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(57) ABSTRACT

An ultrasound imaging system and method includes acquir-
ing and displaying a first image of a first plane including a
longitudinal axis of a vessel and identifying first position
information of the longitudinal axis. The system and method
includes acquiring and displaying a second image of a
second plane that intersects the longitudinal axis of the
vessel at an oblique angle, where the second plane is rotated
about the longitudinal axis of the ultrasound probe, where
the ultrasound probe is in the same position with respect to
the vessel when acquiring both the first image of the first
plane and the second image of the second plane, and
identifying second position information defining the second
plane with respect to the ultrasound probe. The system and
method include calculating a volume flow rate based on the
first image, the second image, the first position information
and the second position information.
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ULTRASOUND IMAGING SYSTEM AND
METHOD FOR MEASURING A VOLUME
FLOW RATE

CROSS-REFERENCE TO RELATED
APPLICATIONS/INCORPORATION BY
REFERENCE

[0001] This application makes reference to:

[0002] U.S. application Ser. No. 16/209,755 (Attorney
Docket No. 325815-US-1), filed on even date herewith,
The above referenced application is hereby incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0003] This invention relates generally to ultrasound
imaging and, more particularly, to a method and ultrasound
imaging system for measuring a volume flow rate through a
vessel.

[0004] Ultrasound Doppler imaging is commonly used to
detect the presence of blood flow in the body. Flow veloci-
ties at a given location in the vessel can be estimated using
the measured Doppler shift and correcting for the Doppler
angle between the ultrasound beams and the vessel orien-
tation. Even so, the calculation of volume flow cannot be
performed without making assumptions regarding the vessel
geometry and the flow profile within the vessel when using
conventional techniques. The most common method for
estimating volume flow rate is performed by multiplying the
mean spatial velocity imaged within the vessel by the vessel
cross-sectional area. In this method, the vessel cross-sec-
tional area is estimated by assuming a circular vessel cross-
section and flow velocity is determined by pulse wave
Doppler. Pulse wave Doppler calculates the Doppler shift of
ultrasound signals within a Doppler gate and uses the
Doppler shift to estimate the velocity. Pulse wave Doppler
only estimates the velocity within the Doppler gate. Assum-
ing that the vessel cross-section is circular and assuming that
the flow in the entire vessel is the same as the region within
the Doppler gate introduces significant error into conven-
tional volume flow rate calculations. As a result of the
potential for error, many clinicians either do not use or do
not rely on volume flow rates provided by conventional
ultrasound techniques

[0005] Therefore, for at least the reasons discussed above,
a need exists for an improved method and ultrasound
imaging system for calculating volume flow rate. Addition-
ally, it would be beneficial if the improved method and
system for calculating volume flow rate would provide
volume flow rates in real-time.

BRIEF DESCRIPTION OF THE INVENTION

[0006] In one embodiment, a method for calculating a
volume flow rate using ultrasound includes acquiring, with
an ultrasound probe, a first image of a first plane, where the
first plane includes a longitudinal axis of a vessel. The
method includes displaying the first image on a display
device. The method includes identifying, with a processor,
first position information, where the first position informa-
tion 1s of the longitudinal axis with respect to the ultrasound
probe. The method includes acquiring, with the ultrasound
probe, a second image of a second plane that intersects the
longitudinal axis of the vessel at an oblique angle, where the
second plane is rotated about a longitudinal axis of the
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ultrasound probe with respect to the first plane, and where
the ultrasound probe is in the same position with respect to
the vessel when acquiring both the first image of the first
plane and the second image of the second plane. The method
includes displaying the second image on the display device.
The method includes identifying, with the processor, second
position information, where the second position information
defines the second plane with respect to the ultrasound
probe. The method includes calculating, with the processor,
avolume flow rate of the vessel based on the first image, the
second image, the first position information, and the second
position information, and displaying the volume flow rate on
a display device.

[0007] In another embodiment, an ultrasound imaging
system includes an ultrasound probe comprising a plurality
of elements, a display device, and a processor in electronic
communication with the ultrasound probe and the display
device. The processor is configured to control the ultrasound
probe to acquire a first image of a first plane, wherein the
first plane is positioned to include a longitudinal axis of a
vessel. The processor is configured to display the first image
on the display device and identify first position information
of the longitudinal axis of the vessel with respect to the
ultrasound probe. The processor is configured to control the
ultrasound probe to acquire a second image of a second
plane, wherein the second plane is rotated about a longitu-
dinal axis of the ultrasound probe from the first plane, and
wherein the ultrasound probe is in the same position with
respect to the vessel when acquiring both the first image of
the first plane and the second image of the second plane. The
processor is configured to display the second image on the
display device, identify second position information, and
calculate a volume flow rate of the vessel based on the first
image, the second image, the first position information, and
the second position information, and display the volume
flow rate on the display device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram of an ultrasound imaging
system in accordance with an embodiment;

[0009] FIG. 2 is a perspective view of an E4D probe in
accordance with an embodiment;

[0010] FIG. 3 is a perspective view of a rotating mechani-
cal probe in accordance with an embodiment;

[0011] FIG. 4 is a flow chart of a method in accordance
with an embodiment;

[0012] FIG. 5 is a schematic representation of a vessel, an
ultrasound probe, and two planes in accordance with an
embodiment;

[0013] FIG. 6 is a schematic representation of an image in
accordance with an embodiment;

[0014] FIG. 7isa schematic representation of a screenshot
in accordance with an embodiment;

[0015] FIG. 8 is a schematic representation of a plane with
respect to a vessel in accordance with an embodiment;
[0016] FIG. 9 is a schematic representation of an image in
accordance with an embodiment;

[0017] FIG. 10 is a schematic representation of a screen-
shot in accordance with an embodiment;

[0018] FIG. 11 is a schematic representation of a first
plane, a second plane, and a third plane with respect to a
vessel in accordance with an embodiment;

[0019] FIG. 12 is a flow chart of a method in accordance
with an embodiment; and
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[0020] FIG. 13 is a schematic representation of an image
in accordance with an embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

[0021] The foregoing summary, as well as the following
detailed description of certain embodiments of the present
invention, will be better understood when read in conjunc-
tion with the appended drawings. To the extent that the
figures illustrate diagrams of the functional blocks of various
embodiments, the functional blocks are not necessarily
indicative of the division between hardware circuitry. Thus,
for example, one or more of the functional blocks may be
implemented in a single piece of hardware (e.g., a general
purpose signal processor or a block or random access
memory, hard disk, or the like). Similarly, the programs may
be stand-alone programs, may be incorporated as subrou-
tines in an operating system, may be functions in an installed
software package, and the like. It should be understood that
the various embodiments are not limited to the arrangements
and instrumentality shown in the drawings.

[0022] FIG. 1 is a schematic diagram of an ultrasound
imaging system 100. The ultrasound imaging system 100
includes a transmit beamformer 101 and a transmitter 102
that drive elements 104 within an ultrasound probe 106 to
emit pulsed ultrasonic signals into a patient (not shown). The
ultrasound probe 106 may, for instance, be an E4D probe or
a mechanically rotating probe. The E4D probe may be a
linear E4D probe, a curvilinear E4D probe, or a sector E4D
probe. The mechanically rotating probe may be a linear
mechanically rotating probe, a curvilinear mechanically
rotating probe, or a sector mechanically rotating probe.
Additional details about both the E4D probe and the
mechanically rotating probe will be discussed hereinafter.
The ultrasound probe 106 may be configured to acquire both
2D B-mode data and 2D colorflow data or both 2D B-mode
data and another ultrasound mode that detects blood flow
velocity in the direction of a vessel axis. The ultrasound
probe 106 may have the elements 104 arranged in a 1D array
or in a 2D array. Still referring to FIG. 1, the pulsed
ultrasonic signals are back-scattered from structures in the
body, like blood cells or muscular tissue, to produce echoes
that return to the elements 104. The echoes are converted
into electrical signals, or ultrasound data, by the elements
104, and the electrical signals are received by a receiver 109.
The electrical signals representing the received echoes are
passed through a receive beamformer 110 that outputs
ultrasound data. According to some embodiments, the ultra-
sound probe 106 may contain electronic circuitry to do all or
part of the transmit beamforming and/or the receive beam-
forming. For example, all or part of the transmit beamformer
101, the transmitter 102, the receiver 109, and the receive
beamformer 110 may be situated within the ultrasound probe
106. The terms “scan” or “scanning” may also be used in this
disclosure to refer to acquiring data through the process of
transmitting and receiving ultrasonic signals. The terms
“data” and “ultrasound data” may be used in this disclosure
to refer to either one or more datasets acquired with an
ultrasound imaging system. The ultrasound imaging system
100 includes an input device 115. The input device 115 may
be used to control the input of patient data or to select
various modes, operations, parameters, and the like. The
input device 115 may include one or more of a keyboard, a
dedicated hard key, a touch pad, a mouse, a track ball, a
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rotary control, a slider, and the like. The input device 115
may include a proximity sensor configured to detect objects
or gestures that are within several centimeters of the prox-
imity sensor. The proximity sensor may be located on either
the display device 118 or as part of a touch screen. The input
device 115 may include a touch screen that is positioned in
front of the display device 118 or the touch screen may be
separate from the display device 118. The input device 115
may also include one or more physical controls (such as
buttons, sliders, rotary knobs, keyboards, mice, trackballs,
etc.) either alone or in combination with graphical user
interface icons displayed on the display screen. According to
some embodiments, the input device 115 may include a
combination of physical controls (such as buttons, sliders,
rotary knobs, keyboards, mice, trackballs, etc.) and user
interface icons displayed on either the display device 118 or
on a touch-sensitive display screen. The display device 118
may be configured to display a graphical user interface
(GUI) from instructions stored in a memory 120. The GUI
may include user interface icons to represent commands and
instructions. The user interface icons of the GUI are con-
figured so that a user may select commands associated with
each specific user interface icon in order to initiate various
functions controlled by the GUI. For example, GUI icons
may be used to represent windows, menus, buttons, cursors,
scroll bars, etc. According to embodiments where the input
device 115 includes a touch screen, the touch screen may be
configured to interact with the GUI displayed on the display
device 118. The touch screen may be a single-touch touch
screen that is configured to detect a single contact point at a
time or the touch screen may be a multi-touch touch screen
that is configured to detect multiple points of contact at a
time. For embodiments where the touch screen is a multi-
point touch screen, the touch screen may be configured to
detect multi-touch gestures involving contact from two or
more of a user’s fingers at a time. The touch screen may be
a resistive touch screen, a capacitive touch screen, or any
other type of touch screen that is configured to receive inputs
from a stylus or one or more of a user’s fingers. According
to other embodiments, the touch screen may be an optical
touch screen that uses technology such as infrared light or
other frequencies of light to detect one or more points of
contact initiated by a user.

[0023] According to various embodiments, the input
device 115 may include an off-the-shelf consumer electronic
device such as a smartphone, a tablet, a laptop, etc. For
purposes of this disclosure, the term “off-the-shelf consumer
electronic device” is defined to be an electronic device that
was designed and developed for general consumer use and
not specifically designed for use in a medical environment.
According to some embodiments, the consumer electronic
device may be physically separate from the rest of the
ultrasound imaging system. The consumer electronic device
may communicate with a processor 116 through a wireless
protocol, such Wi-Fi, Bluetooth, Wireless Local Area Net-
work (WLAN), near-field communication, etc. According to
an embodiment, the consumer electronic device may com-
municate with the processor 116 through an open Applica-
tion Programming Interface (API).

[0024] The ultrasound imaging system 100 also includes
the processor 116 to control the transmit beamformer 101,
the transmitter 102, the receiver 109, and the receive beam-
former 110. The processor 116 is configured to receive
inputs from the input device 115. The receive beamformer
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110 may be either a conventional hardware beamformer or
a software beamformer according to various embodiments.
If the receive beamformer 110 is a software beamformer, it
may comprise one or more of the following components: a
graphics processing unit (GPU), a microprocessor, a central
processing unit (CPU), a digital signal processor (DSP), or
any other type of processor capable of performing logical
operations. The receive beamformer 110 may be configured
to perform conventional beamforming techniques as well as
techniques such as retrospective transmit beamforming
(RTB). If the receive beamformer 110 is a software beam-
former, the processor 116 may be configured to perform
some or all of the functions associated with the receive
beamformer 110.

[0025] The processor 116 is in electronic communication
with the ultrasound probe 106. The processor 116 may
control the ultrasound probe 106 to acquire ultrasound data.
The processor 116 controls which of the elements 104 are
active and the shape of a beam emitted from the ultrasound
probe 106. The processor 116 is also in electronic commu-
nication with the display device 118, and the processor 116
may process the ultrasound data into images for display on
the display device 118. The processor 116 may be configured
to display one or more non-image elements on the display
device 118. The instructions for displaying each of the one
or more non-image elements may be stored in the memory
120. For purposes of this disclosure, the term “electronic
communication” may be defined to include both wired and
wireless connections. The processor 116 may include a
central processing unit (CPU) according to an embodiment.
According to other embodiments, the processor 116 may
include other electronic components capable of carrying out
processing functions, such as a digital signal processor, a
field-programmable gate array (FPGA), a graphics process-
ing unit (GPU), or any other type of processor. According to
other embodiments, the processor 116 may include multiple
electronic components capable of carrying out processing
functions. For example, the processor 116 may include two
or more electronic components selected from a list of
electronic components including: a central processing unit
(CPU), a digital signal processor (DSP), a field-program-
mable gate array (FPGA), and a graphics processing unit
(GPU). According to another embodiment, the processor 116
may also include a complex demodulator (not shown) that
demodulates the RF data and generates raw data. In another
embodiment the demodulation may be carried out earlier in
the processing chain. The processor 116 may be adapted to
perform one or more processing operations according to a
plurality of selectable ultrasound modalities on the data. The
data may be processed in real-time during a scanning session
as the echo signals are received. For the purposes of this
disclosure, the term “real-time” is defined to include a
procedure that is performed without any intentional delay.
Real-time frame rates may vary based on the specific
parameters used during the acquisition. The data may be
stored temporarily in a buffer during a scanning session and
processed in less than real-time. Some embodiments of the
invention may include multiple processors (not shown) to
handle the processing tasks. For example, an embodiment
may use a first processor to demodulate and decimate the RF
signal and a second processor to further process the data
prior to displaying an image. It should be appreciated that
other embodiments may use a different arrangement of
processors. For embodiments where the receive beamformer
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110 is a software beamformer, the processing functions
attributed to the processor 116 and the software beamformer
hereinabove may be performed by a single processor, such
as the receive beamformer 110 or the processor 116. Or the
processing functions attributed to the processor 116 and the
software beamformer may be allocated in a different manner
between any number of separate processing components.

[0026] According to an embodiment, the ultrasound imag-
ing system 100 may continuously acquire real-time ultra-
sound data at a frame-rate of, for example, 10 Hz to 30 Hz.
A live, or real-time, image may be generated based on the
real-time ultrasound data. Other embodiments may acquire
data and or display the live image at different frame-rates.
For example, some embodiments may acquire real-time
ultrasound data at a frame-rate of less than 10 Hz or greater
than 30 Hz depending on the size of the ultrasound data and
the intended application. Other embodiments may use ultra-
sound data that is not real-time ultrasound data. The memory
120 is included for storing processed frames of acquired data
and instructions for displaying one or more non-image
elements on the display device 118. In an exemplary
embodiment, the memory 120 is of sufficient capacity to
store image frames of ultrasound data acquired over a period
of time at least several seconds in length. The memory 120
may comprise any known data storage medium. The
memory 120 may be a component of the ultrasound imaging
system 100, or the memory 120 may be external to the
ultrasound imaging system 100 according to other embodi-
ments.

[0027] Optionally, embodiments of the present invention
may be implemented utilizing contrast agents and contrast
imaging. Contrast imaging generates enhanced images of
anatomical structures and blood flow in a body when using
ultrasound contrast agents including microbubbles. After
acquiring data while using a contrast agent, the image
analysis includes separating harmonic and linear compo-
nents, enhancing the harmonic component, and generating
an ultrasound image by utilizing the enhanced harmonic
component. Separation of harmonic components from the
received signals is performed using suitable filters. The use
of contrast agents for ultrasound imaging is well-known by
those skilled in the art and will therefore not be described in
further detail.

[0028] In various embodiments of the present invention,
data may be processed by other or different mode-related
modules by the processor 116 (e.g., B-mode, Color Doppler,
M-mode, Color M-mode, spectral Doppler, Elastography,
TVI, strain, strain rate and combinations thereof, and the
like) to form images or data. For example, one or more
modules may generate B-mode, color Doppler, M-mode,
color M-mode, spectral Doppler, Elastography, TVI, strain,
strain rate and combinations thereof, and the like. The image
beams and/or frames are stored and timing information
indicating a time at which the data was acquired in memory
may be recorded. The modules may include, for example, a
scan conversion module to perform scan conversion opera-
tions to convert the image frames from beam space coordi-
nates to display space coordinates. A video processor mod-
ule may be provided that reads the image frames from a
memory and displays the image frames in real time while a
procedure is being carried out on a patient. A video proces-
sor module may store the image frames in an image memory,
from which the images are read and displayed.
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[0029] As mentioned previously, the ultrasound probe 106
may be an E4D probe 500 according to an embodiment. FIG.
2 is a perspective view of an E4D probe 500 in accordance
with an embodiment. The E4D probe 500 includes a plu-
rality of transducer elements 502 arranged in a 2D matrix
array 507. The E4D probe 500 allows for full beamsteering
in both an elevation direction 504 and an azimuth 506
direction. This allows the E4D probe 500 to acquire data
from any arbitrary plane within a field-of-view of the E4D
probe 500 without moving the E4D probe 500 with respect
to the anatomical structure being imaged. For example, the
longitudinal axis 108 of the ultrasound probe 106 may
remain in a fixed position with respect to the anatomical
structures, such as the vessel being imaged. The longitudinal
axis 108 of the probe 106 is shown with respect to the E4D
probe 500. The longitudinal axis 108 is parallel to a long axis
of a handle 508 and positioned in the center of the handle.
The longitudinal axis 108 intersects the center of the 2D
matrix array 507. E4D probes such as the F4D probe 500 are
well-known by those skilled in the art in the ultrasound field
and will therefore not be described in additional detail.

[0030] FIG. 3 is a perspective view of a mechanically
rotating probe 550 according to an exemplary embodiment.
The mechanically rotating probe 550 includes a housing
552. The mechanically rotating probe 550 includes a trans-
ducer array 554 that is configured to be rotatable about the
longitudinal axis 108 of the ultrasound probe 550. The
longitudinal axis 108 is parallel to a long axis of a handle
556 and positioned in the center of the handle 556. The
longitudinal axis 108 intersects the center of a transducer
array 554. The transducer array 554 may be either a 1D array
or a 2D array according to various embodiments. The
transducer array 554 may be configured to perform in-plane
beamsteering. According to an embodiment, the mechani-
cally rotating probe 550 may include an electric motor or
actuator that is configured to cause the transducer array 554
to rotate about the longitudinal axis 108 in response to
control signals from the processor 116. The mechanically
rotating probe 550 includes a sensor for detecting the
position of the transducer array 554 with respect to the
housing 552. Using information from the sensor, the pro-
cessor 116 can determine the angle between any of the
planes represented in the images. The processor 116 can also
use information from the sensor regarding the position of the
transducer array 554 to calculate the position of any portion
of the image with respect to the mechanically rotating probe
550. The mechanically rotating probe 550 includes a face
(not shown) that is configured to be placed in contact with
a patient when acquiring ultrasound data. A clinician may
hold the face of the mechanically rotating probe 550 in
contact with the patient and obtain images of different planes
by rotating the transducer array 554 with respect to the
housing 552. According to various embodiments, the pro-
cessor 116 may cause control the rotation of the transducer
array. This allows the clinician to hold the mechanically
rotating probe 550 in a fixed position and orientation with
respect to both the patient and anatomy being imaged, such
as vessel, while acquiring images from different planes. It
should be appreciated by those skilled in the art that all the
planes acquired with the mechanically rotating probe 550 in
a fixed position will intersect each other along the longitu-
dinal axis 108 of the probe.

[0031] FIG. 4 is a flow chart of a method 300 in accor-
dance with an exemplary embodiment. The individual
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blocks represent steps that may be performed in accordance
with the method 300. Additional embodiments may perform
the steps shown in a different sequence, and/or additional
embodiments may include additional steps not shown in
FIG. 4. The technical effect of the method 300 shown in FIG.
4 is the calculation and display of a volume flow rate based
on position information and ultrasound images.

[0032] FIG. 5is a schematic diagram showing the relative
orientations of a first plane 204 and a second plane 206 with
respect to a vessel 208. The vessel 208 may be an artery or
a vein, for example. The vessel 208 includes a longitudinal
axis 210. The longitudinal axis 210 is along the centerline of
the vessel 208 and may be parallel to the direction blood
flows through the vessel according to an embodiment.
According to embodiments where the vessel 208 is curved,
the longitudinal axis 210 may be parallel to a tangent of a
centerline of the vessel 208. The longitudinal axis 210 may
be calculated in different ways, or manually identified by a
clinician. The ultrasound probe 106 is shown with respect to
the first plane 204, the second plane 206, and the vessel 208.
As shown in FIG. 5, the first plane 204 includes the
longitudinal axis 210 of the vessel 208. For purposes of this
disclosure, the phrase “plane includes the longitudinal axis”
is defined to mean that the longitudinal axis 210 lies within
the first plane 204.

[0033] The second plane 206 intersects the longitudinal
axis 210 of the vessel 208 at an oblique angle. An angle 212
shown in FIG. 5 represents the angle between the second
plane 206 and the longitudinal axis 210 of the vessel 208.
FIG. 5 also includes the longitudinal axis 108 of the ultra-
sound probe 106.

[0034] FIG. 61s a schematic representation of a first image
224 according to an exemplary embodiment. The first image
224 is of the first plane 204 according to an embodiment.
FIG. 6 shows the first image 224 with respect to both the
ultrasound probe 106 and the longitudinal axis 108 of the
ultrasound probe 106. The ultrasound probe 106 and the
longitudinal axis 108 of the ultrasound probe 106 show the
position of the ultrasound probe 106 during the acquisition
of the first image 224.

[0035] Referring to the method 300 shown in FIG. 4, at
step 302, the processor 116 controls the ultrasound probe
106 to acquire the first image 224 of the first plane 204 with
the ultrasound probe 106 in a position with respect to both
the patient 210 and the patient’s anatomy, such as the vessel.
The first plane 204 includes the longitudinal axis 210 of the
vessel. The first image 224 may be a static image of a single
frame of ultrasound data, or the first image 224 may be a
live, or real-time, image sequentially showing a plurality of
frames of ultrasound data. Additionally, the first image 224
may include ultrasound data from a single mode or from a
plurality of modes. For example, according to an embodi-
ment, the first image 224 may include both B-mode data and
colorflow data. The processor 116 may, for instance, control
the probe 106 to acquire the colorflow data and the B-mode
data in an interleaved manner during step 302.

[0036] At step 304, the processor 116 displays the first
image 224 on the display device 118. For purposes of this
disclosure, the first image 224 may also be referred to as a
longitudinal image since the first image 224 includes the
longitudinal axis 210 of the vessel 208. As described pre-
viously, the first image 224 includes the longitudinal axis
210 of the vessel 208.
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[0037] According to an embodiment, the processor 116
may control the ultrasound probe 106 to acquire and display
multiple images of the first plane 204 at the same time on the
display device 118. For example, FIG. 7 is screenshot of an
exemplary embodiment where the processor 116 displays
two images of the first plane 204 at the same time on the
display device. FIG. 7 includes a first B-mode image 230 of
the first plane 204 and a first colorflow image 232 of the first
plane 204. According to an embodiment, the processor 116
may control the ultrasound probe 106 to acquire colorflow
frames of data and B-mode frames of data in an interleaved
fashion. For example, the processor 116 may acquire a
colorflow frame of data for every N B-mode frames, where
N is an interger.

[0038] FIG. 7 shows an exemplary embodiment where the
processor 116 displays both the first B-mode image 230 of
the first plane 204 and the first colorflow image 232 of the
first plane 204 on the display device 118 at the same time.
Both the first B-mode image 230 and the first colorflow
image 232 may be live, or real-time, images that are updated
by the processor 116 as additional frames of data are
acquired. The first colorflow image 232 may, for instance, be
a fusion image of colorflow data and B-mode data. Accord-
ing to other embodiments, the processor 116 may display
more than two images of the first plane 204 on the display
device 118 at the same time.

[0039] At step 306, first position information is identified,
where the first position information is the position of the
longitudinal axis 210 of the vessel 208 with respect to the
ultrasound probe 106. The processor 116 may, for instance,
use the location of the longitudinal axis 210 of the vessel in
the first image 224 to identify the position of the longitudinal
axis 210 of the vessel 208 with respect to the ultrasound
probe 106. The processor 116 may use the depth information
from the first image 224 and the geometry of the first plane
204 with respect to the probe 106 in order to identify the
position of the longitudinal axis 210 of the vessel 208 with
respect to the ultrasound probe 106. The position of the
longitudinal axis 210 may be determined automatically by
the processor 116, semi-automatically with some clinician
involvement, or manually by the clinician. According to an
embodiment where the position of the longitudinal axis 210
is determined automatically, the processor 116 may use an
image processing technique such as edge detection, shape-
based object detection, or any other technique in order to
determine the position and orientation of the vessel 208. For
example, the processor 116 may identify a first edge 250 and
a second edge 252 of the vessel 208, as shown in the first
image 224, and then, based on the positions of the first edge
250 and the second edge 252, the processor 116 may
position the longitudinal axis 210 in the middle of the first
edge 250 and the second edge 252. According to an embodi-
ment, a clinician may manually manipulate the position of
the ultrasound probe 106 until the ultrasound probe 106 has
been positioned so the first image 224 of the first plane 204
includes the longitudinal axis 210 of the vessel. The clini-
cian may, for instance, use feedback from a real-time ultra-
sound image displayed on the display device 118 in order to
correctly position the ultrasound probe 106 so the first image
includes the longitudinal axis 210 of the vessel 208.

[0040] According to another embodiment, the processor
116 may automatically determine a position for the longi-
tudinal axis 210 based on a colorflow image, such as the first
colorflow image 232 shown in FIG. 7. For example, the
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processor 116 may use the colorflow data to determine the
edges of the vessel 208. In some instances where the vessel
edges are difficult to determine from B-mode data, the
colorflow data may allow for a more accurate determination
of the position of the longitudinal axis 210 of the vessel 208.
Colorflow data is generated based on Doppler shifts, which
is useful for identifying areas of motion in an image. Since
the blood is flowing and the vessel edges are relatively
stationary, colorflow data may be used to effectively identify
the edges of the vessel. Once the edges of the vessel 208 are
identified, the processor 116 may automatically or semi-
automatically identify the longitudinal axis 210 of the vessel
208. According to another embodiment, the clinician may
manually identify the longitudinal axis 210 of the vessel 208
using the first colorflow image 232 for reference. The
processor 116 may then determine the position of the
longitudinal axis 108 with respect to the ultrasound probe
106 based on the longitudinal axis 210 that was identified.

[0041] According to an embodiment where the longitudi-
nal axis 210 is determined semi-automatically, the processor
116 may show an estimated position of the longitudinal axis
210 and may then allow the clinician to manually modify the
estimated position of the longitudinal axis 210. The esti-
mated position of the longitudinal axis 210 may be deter-
mined based on, for example, any of the methods described
hereinabove with respect to the automated techniques.

[0042] According to an embodiment, the clinician may
manually identify the longitudinal axis 210 on an image of
the first plane 204, such as the image 224, the first B-mode
image 230, or the first colorflow image 232. For instance, the
clinician may use the input device 115 to position a line or
other graphic on the longitudinal axis 210 of the vessel on
one or more of the first image 224, the first B-mode image
230, and the first colorflow image 232.

[0043] FIG. 9 shows a schematic representation of the
second image 236 according to an exemplary embodiment.
The second image 236 may be a static image showing a
single frame of ultrasound data or the second image 236 may
be a live, or real-time, image showing a plurality of frames
of data in sequence. The vessel 208 is shown as an ellipse in
the second image 236 since the vessel 208 intersects the
second plane 206 at an oblique angle. At step 308, the
processor 116 controls the ultrasound probe 106 to acquire
a second image, such as the second image 236 of the second
plane 206. While acquiring the second image, the ultrasound
probe 106 remains in the same position with respect to the
patient’s anatomy being imaged, such as the vessel 208, as
the ultrasound probe 106 was in while acquiring the first
image 224. In other words, the longitudinal axis 108 of the
probe 106 remains in a fixed position with respect to the
anatomy being imaged, such as the vessel, while acquiring
both the first image 224 and the second image 236. For
purposes of this disclosure, the second image 236 may also
be referred to as an oblique image since the second plane
206 is at an oblique angle with respect to the longitudinal
axis 210. The second image 236 intersects the longitudinal
axis 210, and hence the vessel 208, at an oblique angle. In
this disclosure, the terms “first,” “second,” and “third,” etc.
are used merely as labels, and are not intended to impose
numerical requirements or a particular positional order. For
example, step 302 may be performed before step 308, or step
302 may be performed after step 308. This means that the
first image 224 of the first plane 204 may be acquired before
the second image 236 of the second plane 206, or the first
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image 224 of the first plane 204 may be acquired after the
second image 236 of the second plane 206 according to
various embodiments. According to an embodiment where
the ultrasound probe 106 is an E4D probe, the processor 116
may control the E4D probe to acquire the second image 236
of the second plane 206 by controlling the beamforming of
the transducer elements in the E4D probe. According to an
embodiment where the ultrasound probe 106 is a mechani-
cally rotating probe, the processor 116 may control a motor
in the probe to rotate the transducer array 554 from the
position required to acquire the first image 224 of the first
plane 204 to the position required to acquire the second
image 236 of the second plane 206 while the mechanically
rotating probe 550 remains in the same position. In other
words, the longitudinal axis 108 of the probe remains in the
same position when acquiring both the first image 224 and
the second image 236.

[0044] At step 310, the second image 236 of the second
plane 206 is displayed on the display device 118. At step
312, the processor 116 identifies second position informa-
tion of the second plane 206 with respect to the probe 106.
For embodiments where the ultrasound probe 106 is an E4D
probe, such as the E4D probe 500, the processor 116 may
identify the second position information based on the posi-
tion of the second scan plane with respect to the ultrasound
probe 106. For embodiments where the ultrasound probe
106 is a mechanically rotating probe, such as the mechani-
cally rotating probe 550, the processor 116 may identify the
second position information based on the position of the
transducer array 554 with respect to the mechanically rotat-
ing probe 550.

[0045] At step 314, the processor 116 calculates a volume
flow rate for the vessel 208. According to an embodiment,
the processor 116 measures the vessel area from the second
image 236 of the second plane 206. The second plane 206
intersects the longitudinal axis 210, and hence the vessel
208, at an oblique angle. This means that the second image
236 includes a sectional view of the vessel 208. FIG. 8
shows the relative positioning of the second plane 206, the
vessel 208, and the longitudinal axis 210 of the vessel 208.
FIG. 8 also includes a normal vector 240 that is perpendicu-
lar, or normal, to the second plane 206. An area angle 242
is defined as the angle between the normal vector 240 and
the longitudinal axis 210 of the vessel 208. FIG. 8 also
includes a plurality of colorflow beams 249, and a Doppler
angle 251 between the colorflow beams 249 and the longi-
tudinal axis 210 of the vessel 208. It should be appreciated
based on the description hereinabove that the longitudinal
axis 210 is in a different plane than the second plane 206. As
such, the Doppler angle 251 represents the angle between
the plurality of colorflow beams 249, which may be steered
within the second plane 206 and the longitudinal axis 210 of
the vessel 208. It is generally desirable to have the Doppler
angle 251 be as small as possible in order to have the most
accurate velocity measurements within the vessel 208 based
on the Doppler data.

[0046] At step 314, the processor 116 calculates volume
flow rate from the first image 224, the second image 236, the
first position information and the second position informa-
tion. As described hereinabove, the processor 116 may
calculate the position of the longitudinal axis 210 with
respect to the ultrasound probe 106 based on the first image
224 and the first position information. The processor 116
may use the second image 236 and the second position
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information to calculate a vessel cross-sectional area. The
processor 116 may additionally rely on colorflow data in the
second image 236 in combination with the vessel cross-
sectional area of vessel 208 to calculate a volume flow rate
of the vessel 208. The second image 236 is of the second
plane 206. Since the positions of both the longitudinal axis
of the vessel 210 and the second plane 206 are known, the
processor 116 can calculate the position of the longitudinal
axis of the vessel 210 with respect to the second plane 206.
The processor 116 may use the relative position of the vessel
210 with respect to the second plane 206 to calculate the
vessel cross-sectional area.

[0047] According to an embodiment, the processor 116
may determine the vessel cross-sectional area of the vessel
208 based on colorflow data in the second image 236. For
example, the colorflow data should show movement only
within the vessel 208. According to an exemplary embodi-
ment, the processor 116 may calculate the volume flow rate
using Equation 1, shown below:

Volume Flow Rate=Average Velocity*Vessel Cross-

Sectional Area Equation 1:

Where Volume Flow Rate is the instantaneous volume flow
rate of fluid through a vessel; Average Velocity is the
instantaneous spatially-averaged velocity within the vessel’s
cross section; and Vessel Cross-Sectional Area is the cross-
sectional area of the vessel normal to the longitudinal axis.

Nyesset CF pixelsinimage2 Equation 2
i=0
Cos(Doppler Angle,

image 2) *

Vel; xa;

Average Velocity =

Ny essel CF pixelsin image 2 o
i i

i=

Where Ny, o1 cr pivets i image » 15 the number of colorflow
pixels in the second image 236; Vel, is the velocity of the ith
colorflow pixel; o, is a weighting coeflicient for the ith
colorflow pixel and Doppler Angle,, ... » is the angle
between colorflow beams and the longitudinal axis 210 of
the vessel. The weighting coefficient o, may be set to 1 or
may be calculated based on the power of the colorflow at the
ith pixel.
Vessel Cross-Sectional Area=Pixels Area,,;

image®Cos (Area Angles,,; smage) Equation 3:

Where Pixels Area,,; ... 18 the measured area of the
colorflow pixels in the second image 224, and the Area
Angle, ;s ;nage 19 the angle between the normal vector to the
second plane 204 (and the second image 236) and the
longitudinal axis 210.

[0048] The measured area of the colorflow pixels multi-
plied by the cosine of the area angle will result in the vessel
cross-sectional area. It should be appreciated that other
embodiments may use different equations to calculate the
volume flow rate based on the first image 224, the second
image 236, the first position information, and the second
position information. Additionally, according to other
embodiments, the processor 116 may either combine some
or all of the processing operations described above in one or
more different equations, or the processor 116 may separate
the processing operations for calculating the volume flow
rate into different steps than shown in the above equations.
At step 316, the processor 116 displays the volume flow rate
on the display device 118.
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[0049] FIG. 10 is a schematic representation of a screen-
shot 270 in accordance with an embodiment. According to
an exemplary embodiment, the processor 116 may display
both the first image 224 and the second image 236 on the
display device 118 at the same time. It should be appreciated
that only one of the first image 224 (i.e., the longitudinal
image) and the second image 236 (i.e., the oblique image)
may be live and that the other of the first image 224 and the
second image 236 may be either a static frame or a cine loop
from a previous acquisition. According to an exemplary
embodiment, the first image 224 may be from a previous
acquisition and the second image 236 may be a live, or
real-time, image.

[0050] According to an embodiment, the processor 116
may calculate and display one or more quality parameters on
the display device 118. A non-limiting list of quality param-
eters includes: a Doppler angle 274, a colorflow (CF) gain
276, an area angle 278, and a vessel motion 280. The
processor 116 may compare each of the quality parameters
to a threshold value to determine whether or not the quality
parameter value is within an acceptable range. The processor
116 may use one or more of color, icons, or text to indicate
if each of the quality parameters is within an acceptable
range. According to an exemplary embodiment, the proces-
sor 116 may use color to indicate if each of the quality
parameters is within an acceptable range. For example, the
processor 116 may display the quality parameter in green if
the parameter is within the acceptable range and red if the
quality parameter is outside the acceptable range. It should
be appreciated that other embodiments may use different
colors or a different graphical technique, including text or
icons, to indicate if each of the quality parameters is within
the acceptable range.

[0051] According to an exemplary embodiment, the
acceptable range for the Doppler angle may be less than 60
degrees, and the acceptable range for the area angle may be
less than 80 degrees. The processor 116 may determine if the
colorflow gain is acceptable by calculating a colorflow
diameter based on the second, or oblique, image 236 and
compare the colorflow diameter to a measured vessel diam-
eter from the B-mode image. Based on this comparison, the
processor 116 may calculate if the colorflow image is within
the acceptable range for gain. For the vessel motion 280
quality parameter, the processor 116 may detect vessel
motion from either the first image 224 or the second image
236 and determine if there is too much vessel motion for a
reliable measurement compared to a threshold.

[0052] According to another embodiment, images of three
different planes of the vessel 208 may be acquired. FIG. 11
is a schematic representation of the first plane 204, the
second plane 206, and the third plane 207 in accordance with
an embodiment. According to an exemplary embodiment,
the first image 224 of the first plane 204 and the second
image 236 of the second plane 206 are the same as was
previously disclosed hereinabove. The first plane 204
includes the longitudinal axis 210 of the vessel 208, and the
second plane 206 is oblique to the longitudinal axis 210. For
example, in addition to the first, or longitudinal, image 224
of the first plane 204 and the second, or oblique, image 236
of the second plane 206, the clinician may also use the probe
106 to acquire a third, or transverse, image 287 of a third
plane 207. The third plane 207 is transverse to the longitu-
dinal axis 210 of the vessel 208.
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[0053] FIG. 12 is a flow chart of a method 400 in accor-
dance with an exemplary embodiment. The individual
blocks represent steps that may be performed in accordance
with the method 400. Additional embodiments may perform
the steps shown in a different sequence, and/or additional
embodiments may include additional steps not shown in
FIG. 12. The technical effect of the method 400 shown in
FIG. 12 is the calculation and display of a volume flow rate
based on position information and ultrasound images.

[0054] Steps 302, 304, 306, 308, 310, and 312 of the
method 400 were previously described with respect to the
method 300, and therefore, they will not be described again.
FIG. 13 is a third image 287 of the third plane 207 in
accordance with an embodiment. At step 320, the clinician
acquires a third image of a third plane, such as the third
image 287 of the third plane 207. The third plane 207 is
transverse to the longitudinal axis 210 of the vessel 208 and
the longitudinal axis 108 of the probe 106 may be in the
same orientation during the acquisition of the first image
224, the second image 236, and the third image 287. Since
the positions of the longitudinal axis 210 of the vessel, the
first plane 204, the second plane 206, and the third plane 207
are all known with respect to the probe 106, the processor
116 may calculate the relative positions and geometries
between the first plane 204, the second plane 206, the third
plane 207, and the longitudinal axis 210 of the vessel. The
clinician does not need to move the ultrasound probe 106 to
a different position or to tilt the ultrasound probe 106 to
acquire the first image 224, the second image 236, or the
third image 287. The first image 224 of the first plane 204,
the second image 236 of the second plane 206, and the third
image 287 of the third plane 207 may be acquired in any
order according to various embodiments.

[0055] The third plane 207 is transverse to the vessel 208.
According to an embodiment, the processor 116 may cal-
culate the vessel diameter from the third, or transverse,
image 287. Since the third plane 207 is fransverse to
longitudinal axis 210 of the vessel 208, it may not be
necessary to apply a cosine adjustment to the measured area
of the vessel from the third image 287. Those skilled in the
art will appreciate that the cross-section of the vessel 208
will be less elliptical in the third image 287 because the third
plane 207 is transverse to the longitudinal axis 210 of the
vessel 108. If the longitudinal axis 210 is perpendicular to
the third plane 207, then it is not necessary to apply a cosine
adjustment to the measured area of the vessel 208. If,
however, the longitudinal axis 210 is not exactly perpen-
dicular to the third plane 207, such as when the longitudinal
axis 210 is not parallel to the skin of the patient, it will still
be necessary to apply a cosine adjustment to the measure
area of the vessel 208 from the third image 287. However,
for most circumstances, determining the area of the vessel
from the third, or transverse, image 287, will result in a
smaller cosine adjustment compared to calculating the area
from the second, or oblique, image 236 as described with
respect to the method 300. Applying a smaller cosine
adjustment to the area measurement should result in a more
accurate calculation for the area of the vessel. In other
embodiments, the third plane 207 may be perpendicular to
the longitudinal axis 210.

[0056] At step 322, the processor 116 displays the third
image 287 on the display device 118. The third image 287
may be displayed with one or both of the first image 224 and
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the second image 236, or the third image 287 may be
displayed without any other ultrasound images.

[0057] At step 324, the processor 116 identifies third
position data of the third plane 107 with respect to the
ultrasound probe 106. For embodiments where the ultra-
sound probe 106 is an E4D probe, such as the E4D probe
500, the processor 116 may identify the third position
information based on the position of the third scan plane
with respect to the ultrasound probe 500. For embodiments
where the ultrasound probe 106 is a mechanically rotating
probe, such as the mechanically rotating probe 550, the
processor 116 may identify the third position information
based on the position of the transducer array 554 with
respect to the mechanically rotating probe 550.

[0058] At step 326, the processor uses the first image 224,
the second image 236, the third image 287, the first position
information, the second position information, and the third
position information to calculate the volume flow rate of the
vessel 208. The following equations (Equation 4, Equation
5, and Equation 6) may be used to calculate the volume flow
rate:

Volume Flow Rate=Average Velocity*Vessel Cross-

Sectional Area Equation 4:

Where Volume Flow Rate is the instantaneous volume flow
rate of fluid through a vessel; Average Velocity the instan-
taneous spatially-averaged velocity within the vessel’s cross
section; and Vessel Cross-Sectional Area is the cross-sec-
tional area of the vessel normal to the longitudinal axis.

MYessel CF pixels in image 2 Vel #a; Equation 5
. 1 ]
=0

Av Velocity =
verage velomy Cos(Doppler Angle,;,,2) %

Nyessel CF pixels in image 2
i=0 @

Whete Ny, 1 cr pixets i image » 18 the number of colotflow
pixels in the second image 224; Vel, is the velocity of the ith
colorflow pixel; o, is a weighting coeflicient for the ith
colorflow pixel and Doppler Angle ... » is the angle
between colorflow beams and the longitudinal axis 210 of
the vessel. The weighting coefficient o, maybe set to 1 or
maybe calculated based on the power of the colorflow at the
ith pixel.
Vessel Cross Sectional Area=Pixels Area,,,,. 3*Cos

(Area Angle j,q0. 3) Equation 6:

Where Pixels Area,, . 5 is the measured area of the vessel’s
pixels in the third image 287, and the Area Angle;, ... 3 is the
angle between the normal vector to the third plane 207 (and
the third image 287) and the longitudinal axis 210.

[0059] It should be appreciated that other embodiments
may use different equations to calculate the volume flow rate
based on the first image 224, the second image 236, the third
image 287, the first position information, the second position
information, and the third position information. Addition-
ally, according to other embodiments, the processor 116 may
separate the processing operations for calculating the vol-
ume flow rate into a plurality of separate steps. According to
an embodiment using the third image 287 of the third plane
207, the area angle is defined to be the angle between a
normal vector to the third plane 207 and the longitudinal axis
210 of the vessel 208, and the pixel area would be calculated
from the third, or transverse, image 287. The vessel CF
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pixels, on the other hand, would be determined from the
second, or oblique, image 236. According to an embodi-
ment, the processor 116 may be configured to use the first
position information, the second position information, and
the third position information to calculate the position of the
longitudinal axis 210 and the first plane 204, the second
plane 206, and the third plane 207 with respect to a 3D
coordinate system. Next, at step 328, the processor 116
displays the volume flow rate on the display device 118.
[0060] Both the method 300 and the method 400 have
numerous advantages over conventional methods. As
described hereinabove, it is generally desirable to have as
low a Doppler angle as possible in order to obtain the most
accurate and reliable flow velocity measurements. Conven-
tional methods typically involve tiling the ultrasound probe
106 in order to reduce the Doppler angle. However, there is
a limit to how far the ultrasound probe 106 can be tipped
before the ultrasound probe 106 is no longer in good contact
with the patient’s skin for the transmission and reception of
ultrasound energy. By using a technique where the longitu-
dinal axis 108 of the probe 106 remains in the same position
while acquire images of multiple different planes, the ele-
ments 104 of the ultrasound probe 106 remain in good
acoustic contact with the patient while acquiring the color-
flow data. This allows the clinician to select a second
position that is optimized for acquiring colorflow data
without being limited by poor acoustic contact. As a con-
trast, conventional techniques suffer from poor acoustic
contact at tilt angles where the longitudinal axis 108 of the
probe is greater than 20 degrees from normal to the patient’s
skin. Various embodiments of this invention allow for a
lower Doppler angle compared to conventional techniques,
which allows for the acquisition of more accurate colorflow
data.

[0061] Additionally, even lower Doppler angles can be
achieved with embodiments of the present invention because
it is possible to apply steering to the colorflow beams
transmitted within the second plane 206 to acquire the
colorflow data. Depending upon the orientation of the ves-
sel, steering the colorflow beams may lead to smaller
Doppler angles, and thus significantly more accurate veloc-
ity measurements. For conventional techniques relying on
tilting the probe, in-plane beam steering is transverse to the
longitudinal axis 210 of the vessel 208, so steering angle
does not result in similar improvement in Doppler angles for
the acquisition of colorflow data.

[0062] The technique used in method 300 and method 400
results in a more accurate area measurement because the
vessel area is based on a measured vessel area in either the
second image 236 (i.e., the oblique image) or the third image
287 (i.e., the transverse image). This overcomes a limitation
of conventional techniques where the cross-section of the
vessel 1s assumed to be circular. Assuming that the vessel is
circular may lead to significant inaccuracies for embodi-
ments where the vessel cross-section is far from circular.
Embodiment of the invention are more accurate than con-
ventional techniques because the vessel cross-sectional area
is measured from ultrasound images rather than assuming a
circular cross-section for cross-sectional area calculations.
[0063] As discussed in the background, conventional tech-
niques typically use pulsed wave (PW) Doppler acquired
from a relatively small range gate, and the assumption that
the velocity derived from within the range gate can be
applied to the whole cross-sectional area of the vessel 208.
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For situations where the velocity within the vessel varies, the
conventional technique of extrapolating and/or applying the
measured velocity within the range gate to the whole vessel
can also be a significant source of error. In contrast, by
basing the velocity on colorflow data acquired for the whole
cross-section of the vessel 208, embodiments of the inven-
tion provide much more accurate flow velocities across the
whole vessel cross-section, which in turn leads to greater
levels of accuracy for calculating a volume flow rate for the
vessel.

[0064] Embodiments of the present inventions may also be
configured to provide real-time volume flow rates to the
clinician as the clinician is performing the ultrasound scan.
These embodiments are more accurate than conventional
techniques for the reasons discussed hereinabove. Embodi-
ments of the present invention therefore provide reliable
techniques for calculating volume flow rates in real-time
with a much great accuracy than conventional techniques.
Providing the clinician with real-time volume flow rates
allows the clinician to monitor volume flow-rates of patients
more closely, which may be advantageous for some clinical
situations where a change in the volume flow-rate could
provide the clinician with an early warning of a potentially
problematic clinical scenario.

[0065] This written description uses examples to disclose
the invention, including the best mode, and also to enable
any person skilled in the art to practice the invention,
including making and using any devices or systems and
performing any incorporated methods. The patentable scope
of the invention is defined by the claims, and may include
other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the
claims if they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal language of the claims. Moreover, in the
following claims, the terms “first,” “second,” and “third,”
etc. are used merely as labels, and are not intended to impose
numerical requirements on their objects.

What is claimed is:

1. A method for calculating a volume flow rate using
ultrasound, the method comprising:

acquiring, with an ultrasound probe, a first image of a first
plane, where the first plane includes a longitudinal axis
of a vessel;

displaying the first image on a display device;
identifying, with a processor, first position information,

where the first position information is of the longitu-
dinal axis with respect to the ultrasound probe;

acquiring, with the ultrasound probe, a second image of a
second plane that intersects the longitudinal axis of the
vessel at an oblique angle, where the second plane is
rotated about a longitudinal axis of the ultrasound
probe with respect to the first plane, where the ultra-
sound probe is in the same position with respect to the
vessel when acquiring both the first image of the first
plane and the second image of the second plane;

displaying the second image on the display device;

identifying, with the processor, second position informa-
tion, where the second position information defines the
second plane with respect to the ultrasound probe;
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calculating, with the processor, a volume flow rate of the
vessel based on the first image, the second image, the
first position information, and the second position
information; and

displaying the volume flow rate on a display device.

2. The method of claim 1, wherein the ultrasound probe
is an E4D ultrasound probe.

3. The method of claim 1, wherein the ultrasound probe
is a mechanically rotating probe.

4. The method of claim 1, wherein calculating the volume
flow rate comprises identifying a contour of the vessel in the
second image and using the contour to calculate a vessel
cross-sectional area.

5. The method of claim 4, wherein the second image
comprises B-mode data, and wherein identifying the contour
of the vessel comprises identifying the contour based on the
B-mode data in the second image.

6. The method of claim 4, wherein the second image
comprises colorflow data, and wherein identifying the con-
tour of the vessel comprises identifying the contour based on
the colorflow data in the second image.

7. The method of claim 4, wherein acquiring the second
image comprises acquiring colorflow data along a plurality
of colorflow beams, and wherein calculating the volume
flow rate further comprises using the first position informa-
tion and the second position information to calculate a
Doppler angle between the plurality of colorflow beams and
the longitudinal axis of the vessel.

8. The method of claim 1, further comprising:

acquiring a third image of a third plane intersecting the

vessel, where the third plane is transverse to the lon-
gitudinal axis of the vessel, where the ultrasound probe
1s in the same position with respect to the vessel when
acquiring the third image of the third plane, the first
image of the first plane, and the second image of the
second plane;

identifying, with the processor, third position information,

where the third position information defines the third

plane with respect to the ultrasound probe;
displaying the third image on the display device; and
wherein calculating the volume flow rate is also based on

the third image and the third position information.

9. The method of claim 8, wherein calculating the volume
flow rate comprises identifying a contour of the vessel in the
third image and calculating an area of the vessel based on the
contour.

10. The method of claim 8§, wherein calculating the
volume flow rate further comprises calculating a vessel
cross-sectional area based on the third position information
and the first position information.

11. The method of claim 10, wherein acquiring the second
image comprises acquiring colorflow data along a plurality
of colorflow beams, and wherein calculating the volume
flow rate further comprises using the first position informa-
tion and the second position information to calculate a
Doppler angle between the plurality of colorflow beams and
the longitudinal axis of the vessel.

12. The method of claim 1, wherein calculating the
volume flow rate is performed in real-time.

13. An ultrasound imaging system comprising:
an ultrasound probe comprising a plurality of elements;
a display device;
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a processor in electronic communication with the ultra-
sound probe and the display device, wherein the pro-
cessor is configured to:
control the ultrasound probe to acquire a first image of
a first plane, wherein the first plane is positioned to
include a longitudinal axis of a vessel,

display the first image on the display device;

identify first position information of the longitudinal
axis of the vessel with respect to the ultrasound
probe;

control the ultrasound probe to acquire a second image
of a second plane, wherein the second plane is
rotated about a longitudinal axis of the ultrasound
probe from the first plane, and wherein the ultra-
sound probe is in the same position with respect to
the vessel when acquiring both the first image of the
first plane and the second image of the second plane;

display the second image on the display device;

identify second position information, where the second
position information defines the second plane with
respect to the ultrasound probe;

calculate a volume flow rate of the vessel based on the
first image, the second image, the first position
information and the second position information;
and

display the volume flow rate on the display device.

14. The ultrasound imaging system of claim 13, wherein

the ultrasound probe is an E4D probe.
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15. The ultrasound imaging system of claim 13, wherein
the ultrasound probe is a mechanically rotating probe.

16. The ultrasound imaging system of claim 13, wherein
the processor is further configured to automatically identify
a contour of the vessel in the second image and use the
contour of the vessel to calculate vessel cross-sectional area.

17. The ultrasound imaging system of claim 13, wherein
the processor is further configured to:

control the ultrasound probe to acquire a third image of a

third plane, wherein the third plane is transverse to the
longitudinal axis of the vessel, where the ultrasound
probe is in the same position with respect to the vessel
while acquiring the third image of the third plane, the
first image of the first plane, and the second image of
the second plane.

18. The ultrasound imaging system of claim 17, wherein
the processor is further configured to calculate the volume
flow rate by using the third image to calculate an area of the
vessel.

19. The ultrasound imaging system of claim 13, wherein
the processor is configured to display the volume flow rate
of the vessel in real-time.

20. The ultrasound imaging system of claim 13, wherein
the second image includes colorflow data.

21. The ultrasound imaging system of claim 13, wherein
the second image include B-mode data.
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