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(37 ABSTRACT

An ultrasound imaging system and method includes acquir-
ing first 4D ultrasound data of a first partial volume for a first
period of time that is longer than an estimated cardiac period
and acquiring second 4D ultrasound data of a second partial
volume for a second period of time that is longer than the
estimated cardiac period. The system and method includes
combining the first 4D ultrasound data with the second 4D
ultrasound data to generate 4D ultrasound data of a region-
of-interest. The system and method also includes generating
and displaying an image based on the 4D ultrasound data.
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ULTRASOUND IMAGING SYSTEM AND
METHOD

FIELD OF THE INVENTION

[0001] This disclosure relates generally to an ultrasound
imaging system and a method for generating 4D ultrasound
data of a region-of-interest by acquiring 4D ultrasound data
for a plurality of partial volumes.

BACKGROUND OF THE INVENTION

[0002] 2D array probes coupled with current generation
ultrasound systems are not fast enough to acquire clinically
suitable volume sizes for applications such as fetal heart
imaging. It is currently not possible to achieve both the
required temporal resolution and the required spatial resolu-
tion from a single volume acquired with a conventional 2D
array probe.

[0003] As a result, some conventional ultrasound systems
slowly sweep across an entire volume, acquiring a 2D image
frames at distinct locations during the sweep. For example,
the sweep may take 8-12 seconds for a typical fetal heart.
During the time of the sweep, the fetal heart may beat
approximately 16 to 30 times. Phase data indicating the car-
diac phase at the acquisition of each 2D image frame may be
acquired based on data from M-mode acquisitions. Accord-
ing to conventional techniques such as STIC (Spatio-tempo-
ral image correlation), images of the entire volume at various
cardiac phases are “synthesized” using frames from discrete
cardiac cycles. In other words, each volume is not acquired
during the same cardiac cycle. Instead, each slice or image of
the volume is acquired during a different cardiac cycle. Then,
the “synthesized” volumes for each of the cardiac phases may
be placed in a sequence representing a complete cardiac
cycle. A user may then select to view an image of any plane
from within the volume or the user may view a rendering of
some or all of the volume.

[0004] Conventional techniques like STIC suffer from at
least two problems: it takes too long to acquire all of the data;
and the resulting volume has limited resolution in a elevation
direction. Specifically, since only one 2D image frame is
selected from each cardiac cycle, the resolution in the eleva-
tion direction is limited to the number of cardiac cycles of the
acquisition. Using a technique that requires a long acquisition
time also increases the likelihood of acquiring data with
motion artifacts. For example, both the clinician holding the
2D array probe and the patient are more likely to move during
a longer acquisition. Any relative movement between the 2D
array probe and the patient’s anatomy being scanned may
introduce motion artifacts. Also, any irregularities in a
patient’s heart movements may result in additional motion or
spatial artifacts.

[0005] Fortheseand otherreasons an improved method and
ultrasound imaging system for acquiring 4D ultrasound data
is desired.

BRIEF DESCRIPTION OF THE INVENTION

[0006] The above-mentioned shortcomings, disadvantages
and problems are addressed herein which will be understood
by reading and understanding the following specification.

[0007] Inanembodiment, a method of ultrasound imaging
includes dividing a region-of-interest into a plurality of par-
tial volumes including a first partial volume and a second
partial volume. The method includes acquiring first 4D ultra-
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sound data of the first partial volume during a first period of
time that is longer than an estimated cardiac period. The
method includes acquiring second 4D ultrasound data of the
second partial volume during a second period of time that is
longer than the estimated cardiac period, wherein the second
period of time occurs after the first period of time. The method
includes combining the first 4D ultrasound data with the
second 4D ultrasound data to generate 4D ultrasound data of
the region-of-interest. The method includes generating an
image based on the 4D ultrasound data of the region-of-
interest and displaying the image.

[0008] Inanembodiment, a method of ultrasound imaging
includes determining an estimated cardiac period, dividing a
region-of-interest into a plurality of partial volumes including
a first partial volume and a second partial volume. The
method includes acquiring first 4D ultrasound data of the first
partial volume over a first period of time that is longer than the
estimated cardiac period. The method includes acquiring first
phase data during the process of acquiring the first 4D ultra-
sound data and associating the first phase data with the first
4D ultrasound data. The method includes acquiring second
4D ultrasound data of the second partial volume over a second
period of time that is longer than the estimated cardiac period.
The second period of time occurs after the first period of time.
The method includes acquiring second phase data during the
process of acquiring the second 4D ultrasound data and asso-
ciating the second phase data with the second 4D ultrasound
data. The method includes interpolating the first 4D ultra-
sound data to generate first interpolated 4D ultrasound data,
interpolating the second 4D ultrasound data to generate sec-
ond interpolated 4D ultrasound data, and combining the first
interpolated 4D ultrasound data with the second interpolated
4D ultrasound data to generate 4D ultrasound data of the
region-of-interest over a complete cardiac cycle. The method
includes generating an image based on the 4D ultrasound data
of the region-of-interest, and displaying the image.

[0009] In another embodiment, an ultrasound imaging sys-
tem includes a probe, a display device, and a processor in
electronic communication with the probe and the display
device. The processor is configured to divide a region-of-
interest into afirst partial volume and a second partial volume.
The processor is configured to determine an estimated cardiac
period. The processor is configured to control the probe to
acquire first 4D ultrasound data of the first partial volume for
a first period of time that is longer than the estimated cardiac
period and to control the probe to acquire second 4D ultra-
sound data ofthe second partial volume fora second period of
time that is longer than the estimated cardiac period. The
processor is configured to associate phase data with both the
first 4D ultrasound data and the second 4D ultrasound data
and to combine the first 4D ultrasound data with the second
4D ultrasound data based on the phase data to generate 4D
ultrasound data of the region-of-interest. The processor is
also configured to generate an image based on the 4D ultra-
sound data of the region-of-interest and to display the image
on the display device.

[0010] Various other features, objects, and advantages of
the invention will be made apparent to those skilled in the art
from the accompanying drawings and detailed description
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a schematic diagram of an ultrasound
imaging system in accordance with an embodiment;
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[0012] FIG.2is aflow chart of a method in accordance with
an embodiment;

[0013] FIG. 3 is a schematic representation of a probe and
a region-of-interest divided into three partial volumes in
accordance with an embodiment; and

[0014] FIG. 4 is a graph showing the timing of volume
acquisitions with respect to relative heart phase in accordance
with an embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0015] In the following detailed description, reference is
made to the accompanying drawings that form a part hereof,
and in which is shown by way of illustration specific embodi-
ments that may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art
to practice the embodiments, and it is to be understood that
other embodiments may be utilized and that logical, mechani-
cal, electrical and other changes may be made without depart-
ing from the scope of the embodiments. The following
detailed description is, therefore, not to be taken as limiting
the scope of the invention.

[0016] FIG. 1 is a schematic diagram of an ultrasound
imaging system 100 in accordance with an embodiment. The
ultrasound imaging system 100 includes a transmit beam-
former 101 and a transmitter 102 that drive elements 104
within a probe 106 to emit pulsed ultrasonic signals into a
body (not shown). The probe 106 may be an 2D array probe
according to an embodiment. However, any other type of
probe that is fully steerable in an elevation direction and
capable of acquiring four-dimensional (4D) ultrasound data
may be used according to other embodiments. For purposes
of this disclosure, the term four-dimensional ultrasound data,
or 4D ultrasound data, is defined to include ultrasound data
including multiple volumes of a region-of-interest acquired
over a period of time. The 4D ultrasound data contains infor-
mation about how a volume changes over time. Each of the
volumes may include a plurality of 2D images or slices. 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 ultra-
sound data, by the elements 104 and the electrical signals are
received by areceiver 108. The electrical signals representing
the received echoes are passed through a receive beamformer
110 that outputs ultrasound data. According to some embodi-
ments, the probe 106 may contain electronic circuitry to do all
or part of the transmit and/or the receive beamforming. For
example, all or part of the transmit beamformer 101, the
transmitter 102, the receiver 108 and the receive beamformer
110 may be situated within the 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 receiv-
ing ultrasonic signals. The terms “data” or “ultrasound data”
may be used in this disclosure to refer to either one or more
datasets acquired with an ultrasound imaging system. A user
interface 115 may be used to control operation of the ultra-
sound imaging system 100, including, to control the input of
patient data, to change a scanning or display parameter, and
the like.

[0017] The ultrasound imaging system 100 also includes a
processor 116 to control the transmit beamformer 101, the
transmitter 102, the receiver 108 and the receive beamformer
110. The processor 116 is in electronic communication with
the probe 106. The processor 116 may control the probe 106
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to acquire data. The processor 116 controls which of the
elements 104 are active and the shape of a beam emitted from
the probe 106. The processor 116 is also in electronic com-
munication with a display device 118, and the processor 116
may process the data into images for display on the display
device 118. For purposes of this disclosure, the term “elec-
tronic communication” may be defined to include both wired
and wireless connections. The processor 116 may include a
central processor (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) or a graphic board.
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 processor, a
digital signal processor, a field-programmable gate array, and
a graphic board. According to another embodiment, the pro-
cessor 116 may also include a complex demodulator (not
shown) that demodulates the RF data and generates raw data.
In another embodiment the demodulation can 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. For example, an embodiment may acquire and display
data a real-time volume-rate of 7-20 volumes/sec. However, it
should be understood that the real-time frame rate may be
dependent on the length of time that it takes to acquire each
volume of data. Accordingly, when acquiring a relatively
large volume of data, the real-time volume-rate may be
slower. Thus, some embodiments may have real-time vol-
ume-rates that are considerably faster than 20 volumes/sec
while other embodiments may have real-time volume-rates
slower than 7 volumes/sec. The data may be stored tempo-
rarily in a buffer (not shown) during a scanning session and
processed in less than real-time in a live or off-line operation.
Some embodiments of the invention may include multiple
processors (not shown) to handle the processing tasks. For
example, a first processor may be utilized to demodulate and
decimate the RF signal while a second processor may be used
to further process the data prior to displaying an image. It
should be appreciated that other embodiments may use a
different arrangement of processors.

[0018] The ultrasound imaging system 100 may continu-
ously acquire data at a volume-rate of, for example, 10 Hz to
30 Hz. Images generated from the data may be refreshed at a
similar volume-rate. Other embodiments may acquire and
display data at different rates. For example, some embodi-
ments may acquire data at a volume-rate of less than 10 Hz or
greater than 30 Hz depending on the size of the volume and
the intended application. A memory 120 is included for stor-
ing processed frames of acquired data. In an exemplary
embodiment, the memory 120 is of sufficient capacity to store
at least several seconds worth of frames of ultrasound data.
The frames of data are stored in a manner to facilitateretrieval
thereof according to its order or time of acquisition. The
memory 120 may comprise any known data storage medium.
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[0019] Optionally, embodiments of the present invention
may be implemented utilizing contrast agents. Contrast imag-
ing 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 har-
monic and linear components, enhancing the harmonic com-
ponent 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.

[0020] 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 the like) to form 2D or 3D 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 per-
form scan conversion operations to convert the image frames
from coordinates beam space to display space coordinates. A
video processor module 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 processor module may store the image frames in an
image memory, from which the images are read and dis-
played.

[0021] FIG.2is aflow chart ofa method in accordance with
an exemplary embodiment. The individual blocks of the flow
chart represent steps that may be performed in accordance
with the method 200. Additional embodiments may perform
the steps shown in a different sequence and/or additional
embodiments may include additional steps not shown in FIG.
2. The technical effect of the method 200 is the display of an
image generated from 4D ultrasound data acquired as a plu-
rality of partial volumes. The method 200 will be described
according to an exemplary embodiment where the method
200 is implemented by the processor 116 of the ultrasound
imaging system 100 of FIG. 1. Additionally, the method 200
will be described according to an embodiment where 4D
ultrasound data of a fetal heart is acquired. It should be
appreciated that according to other embodiments, the method
200 may be used to acquire 4D ultrasound data of some or all
of an adult heart as well.

[0022] Referring to FIGS. 1 and 2, at step 202 heart rate
data is acquired. According to an embodiment concerning a
fetal heart, acquiring heart rate data may include acquiring
ultrasound data and analyzing the resulting ultrasound data to
identify the heart rate or an estimated heart rate. For example,
images may be acquired over a period of time and image
processed to determine an average heart rate. Or, M-mode
data may be acquired along one or more lines and analyzed to
determine the heart rate. According to yet other embodi-
ments, a ECG or fetal ECG may be used to acquire phase data
or to determine one or more triggers per cardiac cycle. The
triggers may be associated with a particular phase of the
cardiac cycle and, as such, the triggers may be used to deter-
mine an approximation of the patient’s heart rate.

Feb. 20, 2014

[0023] At step 204, an estimated cardiac period is deter-
mined based on the heart rate data. According to an embodi-
ment, the processor 116 may be used to calculate the esti-
mated cardiac period. The estimated cardiac period may be
determined from one or more cardiac cycles worth of heart
rate data. The estimated cardiac period may be determined
with other techniques according to additional embodiments.
[0024] Next, at step 206, a user may enter desired acquisi-
tion parameters through the user interface 115. The acquisi-
tion parameter may include parameters such as the selection
of a region-of-interest, or ROI, resolution, depth, image
mode, desired temporal resolution, and the like. For purposes
of'this disclosure, the term ROl is defined to include a volume.
Some or all of the acquisition parameters may be preselected
as part of a default setting on the ultrasound imaging system
100.

[0025] At step 208, the processor 116 divides the ROI into
a plurality of partial volumes. The processor 116 may deter-
mine the size and/or the distribution of the partial volumes
based on the acquisition parameters that were inputted at step
206 and the technical capabilities of the ultrasound imaging
system 100, including specifically the 2D array probe 106.
According to other embodiments, the user may manually
select the positions and/or the geometry of the partial vol-
umes.

[0026] FIG. 3 is a schematic representation of an ROI 156
divided into three partial volumes in accordance with an
embodiment. FIG. 3 also includes a 2D array probe 152 and a
fetal heart 154. The ROI 156 is divided into a first partial
volume 158, a second partial volume 160, and a third partial
volume 162. When combined, the first partial volume 158, the
second partial volume 160, and the third partial volume 162
cover the entire ROI 156. According to the embodiment
shown in FIG. 3, the partial volumes 158, 160, 162 do not
overlap. However, according to other embodiments, each of
the partial volumes 158, 160, 162 may overlap with any
adjacent partial volumes. That is, the first partial volume 158
may overlap with the second partial volume 160; the second
partial volume 160 may overlap with both the first partial
volume 158 and the third partial volume 162; and the third
partial volume 162 may overlap with the second partial vol-
ume 160. It should be appreciated that the ROI 156 may be
divided into a different number of partial volumes according
to other embodiments. The method 200 may be used to
acquire data for any number of partial volumes greater than or
equal to 2.

[0027] Referring to FIGS. 1, 2, and 3, at step 210, the
processor 116 acquires a volume of data for the first partial
volume 158. The processor 116 controls the transmit beam-
former 101, the transmitter 102, the probe 106, the receive
108, and the receive beamformer 110 to control the acquisi-
tion of the ultrasound data. According to an embodiment, the
processor 116 may acquire ultrasound data of the first partial
volume 158 through the acquisition of a plurality of 2D image
frames at different elevational angles within the first partial
volume 158. Acquiring data of a volume by acquiring a plu-
rality of 2D image frames is well-known by those skilled in
the art. Next at step 212, the processor controls the acquisition
of M-mode data. Acquiring M-mode data includes acquiring
data along a scan line at different points in time. M-mode data
is very fast to acquire and is typically used for determining
motion. The acquisition of the M-mode data may be inter-
leaved with the acquisition of 4D ultrasound data in other
embodiments.
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[0028] At step 214, the processor 116 determines if it is
desired to acquire another volume of ultrasound data of the
first partial volume 158. Ifitis desired to acquire an additional
volume of ultrasound data, the method 200 returns to step
210, and steps 210 and 212 are repeated. The speed of acquir-
ing each volume of the first partial volume 158, or any of the
other partial volumes, may vary depending upon the acquisi-
tion parameters selected at step 206 and the specifications of
the ultrasound imaging system 100. However, it should be
possible to acquire many volumes of a particular partial vol-
ume during a single cardiac cycle. According to an embodi-
ment, the processor 116 will control the rest of the ultrasound
imaging system 100 so that 4D ultrasound data is acquired of
the first partial volume 158 for an amount of time longer than
the estimated cardiac period calculated during step 204. In
other words, the method 200 repeats steps 210, 212, and 214
for a predetermined amount of time in order to acquire a
plurality of volumes over time, which will be referred to as 4D
ultrasound data. According to another embodiment, the pro-
cessor 116 may use triggers from an ECG or fetal ECG to
insure that the 4D ultrasound data has been acquired for a
period of time longer than the patient’s cardiac period instead
of or in addition to determining an estimated cardiac period.
After acquiring 4D ultrasound data of the first partial volume
for a period of time longer than the estimated cardiac period.
At step 214, the processor 116 determines that itis not desired
to acquire additional volumes of the first partial volume 158
and the method 200 advances to step 216.

[0029] At step 216, the processor 116 determines if it is
desired to advance to the next partial volume. According to an
exemplary embodiment, after acquiring a first plurality of
volumes of the first partial volume 158, it is desired to
advance to the next, or second partial volume 160. The
method 200 then repeats steps 210, 212, and 214 until a
second plurality of volumes have been acquired of the second
partial volume 160. The second plurality of volumes show the
second partial volume 160 over time and collectively may be
referred to as the second 4D ultrasound data. The processor
116 controls the acquisition so that volumes of the second
partial volume 160 are repeatedly acquired for a period of
time that is greater than the estimated cardiac period deter-
mined during step 204. After repeating steps 210, 212, and
214 for the desired amount of time and acquiring the second
4D ultrasound data, the processor 116 determines that it is not
desired to acquire another volume of the second partial vol-
ume 160 at step 214 and the method 200 advances to step 216.

[0030] At step 216, the processor 116 determines that it is
desired to advance to the next partial volume, which may be
the third partial volume 162 according to an exemplary
embodiment. The method 200 repeats steps 210, 212, and 214
in order to acquire third 4D ultrasound data. According to an
exemplary embodiment, the third 4D ultrasound data shows
how the third partial volume 162 changes over time. As with
the first partial volume 158 and the second partial volume
160, the processor 116 may control the rest of the ultrasound
imaging system 100 to acquire 4D ultrasound data of the third
partial volume 162 for a period of time longer than the esti-
mated cardiac period.

[0031] The processor 116 may divide the phase data
acquired at step 212 during multiple iterations of the method
2001into first phase data acquired during the process of acquir-
ing the first 4D ultrasound data, second phase data acquired
during the process of acquiring the second 4D ultrasound
data, and third phase data acquired during the process of
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acquiring the third 4D ultrasound data. According to other
embodiments, the phase data may be determined during post-
processing of the 4D ultrasound data through image process-
ing techniques. The processor 116 may then associate the
phase data with the individual volumes that were acquired as
part of the 4D ultrasound data. For example, the processor
116 may associate each volume that is part of the 4D ultra-
sound data for each of the partial volumes with a particular
phase.

[0032] After acquiring 4D ultrasound data for each of the
three partial volumes 158, 160, and 162, at step 216 the
processor 116 determines that enough 4D ultrasound data has
been acquired and that it is not desired to advance to the next
partial volume. Therefore, the method 200 advances to step
218.

[0033] FIG. 4 is a graph showing the timing of volume
acquisitions with respect to relative heart phase. The graph
170 depicts slightly more than 4 cardiac cycles. The graph
170 will be described according to an exemplary embodiment
where the data were collected according to the method 200
(shown 1n FIG. 2). The numbers along the x-axis (0, 0.5, 1,
1.5, 2,25, 3, 3.5, and 4) show the relative heart phase. For
illustrative purposes. a trace 172 is shown. The trace 172 has
a shape similar to that of an ECG trace to more clearly illus-
trate the relative heart phase. The trace 172 is marked with an
“X” at each time where a volume of data is acquired.

[0034] Referring now to both FIG. 2 and FIG. 4, each “X”
on the trace 172 represents the time that a volume was
acquired at step 210 of the method 200. Each “X” represents
the acquisition of a volume of one of the partial volumes 158,
160, or 162. According to an embodiment, the 4D ultrasound
acquisition for the first partial volume 158 (shown in FIG. 3)
begins at time T1. The cardiac period is from time T1 to time
T2. The processor 116 controls the acquisition of 4D ultra-
sound data of the first partial volume 158 for a period of time
longer than the estimated cardiac period determined at step
204. Referring the FIG. 4, the acquisition of 4D ultrasound
data for the first partial volume 158 extends all the way until
time T3, which is longer than the cardiac period.

[0035] Starting at time T3, the method 200 acquires 4D
ultrasound data for the second partial volume 160. The car-
diac period lasts from time T3 until time T4. However, the
acquisition of 4D ultrasound data of the second partial vol-
ume 160 extends all the way until time TS, which is also
longer than the cardiac period and the estimated cardiac
period. Likewise, the method 200 acquires 4D ultrasound
data for the third partial volume 162 starting at time T5. The
cardiac period is from time T5 until time T6, but the acquisi-
tion of 4D ultrasound data of the third partial volume 162
extends until time T7, which is a period of time longer than
both the cardiac period and the estimated cardiac period.
[0036] After 4D ultrasound data has been acquired for each
of the three partial volumes, the method 200 advances to step
218. At step 218, the processor 116 interpolates the 4D ultra-
sound data. The 4D ultrasound data may include first 4D
ultrasound data of the first partial volume 158, second 4D
ultrasound data of the second partial volume 160, and third
4D ultrasound data of the third partial volume 162. According
to an entbodiment, only the volumes represented by an “X”
surrounded by a circle may be used during the interpolation
process of step 218. The interpolation results in the creation of
first interpolated 4D ultrasound data for the first partial vol-
ume 158, second interpolated 4D ultrasound data for the
second partial volume 160, and third interpolated 4D ultra-
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sound data for the third partial volume 162. Since the 4D
ultrasound data for each of the partial volumes includes a
sequence of volumes, for high quality 4D images of the whole
RO, it is necessary to combine volumes with the same phase.
Since the 4D ultrasound acquisitions are not gated to the
cardiac cycle during acquisition, the relative phases of the
volumes is not known. Therefore once phase data has been
associated with the 4D ultrasound data, it may be necessary to
interpolate between some or all of the volumes in order to
generate temporally synchronous volumes from each of the
partial volumes. For example, the processor 116 may deter-
mine first how many volumes are needed to cover the cardiac
cycle and then the processor 116 may calculate the desired
phase for each of the volumes. Using the desired phase infor-
mation, the processor 116 then determines which acquired
volumes to use as the basis for each interpolation. Many
different types of interpolation algorithms may be used
including linear, step-wise linear, nearest neighbor, and
cubic.

[0037] After the interpolation has been completed at step
218, the method 200 advances to step 220 where the 4D
ultrasound data of the partial volumes are combined. As
described previously, the interpolation at step 218 insures
each of the 4D interpolated ultrasound datasets includes vol-
umes at the same relative phases. Since all the volumes are at
the same relative phases, it is possible to spatially stitch
together the volumes from each of the interpolated 4D ultra-
sound datasets representing the individual partial volumes.
That is, volumes representing each of the three partial vol-
umes may be combined at a plurality of different cardiac
phases. During step 220, 4D ultrasound data of the ROI has
been generated that is representative of a complete cardiac
cycle based on the 4D interpolated ultrasound data for each of
the partial volumes.

[0038] Next, at step 222, the processor 116 generates an
image from the 4D ultrasound data. The image be a static
image of a plane, a volume-rendered image, a cine image of a
plane, or any other type of image generated from the 4D
ultrasound data. According to an embodiment, the user may
manually select the location ofthe plane based on inputs from
the user interface 115, or the processor 116 may automati-
cally select one or more standard planes. At step 224, the
image is displayed on the display device 118.

[0039] It is known by those skilled in the art that the fetal
heart rate may vary considerably during the process of acquir-
ing ultrasound data. For example, it is quite common for the
fetal heart rate to vary as much as 10-15% within only a few
heartbeats. By ensuring that the 4D ultrasound data of each
partial volume is acquired for a period of time that is longer
than the estimated cardiac period, the method 200 increases
the likelihood of acquiring enough 4D ultrasound data for
each of the partial volumes to include all the required phases
of the cardiac cycle, even if the patient’s heart rate were to
vary by 15% or more. For example, by acquiring 4D ultra-
sound data of a partial volume for at least 15% longer than an
estimated cardiac period, the method insures the acquisition
of volumes representing a whole cardiac cycle, even if the
patient’s heart rate were to increase by 15%. Therefore, by
acquiring 4D ultrasound data for a period of time that is
longer than the estimated cardiac period, the method 200 is
robust enough to easily accommodate fluctuations in heart
rate without requiring the acquisition of additional ultrasound
data. As discussed above, according to an exemplary embodi-
ment, it may be desirable to have the 4D ultrasound data
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acquired for a period of time approximately 15% longer than
the estimated cardiac period. This should capture enough 4D
ultrasound data to manage the most commonly occurring
heart rate fluctuations. According to another embodiment, it
may be desirable to acquire 4D ultrasound data for each of the
partial volumes for a period of time approximately 30%
longer than the estimated cardiac period. This would provide
an additional buffer against fluctuating heart rates and still
result in a much shorter overall acquisition time compared
with conventional techniques. According to other embodi-
ments, it may desirable to acquire 4D ultrasound data for a
period of time that is at least 100% longer than the estimated
cardiac period. By acquiring 4D ultrasound data for a period
of time that is 2 times as long as the estimated cardiac period,
the processor 116 would have additional volumes to choose
from during the interpolation phase. For example, only a
limited subset of the 4D ultrasound data acquired over 2 or
more cardiac cycles for each partial volume may be selected
based on quality criteria in order to generate a dataset with
improved quality. For example, the 4D ultrasound data may
be examined for motion artifacts, contrast, image stability,
edge detection or any other criterion potentially related to
quality. According to other embodiments, the 4D ultrasound
data for each partial volume may be acquired for a period of
time that is within a range of 115% to 230% of the estimated
cardiac period. The range of 115% to 230% of the estimated
cardiac period allows for the collection of two complete car-
diac cycles of 4D ultrasound data for each of the partial
volumes, even if the heart rate were to increase 15% during
the acquisition of the 4D ultrasound data.

[0040] 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
1s 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.

1. A method of ultrasound imaging comprising:

dividing a region-of-interest into a plurality of partial vol-
umes including a first partial volume and a second partial
volume;

acquiring first 4D ultrasound data of the first partial volume

during a first period of time that is longer than an esti-
mated cardiac period;

acquiring second 4D ultrasound data of the second partial

volume during a second period of time thatis longer than
the estimated cardiac period, wherein the second period
of time occurs after the first period of time;

combining the first 4D ultrasound data with the second 4D

ultrasound data to generate 4D ultrasound data of the
region-of-interest;

generating an image based on the 4D ultrasound data of the

region-of-interest; and

displaying the image.

2. The method of claim 1, further comprising estimating a
heart rate before acquiring the first 4D ultrasound data and the
second 4D ultrasound data and using the heart rate to deter-
mine the estimated cardiac period.
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3. The method of claim 1, further comprising acquiring
phase data during the process of acquiring the first 4D ultra-
sound data and second 4D ultrasound data.

4. The method of claim 3, further comprising associating
phase data with both the first 4D ultrasound data and the
second 4D ultrasound data, and wherein said combining the
first 4D ultrasound data with the second 4D ultrasound com-
prises combining the first 4D ultrasound data with the second
4D ultrasound data based on the phase data.

5. The method of claim 3, wherein said acquiring the phase
data comprises acquiring M-mode data during the process of
acquiring the first 4D ultrasound data and the second 4D
ultrasound data.

6. The method of claim 3, wherein said acquiring the phase
data comprises acquiring the phase data with a fetal ECG.

7. The method of claim 1, wherein the first period of time
is at least 15% longer than the estimated cardiac period.

8. The method of claim 1, wherein the first period of time
is at least 30% longer than the estimated cardiac period.

9. The method of claim 1, wherein the first period of time
is at least 100% longer than the estimated cardiac period.

10. A method of ultrasound imaging comprising:

determining an estimated cardiac period;

dividing a region-of-interest into a plurality of partial vol-

umes including a first partial volume and a second partial
volume;

acquiring first 4D ultrasound data of the first partial volume

over a first period of time that is longer than the esti-
mated cardiac period,;

acquiring first phase data during the process of acquiring

the first 4D ultrasound data and associating the first
phase data with the first 4D ultrasound data;

acquiring second 4D ultrasound data of the second partial

volume over a second period of time that is longer than
the estimated cardiac period, wherein the second period
of time occurs after the first period of time;
acquiring second phase data during the process of acquir-
ing the second 4D ultrasound data and associating the
second phase data with the second 4D ultrasound data;

interpolating the first 4D ultrasound data to generate first
interpolated 4D ultrasound data;

interpolating the second 4D ultrasound data to generate

second interpolated 4D ultrasound data;

combining the first interpolated 4D ultrasound data with

the second interpolated 4D ultrasound data to generate
4D ultrasound data of the region-of-interest over a com-
plete cardiac cycle;

generating an image based on the 4D ultrasound data of the

region-of-interest; and

displaying the image.

11. The method of claim 10, further comprising dividing
the region-of-interest into a third partial volume, acquiring
third 4D ultrasound data of the third partial volume, acquiring
third phase data during the process of acquiring the third 4D
ultrasound data, and interpolating the third 4D ultrasound
data to generate third interpolated 4D ultrasound data.

12. The method of claim 11, further comprising combining
the third interpolated 4D ultrasound data with the first inter-
polated 4D ultrasound data and the second interpolated 4D
ultrasound data to generate the 4D ultrasound data of the
region-of-interest.

13. The method of claim 10, wherein the first period of time
is 115% to 230% of the estimated cardiac period.
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14. The method of claim 13, wherein the second period of
time is 115% to 230% of the estimated cardiac period.

15. An ultrasound imaging system comprising:

a probe;

a display device; and

a processor in electronic communication with the probe

and the display device, wherein the processor is config-

ured to:

divide a region-of-interest into a first partial volume and
a second partial volume;

determine an estimated cardiac period;

control the probe to acquire first 4D ultrasound data of
the first partial volume for a first period of time that is
longer than the estimated cardiac period;

control the probe to acquire second 4D ultrasound data
of the second partial volume for a second period of
time that is longer than the estimated cardiac period;

associate phase data with both the first 4D ultrasound
data and the second 4D ultrasound data;

combine the first 4D ultrasound data with the second 4D
ultrasound data based on the phase data to generate
4D ultrasound data of the region-of-interest;

generate an image based on the 4D ultrasound data ofthe
region-of-interest; and

display the image on the display device.

16. The ultrasound imaging system of claim 15, wherein
the processor is further configured to acquire phase data dur-
ing the process of acquiring the first 4D ultrasound data and
the second 4D ultrasound data.

17. The ultrasound imaging system of claim 16, wherein
the processor is configured to acquire phase data by acquiring
M-mode data during the process of acquiring the first 4D
ultrasound data and the second 4D ultrasound data.

18. The ultrasound imaging system of claim 15, wherein
the first period of time is at least 15% longer than the esti-
mated cardiac period.

19. The ultrasound imaging system of claim 15, wherein
the first period of time is at least 30% longer than the esti-
mated cardiac period.

20. The ultrasound imaging system of claim 15, wherein
the processor is further configured to interpolate the first 4D
ultrasound data to generate first interpolated 4D ultrasound
data.

21. The method of claim 1, further comprising interpolat-
ing the first 4D ultrasound data to generate first interpolated
4D ultrasound data before combining the first 4D ultrasound
data with the second 4D ultrasound data.

22. The method of claim 21, further comprising the step of
interpolating the second 4D ultrasound data to generate sec-
ond interpolated 4D ultrasound data before combining the
first 4D ultrasound data with the second 4D ultrasound data.

23. The method of claim 1, wherein said combining the first
4D ultrasound data with the second 4D ultrasound data com-
prises combining the first interpolated 4D ultrasound data
with the second interpolated 4D ultrasound data.

24. An ultrasound imaging system comprising:

a probe;

a display device; and

a processor in electronic communication with the probe

and the display device, wherein the processor is config-

ured to:

divide a region-of-interest into a plurality of partial vol-
umes including a first partial volume and a second
partial volume;
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control the probe to acquire first 4D ultrasound data of
the first partial volume during a first period of time
that is longer than an estimated cardiac period;

control the probe to acquire second 4D ultrasound data
of the second partial volume during a second period of
time that is longer than the estimated cardiac period,
wherein the second period of time occurs after the first
period of time;

combine the first 4D ultrasound data with the second 4D
ultrasound data to generate 4D ultrasound data of the
region-of-interest;

generate an image based on the 4D ultrasound data of the
region-of-interest; and

display the image on the display device.

25. The ultrasound imaging system of claim 24, wherein
the processor is further configured to acquire phase data dur-
ing the process of acquiring the first 4D ultrasound data and
the second 4D ultrasound data.

26. The ultrasound imaging system of claim 25, wherein
the processor is configured to acquire phase data by acquiring
M-mode data during the process of acquiring the first 4D
ultrasound data and the second 4D ultrasound data.
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27. The ultrasound imaging system of claim 24, wherein
the first period of time is at least 15% longer than the esti-
mated cardiac period.

28. The ultrasound imaging system of claim 24, wherein
the first period of time is at least 30% longer than the esti-
mated cardiac period.

29. The ultrasound imaging system of claim 24, wherein
the processor is further configured to interpolate the first 4D
ultrasound data to generate first interpolated 4D ultrasound
data before combining the first 4D ultrasound data with the
second 4D ultrasound data.

30. The ultrasound imaging system of claim 29, wherein
the processor is further configured to interpolate the second
4D ultrasound data to generate second interpolated 4D ultra-
sound data before combining the first 4D ultrasound data with
the second 4D ultrasound data.

31. The ultrasound imaging system of claim 30, wherein
the processor is configured to combine the first 4D ultrasound
data with the second 4D ultrasound data by combining the
first interpolated 4D ultrasound data with the second interpo-
lated 4D ultrasound data.
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