to the cardiac cycle of a subject 102, reconstructed from a set of data acquired upon
the detection of a trigger signal detected from the subject®s EGC trace. Images are
presented through the display 116. A series of images camn be presented on the
display 116 as a cineloop.

The human-machine interface 136 takes input from thie user, and translates such
input to control the operation of the ultrasound probe 112. The human-machine
interface 136 also presents processed images and data to the user through the display
116.

The system software 123, the velocity estimation software 124 and the
retrospective reconstruction software 125, in cooperation with the image

construction subsystem 129 operate on the electrical signals developed by the receive

~ subsystem 120 to develop an ECG-triggered retrospective color flow image of

anatomy of the subject 102.

The system software 123 can, in cooperation with the processor 134, direct the
acquisition of the ultrasound data 110, as described below. The velocity estimation
software 124 in cooperation with the processor 134 and the acquired ultrasound data
110, can process the acquired data to provide a velocity estimate, or color flow
traces, as will be described below. The velocity estimation software 124 can process
the ultrasound data using, for example, the Kasai autocorxelation color flow

technique as described, for example, by Loupas et al. IEEE Trans. Ultrason.
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Ferroelectr. Freq. Cont. 42(4): 672-687 (1995). The velocity estimation software
124 can also process the ultrasound data 110 using a cross-correlation method, a
Fourier method, or by using other methods known in the art. The retrospective
reconstruction software 125, in cooperation with the processor 134, the velocity
estimates produced by the velocity estimation software 124, and the image
construction subsystem 129 can produce a color flow retrospective reconstruction
image of the acquired and processed data to be displayed on the display 116, as
described below. A reconstructed image can be displayed on the display 116 and a
series of images can be played as a movie or cineloop .

[00041] A method of using the imaging system 100 described above to produce an ECG-
triggered retrospective color flow ultrasound image can comprise data acquisition,
color flow processing, and color flow reconstruction.

[00042] Figure 2 is a flowchart 200 illustrating the operation of an embodiment of the
ultrasound data 110 acquisition by the imaging systenn 100 for producing an ECG-
triggered retrospective color flow ultrasound image. "The blocks in the flow chart
may be executed in the order shown, out of the order shown, or concurrently. In
block 202, the imaging system 100 begins the process of data acquisition. In block
204, the ultrasound probe 112 including the transducer 109 is positioned relative to a
subject 102 at a location K where K=1,2,...M. At each location K, RF data is
acquired using a pulse-echo technique.

[00043] The ultrasound probe 112 can be initially position ed at location K=1, manually or
by using the motor 111, which is under the control of the motor control subsystem
119, the control subsystem 127, and the system software 123. The location K=1
corresponds to a portion of a subject’s 102 anatomy where a first ultrasound signal is
transmitted and received. Each subsequent value of KK, K=2.3,...M, corresponds to a
subsequent location corresponding to portions of the subject’s 102 anatomy where
subsequent ultrasound signals are transmitted and received, as described below.

[00044] Each value of K can correspond to a lateral location along a subject 102,
separated by a given distance. For example, each location K may be separated by
approximately 1 micrometer (um), 5 pm, 10 pm, 15, pam, 20 pm, 25 pm, 30 pm, 35
pm, 40 pm, 45 pm, 50 pm, 100 pm, 500 pum or more. The ultrasound probe 112 can

10
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[00046]

be positioned at each location K, and moved between each location K, based on the
user’s input at the human machine interface 136 and through uase of the motor 111,
which is under control of the motor control subsystem 119 and the system software
123.

The distance between each location K may be chosen by a. user and input by the
user at the human machine interface 136. The distance between each location K is
typically referred to as “step size.” Choices regarding step size can be made by one
skilled in the art, and generally relate to factors including the wwidth of the emitted
ultrasound beam, the size of the region or portion of a subject”s anatomy to be
imaged and/or the blood or fluid flow characteristics through the region or portion of
the subject’s anatomy to be imaged. For example, one of skill in the art may choose
a step size such that a sufficient number of locations K are defined across a region of
a subject’s anatomy. Thus, if a small region of a subject’s anatomy is imaged, a
small step size may be used so that ulirasound can be transmitted at a sufficient
number of locations K along the region. One skilled in the art may also choose a
step size based on the differences in blood flow velocity withim the region or portion
of the subject’s anatomy being imaged. For example, if velocity changes rapidly
within the region, a smaller step size may be chosen than if velocity is relatively
uniform throughout the region.

In block 206, the ultrasound system 131 detects an ECG trigger from the ECG
signal processing module 108. The ECG trigger is based on a subject’s 102 ECG
signal, which is provided to the ECG signal processing modul € 108 though use of
ECG electrodes 104 and the ECG amplifier 106. An exemplaxy ECG signal is
shown in Figure 3 by the numeral 300. The ECG signal is represented by the trace
302. The ECG processing module 108 of the ultrasound system 131 automatically
detects, using peak detection of the R-wave pulse 304, a fixed and repeatable point
on the ECG signal trace 302 from which the transmission of amn ultrasound transmit
signal or pulse can be triggered. Thus, in block 206, whether a peak of the R-wave
pulse 304 has occurred (representing the ECG trigger) is determined. Other waves,
or peaks thereof, of the subject’s ECG signal trace 302 can also be used to trigger an

ultrasound transmit signal or pulse. For example, the P-wave, Q-wave, S-wave, and

11



WO 2005/099345 PCT/IB2005/002437

[00047]

T-wave or peaks thereof can be used to trigger the acquisition. Each wave referred
to above can represent a reference point which can trigger the trarasmission of
ultrasound energy. An ECG signal trace 302 can comprise multiple peaks of each
wave and each peak can trigger the transmission of ultrasound energy. Thus an ECG
trace can comprise a first and a second, or more of the above described wave peaks.
Each peak can provide a reference point of the ECG signal for tri ggering
transmission of ultrasound energy. When a peak of a given wave type is selected to
trigger the transmission of ultrasound energy, subsequent peaks o f the same wave
type can be used to trigger subsequent transmissions of ultrasound energy.

If an ECG trigger is detected in block 206, then the transmit subsystem 118
causes the transmission of N pulses of ultrasound energy from the transducer 109
into the subject 102 in block 208. The transmission of N pulses (pulse-train) is
triggered by an ECG signal acquired from the subject being imaged. The transmit
pulse-train comprises a number of transmission pulses (1 to N), writh a maximum
pulse repetition frequency (PRF) determined by the distance froma the transducer to
the flow being imaged and the properties of the portion of the anatomy (i.e. speed of
sound and maximum flow velocity) of the subject 102 being imaged. Ata PRF of 10
kHz, 10,000 pulses per second are transmitted at each transducer 109 location. The
PRF may be lowered from the maximum possible value in accord ance with the flow
velocities to be imaged. For example, using a 40 MHz pulse withh a 10 kHz PRF,
aliasing of flow occurs when detecting axial velocities of greater than 100

millimeters per second (mm/s). A region of slower flow allows for a lower PRF to

. be used, depending on the desired velocity resolution. A higher PRF can be used to

produce a higher frame-rate in the resulting retrospective color flow cineloop. The
maximum possible frame-rate is equal to the PRF. For each location, the received
pulses (1 to N), in the form of RF data are converted to I and Q data by the receive
subsystem 120 and are stored in demodulated I and Q form in the memory 121 as
ultrasound data 110. Ultrasound data 110 can also be stored in RF form. When
storing ultrasound data 110 in RF form a higher frame acquisitiorn sampling

frequency can be used.

12
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[00052]

If an ECG trigger is not detected in block 206, then the ultrasound system 131
waits for the ECG trigger in block 210. In block 212, for each pulse of ultrasound
energy N transmitted by the transducer an echo of RF ultrasound energy is received
by the transducer 109 and provided to the ultrasound system 131 using the receive
subsystem 120. This received ultrasound energy is collected and stored as N traces
of demodulated ultrasound data 110.

In block 214, the ultrasound probe 112, including the transducer 109, is
repositioned to a new location K along the subject 102 where K=K+1. If, in block
214, K is greater than M, then data acquisition is complete in block 216. If, in block
214, K is less than or equal to M then data acquisition is not complete, and the
ultrasound system 131 waits for a subsequent ECG trigger at block 210.

Figure 4 is a schematic diagram illustrating the acquisition of ultrasound data 1 10
using the imaging system 100 for producing an ECG-triggered retrospective color
flow ultrasound image. Figure 4 shows locations K (K= 1,2,...M) for the ultrasourad
transducer as described above and as detailed in flow chart 200. At each location
K=1,2,...M, the transducer 109 transmits a train of N ultrasound pulses (1 to N) 4022,
which are separated by a time T=1/PRF, into a subject 102 and receives RF echoes
403 after transmission of each pulse 402. The train of N pulses 402 are transmitted.
based on an ECG trigger signal 404 derived from an ECG trace 302 from a subject
102.

Figure 5 is a flowchart 500 illustrating the operation of color flow processing by
the imaging system 100 for producing an ECG-triggered retrospective color flow
ultrasound image. The blocks in the flow chart may be executed in the order showm,
out of the order shown, or concurrently. In block 502, the ultrasound system 131
begins color flow processing. The ultrasound data 110 acquired at each location K is
processed from N traces of demodulated I and Q data to N’ color flow traces. The
n}lmber of color flow traces is typically less than or equal to N minus 1, depending
on the size of the ensemble used in the color flow processing. An ensemble is a
group of successive RF lines used to generate one color flow trace.

Color flow processing is performed by velocity estimation software 124 in

conjunction with the processor 134 and the acquired and collected ultrasound data
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110. In block 504, ultrasound data 110 is retrieved for a location K where
K=1,2,...M. In block 506, ultrasound data 110 for a location K is input into the
velocity estimation software 124 as N demodulated traces. The velocity estimation
software 124 takes the input of N demodulated traces, and outputs N’ color flow
traces, where N’ is less than or equal to N minus 1.

Velocity estimation software 124 performs a correlation of velocity estimate on
the input N traces collected at each location K. To perform the correlation velocity
estimate, the velocity estimation software 124 can use, for example, the Kasai
autocorrelation color flow technique as described in Loupas et al. IEEE Trans.
Ultrason. Ferroelectr. Freq. Cont. 42(4): 672-687 (1995), which is incorporated
herein by reference. Other methods of velocity estimation can be used, however.
For example, a cross correlation method, or a Fourier method, which is known in the
art, can be used. In block 508, ultrasound data 110 is retrieved for the location
K=K+1. If, in block 508, the new value of K is greater than M, color flow
processing is compete at block 510. If, in block 508, the new value of K is less than
or equal to M then processing as described in block 504 and 506 for the location
K=K+1 is performed.

Figure 6 is a flowchart 600 illustrating the operation of color flow reconstruction
by the imaging system 100 for producing an ECG-triggered retrospective color flow
ultrasound image. The blocks in the flow chart may be executed in the order shown,
out of the order shown, or concurrently. Color flow image reconstruction is directed
by retrospective reconstruction software 125 that maps the color flow processed
traces N’ produced by the velocity estimation software 124 that correspond to the N
traces of RF data acquired at each transducer location (K=1,2,...M) into a
representation of the flow over the region or portion of a subject’s anatomy.

In block 602, the ultrasound system 131 begins color flow reconstruction. In
block 604, retrospective reconstruction software 125 reconstructs a frame F where
F=1,2,...N’. The number of frames N’ in the reconstructed color flow reconstruction
is determined by the number of color flow processed traces, N’, which is the output
of block 506.
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In block 606, retrospective reconstruction software 125 retrieves color flow trace
number F (1 to N”) corresponding to an RF data ensemble taken from the transducer
location K where K=1,2,...M. In block 608, each trace number F from each location
K is mapped by the retrospective reconstruction software 125 to frame number F as
line 702 number K (K=1,2,..,M) (Figure 7). The number of lines 702 that comprise
each frame F is determined by the number of transducer locations, M, over which
data was acquired.

In block 610, the retrospective reconstruction software 125 proceeds to the next
location K=K+1 and determines if K is greater than M or if K is less than or equal to
M. IfK is greater than M, then in block 612 the retrospective reconstruction
software 125 proceeds to reconstruct the next frame F=F+1. If, in block 610, K is
less than or equal to M then a subsequent trace number N’ is retrieved as described
in block 606. In block 612, the retrospective reconstruction software 125 determines
if the frame number F reconstructed is greater than the number of color flow traces
N’ in block 604 where F=1,2,...N’. IfF is grater than N’, then the reconstruction is
complete at block 614. IfF is less than or equal to N, then a subsequent frame is
constructed in block 604. Thus, the retrospective reconstruction software 125
proceeds by inserting color flow trace number, F (1 to N”), processed from an
ensemble of RF traces acquired at transducer location, K, into line (1 to M) of frame
F (1 to N).

Figure 7 is a schematic diagram illustrating retrospective color flow
reconstruction. After data acquisition at all locations K (K=1,2,...M), and data
processing to produce N’ color flow traces per location K, color flow frame number
F (F=1,2,...N’) is reconstructed by placing the color flow trace number F (F=1,2,
...N?) produced at each location K (K=1,2, ...M) into line number K of frame
number F. After reconstruction of the frames F (1 to N), a plurality of frames can
be assembled from the frames and displayed in series as a cineloop. For example, a
cineloop can be assembled beginning with frame 1 and ending with frame N°,
showing blood flow in the subject.

As described above, the transmitted ultrasound of the disclosed system may vary

in frequency. The desired frequency is based on the imaging technique to which the
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system and method is applied, and can be determined by one having ordinary skill in
the art. For example, depending on the anatomy, size, and depth of an object or
blood flow to be imaged in a subject, a certain frequency may be chosen for imaging
at that desired size and depth. Choosing a particular ultrasound frequency for
imaging at a desired size or depth in a subject could be determined readily by one
having ordinary skill in the art. Similarly, the PRF may be chosen in accordance
with the distance of the flow from the transducer 109, and the flow velocities to be
imaged. A higher PRF is used with higher flow velocities to prevent aliasing in the
color flow velocity estimation.

The traces are implicitly aligned with one another due to correlation of the ECG
trigger signal 404 (Figure 4) with pulsatile flow of blood through the vasculature of
the subject 102. The frequency of pulsatile flow of blood is naturally correlated to
the frequency of a contracting and expanding object, such as a beating heart. By
triggering the ultrasound transmissibn and RF data acquisition using the ECG signal
trigger, color flow can be estimated at each location K of a subject 102 at the same
time point relative to the pulsatile flow cycle, over a range of time points.

The system and method described herein may also be used in conjunction with
contrast agents, including microbubble contrast agents and targeted microbubble
contrast agents as described in U.S. Patent Application No. 11/040,999 entitled
“High Frequency Ultrasound Imaging Using Contrast Agents,” which is incorporated
herein by reference.

An ECG-triggered retrospective color flow image produced as described above
can be overlaid on a retrospective B-scan image using overlaying methods known in
the art. For example, an ECG triggered retrospective color flow image can be
overlaid on image produced using line based reconstruction as described in U.S.
Patent Application No. 10/736,232, entitled “System for Obtaining an Ultrasound
Image Using Line-Based Image Reconstruction,” which is incorporated herein by
reference. For example, a first image of a portion of anatomy of a subject 102 can be
produced using the incorporated line based reconstruction method. ECG-triggered
retrospective color flow data or images can be overlaid onto the first image. The

overlaid color flow images correspond to a region of interest within the portion of
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anatomy depicted in the first image produced by the line based reconstruction
method. Thus, ECG-triggered retrospective color flow image indicating velocity of
flow can be laid over the image of the underlying portion of anatomy produced by
the line based reconstruction technique. For example, ECG-triggered color flow
image reconstruction images of blood flow in a vessel can be laid over the line based
reconstruction image of the vessel anatomy. The ECG-triggered retrospective color
flow image can also be laid over retrospective B-scan images produced using a

method as described below in example 1.

EXAMPLES

The following examples are intended to be purely exemplary of the invention and
are not intended to limit the scope of what the inventors regard as their invention.

Example 1:

In Vivo Carotid Imaging Using ECG-triggered Retrospective Color Flow
Imaging

For swept-scan data acquisition, a Vevo660 ultrasound biomicroscope (UBM)
system 802 (Figure 8)(Visualsonics, Toronto, ON, Canada) was used to transmit and
receive ultrasound data. The system was set to generate seven cycle pulses by
internally gating and amplifying the CW signal produced by a master oscillator 8§04.

For in vivo carotid imaging, 40 MHz pulses were transmitted by an ultrasound
probe 112 with a transducer 109. For example, an RMV604 probe equipped with a
40 MHz transducer (6 mm focal length) at a PRF of 10 kHz was used. For color
flow imaging, received signals were demodulated using a demodulating element 806
by the Vevo660 802 using the CW signal from its master oscillator 804 to produce
in-phase (I) and quadrature-phase (Q) signals that were digitized by an analog to
digital converter (A/D) 808.

Transmitted pulses were generated using the CW signal provided by the master
oscillator 804 of the Vevo660 802, which was externally gated and amplified by an
RF power amplifier 814 (M3206, AMT, Anaheim, CA). The gating signal,
comprising a train of 10,000 rectangular pulses equally time spaced by 100 ym
(PRF=10 kHz), was provided by the arbitrary waveform generation AWG 812
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(AWG 2021, Tektronix, Beaverton OR). Received signals were demodulated
internally by the Vevo660 802. The gating signal provided by the AWG 812 was
also used to trigger data acquisition by the A/D board 802, at a sampling clock
provided by the AWG 812.

For data acquisition, the transducer was kept fixed at successive positions
relative to the subject’s (mouse) tissue. At each position, a 10,000 pulse train was
transmitted and data were collected before moving the transducer to the next
position. The transmission of the pulse train was triggered by the ECG signals from
the mouse heart rate by a monitoring system. The monitoring system can comprise
ECG electrodes 104, an ECG amplifier 106, and an ECG signal processor 108 as
described above. Assuming a periodic trigger from th[e ECQG signal from the mouse,
data collected after transmission of the pulse nufnber n (1 =n <10,000) at each
location were acquired at the same period of the subject’s 102 heart cycle. An
expander and limiter element 816 can also be used. The expander can be used to
prevent low amplitude transmitted electronic noise from interfering with the received
ultrasound signal. The limiter can be used to prevent the transmitted high-voltage
electrical excitation from damaging the receive electronics. The limiter and
expander can be combined in an expander and limiter element 816, and can also be
separate components of the disclosed system. Color flow cross sections of a carotid
artery of the mouse were produced at a frame rate of 10,000 frames per second (fps).

Mice were anesthetized with isoflurane (2% in oxygen) and positioned on a
mouse imaging stage that provided temperature feedback and heart rate monitoring
(THM100, Indus Instruments, Houston, TX). Depilatory cream (Nair™™, Carter-
Horner, Mississauga, ON, Canada) was used to remove fur from the region of
interest. In the case of imaging the mouse heart or carotid artery, the region of
interest included the thoracic cage or throat respectively. Ultrasound gel
(Aquasonic™ 100, Parker Laboratories, Fairfield, NJ ) was used as coupling fluid
between the RMV probe and the skin. Using B-mode imaging on the Vevo660
system, the probe was positioned to provide either a longitudinal section or cross
sections of the mouse carotid artery, with the regions of interest located in the focal

region of the transducer.
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Collected ultrasound data were processed using the Kasai autocorrelation color
flow technique as described above. Ensembles of 64 successive demodulated traces
from the 10,000 pulses collected at each location were used to produce a series of
color flow traces. To maximize the resolution in time, each ensemble was shifted
from the previous ensemble by one demodulated trace, leading to an overlay of two
successive ensembles of 98.5%. A total of N=9937 ensembles were generated,
producing 9937 color flow traces at each transducer location, with a time resolution
of 100 us. To produce a color flow cineloop, color flow traces were then
reassembled such that the frame ‘number »’ (1 <n <N) of the cineloop was
composed of the “number n” color flow traces collected at every location. The frame
rate of the final cineloop is equal to the PRF (i.e. 10 kHz).

Figure 10 is a block diagram illustrating an ultrasound system us‘éd to produce
retrospective B-scan images. As with the ECG-triggered retrospective color flow
system, data acquisition for retrospective b-scan imaging was performed using a
Vevo660 UBM system 1002 (Visualsonics, Toronto, ON, Canada) For carotid
imaging 40 MHz pulse were transmitted by an ultrasound probe 112 comprising an
ultrasound transducer 109. For example, a RMV 604 probe equipped with a 40 MHz
transducer (6 mm focal length) at a PRF of 10 KHz was used. The envelope of the
received signals were detected by an envelope detection element 1008 and digitized
by an analog to digital converter 1014 by the Vevo660 UBM system. One cycle 30
MHz or 40 MHz pulses were transmitted using a high frequency single cycle pulse
generator 1004 (AVB2-C, Avtech Electrosystem, Ogdensburg, NY) triggered by an
arbitrary wave form generator 1014 (AWG 2021, Tektronix, Beaverton, OR). The
trigger signal comprised a train of 10,000 rectangular pulses separated by 100 us
(PRF=10 kHz). The trigger signal provided by the AWG 1014 was also used to
trigger data acquisition by the A/D board 1010, at a sampling clock provided by the
AWG 1014. The transducer was kept fixed at successive positions relative to the
mouse tissue. At each position, a 10,000 pulse train was transmitted and data were
collected before moving the transducer to the next position. Data were acquired at a
PRF of 10 KHz, with a step size of 30 pm, over 1.5 mm in a plane perpendicular to

the artery, and over 4 mm in a plane parallel to the artery. An expander and limiter
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clement 1006 can also be used. The expander can be used to prevent low amplitude
transmitted electronic noise from interfering with the received ultrasound signal.
The limiter can be used to prevent the transmitted high-voltage electrical excitation
from damaging the receive electronics. The limiter and expander can be combined
in an expander and limiter element 1006, and can also be separate components of the
disclosed system.

Figure 9 shows selected reconstructed frames of the mouse carotid artery using
the ECG triggered retrospective color flow ultrasound imaging technique. ECG-
triggered retrospective color flow images 902 were overlaid over B-scan images 904
acquired using a retrospective B-mode imaging technique. The detected velocities
varied between 10-260 mm/s and were in good agreement with pulsed-wave doppler
measurements. The highest detected velocity in the carotid artery was beyond the
upper limited of velocity that can be estimated with a PRF of 10 kHz. Clutter
filtering was applied to the doppler spectrum.

Assuming that the blood only circulates in one direction in the carotid, negative
components of the doppler spectrum in the frequency range from —PRF/2 to 0 were
unwrapped (i.. transferred to the frequency range from PRF/2 to PRF). After
zeroing the spectral components from —PRF to 0, the spectrum was transformed back
to the time domain and color flow processed using the methods described above.

Only minimal tissue clutter artifacts were observed. These artifacts were only
induced by real motion of the tissue, as the transducer was stationary during each
acquisition. Spatio-temporal artifacts did not occur because of the inherent
properties of the ECG-triggered data acquisition method. An effective frame rate of
10,000 frames/second was achieved, with an estimated optimal acquisition time of
20-30 seconds, corresponding to approximately 100 to 150 heart beats.

Example 2:

In vitro EGC retrospective color flow imaging using a phantom

Both swept-scan color flow imaging and ECG-triggered retrospective color flow
imaging were compared using a phantom with a 5-Hz sinusoidally varying velocity
profile. The phantom comprises an off-center rotating disk, with an optical sensor

which generates an ECG-like pulses on each rotation of the disk.
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With a swept-scan technique, good estimation of velocities between 4 mm/s and
35 mm/s were achieved, while with the retrospective technique as described above,
good estimation of velocities between 2 mm/s and 35 mm/s were achieved. Spatio-
temporal decorrelation artifacts were also examined for each technique. Multiple
frames of the swept-scan color flow mapping showed that the locations of velocity
components were incoherently positioned between frames, with a frame-rate
dependent on the sweep frequency. Multiple frames of the ECG-triggered
retrospective color flow mapping, however, showed a gradual velocity change in
agreement with the velocity profile of the phantom. Effective frame-rates of 10,000
fps were achieved, compared to 4 fps for the swept-scan method.

The foregoing detailed description has been given for understanding exemplary
implementations of the invention only and no unnecessary limitations should be
understood there from as modifications will be obvious to those skilled in the art
without departing from the scope of the appended claims and their equivalents.

Various publications are referenced in this document. These publications in their
entireties are hereby incorporated by reference into this application in order to more
fully describe the state of the art to which the disclosed system and method pertains.
The references disclosed are also individually and specifically incorporated by
reference herein for the material contained in them that is discussed in the sentence

in which the reference is relied upon.
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What is claimed is:

1. A method of producing an ultrasound image, comprising:
generating ultrasound;
transmitting the ultrasound into a subject at a first location, wherein a first
reference point of an ECG signal taken from the subject triggers the ultrasovand
transmission;
receiving ultrasound reflected from the subject at the first location;
transmitting the ultrasound into the subject at a second location, wherein a second
reference point of an ECG signal taken from the subject triggers the ultrasotand
transmission;
receiving ultrasound reflected from the subject at the second location;
processing the received ultrasound to form ultrasound color traces;

reconstructing the ultrasound color traces to form the ultrasound image.

2. The method of claim 1, further comprising generating ultrasound in a

frequency of about 20MHz to 60MHz.

3. The method of claim 1, further comprising using the ultrasound on a small

animal to image blood flow.

4. The method of claim 3, wherein the small animal is a mouse.

5. The method of claim 1, further comprising using the ultrasound on a small

animal to produce a blood velocity estimate.

6. The method of claim 5, wherein the small animal is a mouse.

7. The method of claim 1, further comprising overlaying the ultrasound.

image on a retrospective B-scan ultrasound image.
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8. The method of claim 1, wherein the ultrasound is generated by a single

element mechanically scanned transducer.

9. The method of claim 1, wherein the ultrasound is generated by an

electronically steerable array transducer.

10. The method of claim 1, further comprising generating a plurality of color flow
traces, each color flow trace generated from ultrasound data acquired at a specific

location and triggered by a reference point of an ECG signal.

11. The method of claim 10, further comprising assembling the plurality of color

flow traces to form a frame.

12. The method of claim 11, further comprising displaying a plurality of frames in

series to form a cineloop.

13. A system for developing an ultrasound image, comprising:

an ultrasound probe having a transducer capable of transmitting and
receiving ultrasound energy; and

a processor for generating an ECG-triggered retrospective color flow

ultrasound image.

14.  The system of claim 13, wherein the ultrasound occurs at a frequency

range of about 20MHz to 60MHz.

15.  The system of claim 14, wherein the ultrasound is performed on a small

animal to image blood flow.

16.  The system of claim 15, wherein the small animal is a mouse.

23



WO 2005/099345 PCT/IB2005/002437

17.  The system of claim 13, further comprising:
a transmit subsystem configured to transmit a plurality of ultrasound.
pulses at a location on a subject’s anatomy, the plurality of ultrasound pulse s

transmitted at the location when triggered by a reference point of an ECG si gnal.

18. The system of claim 17 wherein the plurality of ultrasound pulses are
transmitted at a first location on a subject’s anatomy when triggered by a
reference point on the ECG signal and wherein a second plurality of ultrasound
pulses are transmitted at a second location on a subject’s anatomy when trig gered

by a reference point on the ECG signal.

19.  The system of claim 13, further comprising:
software, wherein ultrasound data are input into the software from the
locations on a subject’s anatomy and corresponding color flow traces are output

by the software.

20.  The system of claim 19, further comprising:
a second software, wherein the color flow traces are processed by the
second software forming a representation of blood flow over a region or portion

of a subject’s anatomy.
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