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FIG. 1

image flow data sets of subvolumes of a blood vessel over at least a car-
diac cycle. Image data of the subvolumes is then aligned both spatially and
temporally to produce 3D images of the volume flow of the blood vessel
over a heart cycle. A volume flow profile curve is produced from the ac-
quired volume image flow data sets. The subvolumes are scanned starting
with the center of the blood vessel and proceeding outward therefrom.
The blood vessel center may be designated manually by a user or auto-
matically by the ultrasound system by Doppler or other methods. Each
subvolume is scanned over a heart cycle, with the systolic phase in the
temporal center of the acquisition interval. The subvolumes are scanned
in synchronism with the heart cycle and the estimation of a heart cycle is
updated during each subvolume data acquisition interval.
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THREE DIMENSIONAL VOLUME FLOW
QUANTIFICATION AND MEASUREMENT

This invention relates to medical diagnostic
ultrasound systems and, in particular, to ultrasound
systems which produce gquantified measurements of the
volume flow of blood through the heart or a blood
vessel.

Ultrasound has long been used to assess various
parameters of blood flow in the heart and vascular
system using the Doppler principle. The basic
Doppler response is flow velocity, which can further
be used to determine additional characteristics of
blood flow. One characteristic of interest to
cardiologists is the volume flow of blood through a
vessel. Early efforts to estimate volume flow
consisted of multiplying the mean velocity of blood
flow by the nominal cross-sectional area of a blood
vessel. However, these early efforts had
shortcomings due to the need to make certain
estimates. One is that the vessel lumen is circular.
Another is the estimation of the mean velocity from a
single Doppler measurement or from a qualitative
assessment of spectral Doppler data. Velocity
measurement must also be corrected for the angle
between the ultrasound beam direction and the
direction of flow. Yet another consideration is the
laminar flow profile in the presence of stenosis.

A further complication arises due to the
pulsatility of arterial flow. While venous flow is
substantially constant, arterial flow is constantly
changing over the heart cycle. Thus, the standard
techniques often lack for user independency and
repeatability. Some of these demands have been eased

by the advent of 3D ultrasound to assess flow
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conditions and particularly its ability to acquire
volume blood flow information. With 3D imaging, the
full vessel lumen can be imaged and a sequence of 3D
image data sets acquired for later replay and
diagnosis. When data of the full volumetric flow in
the vessel is acgquired in the data sets, the image
data can be examined during post-acquisition
diagnosis to assess the flow profile. Different 2D
image planes can be extracted from the 3D data in
multi-planar reconstruction (MPR), so that an image
plane of a desired orientation through a vessel can
be examined. Three dimensional imaging thus
addresses many of the static imaging challenges which
are problematic with 2D flow estimation.

In recent years the problem of analyzing the
temporal dynamics of blood flow have been addressed
by a technique called "spatial-temporal image
correlation,”" or STIC. With STIC, a sweep is made
through a blood vessel with ultrasound and many image
frames are acquired over a sequence of heart cycles.
When done by manually scanning with a 2D ultrasound
probe, this image acquisition can take ten seconds or
longer. The same acquisition can be performed with a
mechanical 3D probe which mechanically sweeps the
image plane through the wvessel, but 3D mechanical
probes often have poorer elevation focus which leads
to inaccuracies when constructing MPR images 1in the
elevation dimension. After the acquisition is
complete and the image frames are stored, image
frames of the desired anatomy, created by MPR
reconstruction if necessary, are reassembled into a
loop of images according to their phase sequence in
the cardiac cycle. This task is made difficult by
the fact that the heart cycle may not be uniform over

the time required to acquire the data sets.
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Consequently, synthetic methods of estimating the
heart rate from analysis of the movement of cardiac
tissue or blood have been developed, which
nonetheless is often difficult to assess and prone to
inaccuracy. Accordingly, it is desirable to develop
more robust techniques for accurately assessing
volume flow in the presence of flow pulsatility and
erratic heartbeats. It is further desirable to
automate such techniques so as to prioritize and
shorten the time interval needed to acquire the
volume flow data and reduce the impact of motional
effects by both the probe and the anatomy.

In accordance with the principles of the present
invention, a diagnostic ultrasound system is
described which produces a blood flow profile using
volume flow acquisition. A 3D imaging probe is used
to acquire one or more image volumes of flow data
from a vessel and a B- or C- cross-sectional plane of
the vessel is extracted which is processed to
determine the blood volume flow rate. When arterial
flow is being assessed, it is preferable to acquire
multiple subvolumes of the volume flow, with each
spatially different volume flow dataset being
acquired over all phases of a cardiac cycle to
maintain temporal sampling precision. The subvolumes
are then spatially assembled in cardiac phase order
so as to produce a full volume flow sequence with
adequate temporal sampling. The B- or C-plane is
then extracted and a volume flow profile estimated
through the plane using Gauss’s theorem.

In a preferred implementation, volume or
subvolume acquisition starts around the center of the
vessel where flow signals are stronger and thus
cardiac phases are easier to identify. This also

results in acquisition of subvolumes with the
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greatest contribution to total volume flow earlier in
the acquisition process to minimize adverse motional
effects. The acquisition process will in this case
begin by identifying the vessel center prior to
subvolume acquisition, as by user designation or an
automated technique such as a rapid Doppler sedquence
through the vessel. Subvolume acquisition then
begins from the vessel center and proceeds outward
therefrom.

Acquisition in synchronism with the phase of the
heart cycle can be achieved by a non-synthetic method
of measuring the heart cycle (e.g., an ECG monitor
attached to the patient), or by a synthetic method
such as user estimation or automatic M-mode or
speckle tracking of cardiac or wvascular anatomy or
blood flow. Preferably the flow profile is
calculated on the fly during acquisition, and heart
rate estimations based on the cardiac cycles of
previously acquired subvolumes are updated each heart
cycle to account for irregularities in the heart
cycle. Preferably the acquisition of each subvolume
is temporally centered about the systolic phase, so
that systolic flow, when volume flow is greatest in
arterial vessels, is fully sampled.

According to aspects of the invention, an
ultrasonic diagnostic imaging system for analyzing
volume flow of blood includes a 3D imaging probe
adapted to acquire volume image flow data sets of a
blood vessel, an image data processor responsive to
the volume image flow data sets, and a vessel center
locator. The vessel center locator si responsive to
spatially organized blood vessel data, which is
adapted to identify a center of the blood wvessel. The
system further includes a beamformer controller,

responsive to the vessel center locator, which is

PCT/EP2020/057584
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adapted to control the 3D imaging probe to acquire
volume image flow data sets of the blood vessel
commencing around the center of the vessel. In
certain embodiments, there is also a volume flow
calculator, which is responsive to acquired volume
image flow data sets of the blood vessel, which is
adapted to calculate volume flow profile data.

In some embodiments, the ultrasonic diagnostic
imaging system further includes a heart rate
calculator adapted to produce data representing a
heart rate and the volume image flow data sets are
acquired in timed relation to the heart rate data.

In some embodiments, the heart rate calculator
includes one of an ECG monitor or an ultrasound data
processor which is adapted to produce estimated heart
rate data using ultrasound data.

In some embodiments, the ultrasonic diagnostic
imaging system includes a subvolume selector
responsive to the vessel center locator. The
subvolume selector controls the beamformer controller
to acquire volume image flow data sets of subvolumes
of a blood vessel commencing around the center of the
vessel.

In some embodiments, the beamformer controller
acquires volume image flow data sets of a subvolume
of a blood vessel over the duration of a heart cycle.

In some embodiments, the beamformer controller
acquires volume image flow data sets of a subvolume
of a blood vessel over an acquisition interval
commencing in the middle of a diastolic portion of a
heart cycle and ending in the middle of the next
diastolic portion of a heart cycle.

In some embodiments, the beamformer controller
acquires volume image flow data sets of a subvolume

of a blood vessel during systolic heart phases



10

15

20

25

30

35

WO 2020/188022 PCT/EP2020/057584

occurring in the middle of the acquisition interval.

In some embodiments, the heart rate calculator
is further coupled to the volume flow calculator and
adapted to calculate a subvolume acquisition time in
relation to systolic peaks of a flow profile.

In some embodiments, the ultrasonic diagnostic
imaging system further includes a 3D image data
memory adapted to store volume image data sets. In
some embodiments, the ultrasonic diagnostic imaging
system further includes a multi-planar reformatter,
which is coupled to the 3D image data memory and
selects an image plane intersecting the blood wvessel.

In some embodiments, the volume flow calculator
is further adapted to calculate volume flow profile
data in relation to the image plane intersecting the
blood vessel.

In some embodiments, the system further includes
a volume renderer coupled to the 3D image data memory
and adapted to produce a 3D image of the blood
vessel.

In some embodiments, the system further includes
a display configured to display one or more of an
image plane selected by the multi-planar reformatter,
a 3D image of the blood vessel, and a flow profile
curve. The display may be coupled to one or more
other elements of the system.

The present invention also provides a method of
analyzing volume flow of blood by ultrasound data
acquisition comprising: identifying a center of a
blood vessel; acquiring volume image flow data sets
of the blood vessel commencing around the center of
the vessel with a 3D ultrasound imaging probe;
processing image data sets acquired with the imaging
probe for the display of an ultrasound image of the

blood vessel; and calculating volume flow profile



10

15

20

25

30

35

WO 2020/188022 PCT/EP2020/057584

data using the acquired volume image flow data sets.

In some embodiments, the method also includes
estimating heart cycle timing. In some embodiments,
volume image flow data sets of the blood vessel are
acquired from subvolumes of the vessel in synchronism
with the heart cycle timing.

In some embodiments, the method includes
detecting a systolic phase of the heart cycle. In
some embodiments, the volume image flow data sets of
the blood vessel are acquired from a subvolume of the
vessel during an acquisition interval starting in
mid-diastole of a heart cycle and ending in mid-
diastole of a subsequent heart cycle, wherein
acquisition during the systolic phase occurs during
the middle of the acquisition interval.

In some embodiments, acquiring the volume image
flow data sets of the blood vessel from subvolumes of
the vessel further comprises updating the estimated
heart cycle timing during a plurality of the

subvolume acquisition intervals.

In the drawings:

FIGURE 1 illustrates the acquisition of a
subvolume of ultrasound data of a volumetric region
using a 3D ultrasonic imaging probe.

FIGURE 2 illustrates a sequence of acquisition
of subvolumes of ultrasound data of a blood vessel
lumen which starts from the center of the vessel.

FIGURE 3 illustrates a typical series of flow
profiles of the acquisition sequence of FIGURE 2 when
each subvolume acquisition is temporally centered
about the systolic phase.

FIGURE 4 illustrates how volume flow over-
estimation or under-estimation can arise when the

heart cycle is inaccurately measured or estimated.
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FIGURE 5 illustrates the determination of a
subsequent subvolume acquisition interval from the
sampling of an initial subvolume over two heart
cycles.

FIGURES 6 illustrates the determination of a
subsequent subvolume acquisition interval when
sampling of the initial subvolume begins during
systole.

FIGURE 7 illustrates in block diagram form an
ultrasonic diagnostic imaging system constructed in
accordance with the principles of the present
invention.

FIGURE 1 illustrates the acquisition of a
subvolume 60 of ultrasound data of a volumetric
region 50 by the transducer 12 of a 3D ultrasonic
imaging probe. In this example the full volume 50
has a conical shape subtending a sector angle 54 with
an apex 52 located at the front surface of an array
transducer 12. For subvolume scanning the full
volume may be scanned by acquiring ultrasound data
from a series of adjacent subvolumes 60. Each
subvolume may comprise a series of two-dimensional
sector-shaped slices 70, 72, 74 and 76, where each
slice comprising a series of adjacent scanlines.
While the 3D probe may comprise an oscillating one-
dimensional transducer array, preferably the probe
comprises a stationary two-dimensional matrix array
transducer for improved scanning speed and accuracy.
Since beams of a matrix array are electronically
steered in both elevation and azimuth, the full
volume and the individual subvolumes may have any
desired size and shape, and the slices of a subvolume
can be scanned in any beam order sequence. The
illustration of FIGURE 1 also shows a dashed outline

100 where a blood vessel lumen intersects the base of
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the volume 50 between the front and back edges of the
volume 64 and 62.

It is preferable to acquire subvolume data of a
vessel lumen beginning in the center of the lumen
where flow signals are strongest and it is easier to
reliably identify cardiac phases. More flow signals
are contained in a central subvolume and preserved
after wall filtering for analysis such as heart rate
estimation as discussed below. Central subvolumes
also comprise the greatest contributions to total
volume flow of the vessel. Such an acquisition
sequence is illustrated in FIGURE 2 where subvolumes
1-5 are acquired of a vessel lumen 100 starting with
a subvolume from the center of the vessel. The
vessel center may be identified by user designation
thereof. For instance, the user can view a B mode
image of the blood vessel, which shows the vessel
wall. The user clicks a cursor at what appears to be
the center of the vessel, and this identification is
used by the ultrasound system to demarcate the region
where acquisition commences. Automated techniques
can alternatively be used. For instance, prior to
acquisition a series of Doppler beams are transmitted
and received from the entire blood vessel and Doppler
processed to produce velocity estimates along all of
the beams. The spatial location on a beam with the
highest velocity may then be used as demarcating the
vessel center, and subvolume acquisition then
proceeds from this location outward. The vessel
center acquired by one of these or another technique
is marked with an “X” in FIGURE 2. Acquisition then
commences with the acquisition of subvolume 1 which
includes the vessel center. Temporally different
acquisitions of flow (velocity) data of the subvolume

are performed for a complete set of phases of the
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heart cycle. The acquisition of subsequent
subvolumes then continues outward from the central
location, including subvolumes 2, 3, 4 and 5 in this
example. As can be seen from the drawing, the
initially acquired subvolume includes the greatest
amount of flow data, and the peripheral subvolumes 4
and 5 contain the smallest contributions to the total
volume flow of the vessel.

FIGURE 3 illustrates these differences in volume
flow content, represented by the amplitudes of the
flow signal levels of the different subvolumes. The
flow signal 81 of the first subvolume is seen to
exhibit the greatest amplitude, with the flow signals
82 and 83 of subvolumes 2 and 3 being of slightly
lesser amplitudes. The peripheral subvolumes 4 and 5
exhibit flow signals 84 and 85 with the smallest
amplitude and hence the smallest contributions to
total volume flow, as well as the greatest
possibility of flow phase ambiguity. It is for this
reason, as well as motional effect minimization, that
data from these peripheral subvolumes are the last to
be acguired.

It is also seen in FIGURE 3 that the systolic
phases, where the flow velocity peaks at peak
systole, is in the temporal middle of each subvolume
acquisition interval. This sampling timing
advantageously results in complete acquisition of
flow during systole when volume flow is the greatest.
Inaccuracies that can occur with other heart phase
timings are illustrated in FIGURE 4, which shows flow
profiles 80 of four differently phased acquisitions.
FIGURE 4a illustrates a situation where the
estimation of the heart rate is greater than the
actual heart rate. Since the heart rate is estimated

to be more rapid than the actual heart rate, the

10
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interval of subvolume acquisition is shorter than it
should be, as illustrated by the portion 80a of the
profile shown in bold. Consequently, the acquisition
interval omits some of the phases of diastole, and
the resulting data is overly dominated by greater
systolic flow. As a result, the volume flow rate
will be over-estimated for the subvolume. Over-
estimation of the heart rate can also result in the
situation of FIGURE 4b, where acquisition during the
interval of 80b misses some systolic phase
information, in this example, the second half of
systole. As a result, the volume flow rate is under-
estimated for the subvolume. FIGURE 4c shows a
situation where the heart rate is estimated to be
less (slower) than the actual heart rate. As a
result, an acquisition interval will be greater than
one heart cycle. 1In this example systole is
oversampled when the subvolume is sampled during the
acquisition interval of 80c, and volume flow is over-
estimated. FIGURE 4d illustrates another situation
where the heart rate is estimated to be less than the
actual heart rate. The subvolume is sampled during
the acquisition interval of bold flow profile line
80d. In this case, the subvolume is over-sampled
during diastole, and as a result volume flow is
under-estimated due to the inclusion of excessive
diastolic data.

It is thus seen that accurate heart rate
information is important for accurate volume flow
assessment. In accordance with a further aspect of
the present invention, when the heart rate is
determined from ultrasonic signal information, the
heart rate estimation is continuously updated during
each subvolume acquisition to properly adjust for the

occurrence of a longer or shorter interval between
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heartbeats. A heartrate estimation can be estimated
from M-mode data as described in US Pat. 9,357,978
(Dow et al.) This can be done in the background,
with the heartrate estimated even before volume flow
acquisition begins, thereby enabling the acquisition
of the first subvolume in proper synchrony with the
heartrate. Another way to determine the heartrate is
to continuously calculate the flow profile signal
during each subvolume acquisition, and use this
updated information to properly synchronize the
following acquisition with the phase of the heart.
One example of this technigque is illustrated in
FIGURE 5. 1In this example the first subvolume is
acquired over two heart cycles, the first exhibiting
a systolic flow phase 801 which peaks at time T: and
the second exhibiting a systolic flow phase 802 which
peaks at time T:. The two systolic peaks are detected
by peak detection of the flow profile signal, and the
peak-to-peak interval AT is determined. The time of
commencement of acquisition of the second subvolume
is then set as a function of the AT interval and the
time of occurrence of T,. Preferably the fraction of
the AT interval is one-half, which causes acquisition
of the second subvolume to start midway in the
diastolic phase. Thus, calculating Tz + rAT when r is
set to 0.5 will cause acquisition of the subsequent
subvolume to commence in the middle of the diastolic
phase and result in sampling the next subvolume over
the interval of waveform 80z in FIGURE 5. This timing
will advantageously result in sampling of the second
subvolume with its systolic phase occurring during
the middle of the acquisition interval, assuring that
all of the systolic phase will be sampled.

FIGURE 6 provides a second example of use of the

flow profile waveform to establish subvolume

12
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acquisition timing. In this example acquisition of
subvolume 1 starts at Ti’, just after a systolic peak
of the flow signal. The same level of the next
systolic phase is detected, which occurs at time T:’,
and the interval AT between T:’ and T2’ 1is determined.
The equation T2 + rAT is calculated which yields a
starting time for acquiring the second subvolume as
shown at 86. While the first subvolume is not
sampled with the systolic phase temporally located in
the middle of the subvolume acquisition interval,
properly phased acquisition will occur for the second
and all subsequent subvolumes.

In FIGURE 7, an ultrasound system constructed in
accordance with the principles of the present
invention is shown in block diagram form. A
transducer array 12 is provided in an ultrasound
probe 10 for transmitting ultrasonic waves and
receiving echo information. The transducer array 12
is an array of transducer elements capable of
scanning in three dimensions, in both elevation and
azimuth. The transducer array 12 is coupled to a
microbeamformer 14 in the probe which controls
transmission and reception of signals by the array
elements. Microbeamformers are capable of at least
partial beamforming of the signals received by groups
or "patches" of transducer elements as described in
Us Pats. 5,997,479 (Savord et al.), 6,013,032
(Savord), and 6,623,432 (Powers et al.) The
microbeamformer is coupled by the probe cable to a
transmit/receive (T/R) switch 16 which switches
between transmission and reception and protects the
main beamformer 18 from high energy transmit signals.
The transmission of ultrasonic beams from the
transducer array 12 under control of the

microbeamformer 14 is directed by a beamformer
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controller 17 coupled to the T/R switch and the main
beamformer 18, which receives input from the user's
operation of the user interface or control panel 38.
Among the transmit characteristics controlled by the
transmit controller are the direction, number,
spacing, amplitude, phase, frequency, polarity, and
diversity of transmit waveforms. Beams formed in the
direction of pulse transmission may be steered
straight ahead from the transducer array, or at
different angles on either side of an unsteered beam
for a wider sector field of view.

The echoes received by a contiguous group of
transducer elements are beamformed by appropriately
delaying them and then combining them. The partially
beamformed signals produced by the microbeamformer 14
from each patch are coupled to the main beamformer 18
where partially beamformed signals from individual
patches of transducer elements are combined into a
fully beamformed coherent echo signal. For example,
the main beamformer 18 may have 128 channels, each of
which receives a partially beamformed signal from a
patch of 12 transducer elements. In this way the
signals received by over 1500 transducer elements of
a two-dimensional matrix array transducer can
contribute efficiently to a single beamformed signal.

The coherent echo signals undergo signal
processing by a signal processor 20, which includes
filtering by a digital filter and noise reduction as
by spatial or frequency compounding. The signal
processor may also perform speckle reduction as by
spatial or frequency compounding. The digital filter
of the signal processor 20 can be a filter of the
type disclosed in U.S. Patent No. 5,833,613 (Averkiou
et al.), for example. The echo signals are then

coupled to a gquadrature bandpass filter (QBP) 22.
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The QBP performs three functions: band limiting the
r.f. echo signal data, producing in-phase and
quadrature pairs (I and Q) of echo signal data, and
decimating the digital sample rate. The QBP
comprises two separate filters, one producing in-
phase samples and the other producing quadrature
samples, with each filter being formed by a plurality
of multiplier-accunulators (MACs) implementing an FIR
filter.

The beamformed and processed coherent echo
signals are coupled to a pair of image data
processors. A B mode processor 26 produces signal
data for a B mode image of structure in the body such
as tissue. The B mode processor performs amplitude
(envelope) detection of quadrature demodulated I and
Q signal components by calculating the echo signal
amplitude in the form of (I2+Q2)*., The quadrature
echo signal components are also coupled to a Doppler
processor 24. The Doppler processor 24 stores
ensembles of echo signals from discrete points in an
image field which are then used to estimate the
Doppler shift at points in the image with a fast
Fourier transform (FFT) processor. The rate at which
the ensembles are acquired determines the velocity
range of motion that the system can accurately
measure and depict in an image. The Doppler shift is
proportional to motion at points in the image field,
e.g., blood flow and tissue motion. For color
Doppler image data, the estimated Doppler flow values
at each point in a blood vessel are wall filtered and
converted to color wvalues using a look-up table. The
wall filter has an adjustable cutoff frequency above
or below which motion will be rejected such as the
low frequency motion of the wall of a blood vessel

when imaging flowing blood. The B mode image data
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and the Doppler flow values are coupled to a scan
converter 28 which converts the B mode and Doppler
samples from their acquired R-68 coordinates to
Cartesian (x,y) coordinates for display in a desired
display format, e.g., a rectilinear display format or
a sector display format. Either the B mode image or
the Doppler image may be displayed alone, or the two
shown together in anatomical registration in which
the color Doppler overlay shows the blood flow in B
mode processed tissue and vessels in the image.
Another display possibility is to display side-by-
side images of the same anatomy which have been
processed differently. This display format is useful
when comparing images. The scan-converted image
data, both B mode and Doppler data, is coupled to and
stored in a 3D image data memory 30 where it is
stored in memory locations addressable in accordance
with the spatial locations from which the image data
values were acquired. Image data from 3D scanning
can be accessed by a volume renderer 32, which
converts the data values of a 3D data set into a
projected 3D image as viewed from a given reference
point as described in US Pat. 6,530,885 (Entrekin et
al.) The 3D images produced by the volume renderer
32 and 2D images from data produced by the scan
converter 28 are coupled to a display processor 34
for further enhancement, buffering and temporary
storage for display on an image display 36. The 3D
image data is also coupled to a multi-planar
reformatter 48 which, in response to user input from
the user controls 38, is able to extract image data
for a user-designated image plane from the 3D
dataset. This image data is coupled to the display

processor 34 for display of a selected MPR image, and
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the plane of the MPR image is used in the estimation
of volume flow as described below.

In accordance with the present invention, B mode
and Doppler data produced by processors 24 and 26 are
coupled to a vessel center locator 44. This enables
the vessels center locator to do several things. One
is to enable a user to click on a point in a B mode
image of a blood vessel which the user believes is
the center of the vessel. A signal indicating this
user action is coupled to the vessel center locator
from the user interface 38, and the identified wvessel
center point is stored in the locator and coupled to
subvolume selector 46. Another operation of the
vessel center locator 44 is to receive velocity data
from the Doppler processor after a rapid Doppler scan
of a blood vessel. The locator 44 analyzes this data
to determine the spatial location in the vessel with
the highest flow velocity. In that case, this
spatial location is coupled to the subvolume selector
46 and used as the vessel center. It will be
appreciated that the B mode and Doppler data coupled
to the vessel center locator can be that which is
processed by scan conversion, so that the spatial
location coordinates will correspond with that used
by the display 36. The vessel center locator 44 is
thus capable of using either user input or automated
methods to determine a vessel center and couple that
information to the subvolume selector 46.

The multi-planar reformatter 48 is also coupled
to a volume flow calculator 40. The volume flow
calculator also receives Doppler velocity data from
the Doppler processor 24 and is thus able to compute
the volume blood flow through a B- or C-plane of a
blood vessel using Gauss’s theorem. For volume flow

data, Gauss’s theorem is calculated as:
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where Q is the volume flow in, e.g., milliliters per
second, Vv is flow velocity, and the surface S is a
selected plane through a vessel lumen. A surface
integral of velocity v over the enclosing boundary S
yields the volume flow Q. Volume flow through a
plane intersecting a blood vessel can thus be updated
with new data for each new phase of the heart cycle
to produce a flow profile curve of Q as a function of
time, and the flow volume over the phases of an
entire heart cycle can be summed to calculate the
volume flow per heart cycle.

The flow data of volume flow produced by the
volume flow calculator 40 is coupled to a graphics
generator 49, which produces a flow profile curve
such as that shown in FIGURE 4 for display on the
display 36. The graphics generator also produces
graphics for display with the ultrasound image for
things such as cursors, measurement dimensions, exam
parameters, and patient name.

The flow profile curve data is also coupled to a
heart rate calculator 42, where it is used to
estimate the heartrate in the absence of ECG monitor
signals or user input of a heartrate value. The
heartrate calculator uses the flow profile curve data
to detect systolic peaks of the flow profile, to
detect the interval AT between systolic peaks, and to
calculate the start times for successive subvolume
acquisitions as described above. The heartrate
timing data is coupled to the subvolume selector 46,
which determines when to acquire each subvolume
needed to scan the entire volumetric region of a
vessel. The data from the vessel center locator 44

informs the subvolume selector of where the first
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subvolume is to be acquired (i.e., around the vessel
center,) and the data from the heart rate calculator
42 informs the subvolume selector of the timing of
each subvolume acquisition so that the systolic phase
will be acquired in the middle of each subvolume
acquisition for at least the second and subsequent
subvolume acquisitions. Acting on this information,
the subvolume selector informs the beamformer
controller of when and where each subvolume
acquisition is to be performed. The ultrasound
system of FIGURE 7 thereby performs acgquisition and
assembly of a volume image of volume flow data for
the accurate estimation of a volume flow profile

curve.
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WHAT IS CLAIMED IS:

1. An ultrasonic diagnostic imaging system for
analyzing volume flow of blood comprising:

a 3D imaging probe adapted to acgquire volume
image flow data sets of a blood vessel;

an image data processor responsive to the volume
image flow data sets;

a vessel center locator, responsive to spatially
organized blood vessel data, which is adapted to
identify a center of the blood vessel;

a beamformer controller, responsive to the
vessel center locator, which is adapted to control
the 3D imaging probe to acquire volume image flow
data sets of the blood vessel commencing around the
center of the vessel; and

a volume flow calculator, responsive to acgquired
volume image flow data sets of the blood wvessel,
which is adapted to calculate volume flow profile
data.

2. The ultrasonic diagnostic imaging system of
Claim 1, further comprising a heart rate calculator
adapted to produce data representing a heart rate,

wherein the volume image flow data sets are

acquired in timed relation to the heart rate data.

3. The ultrasonic diagnostic imaging system of
Claim 2, wherein the heart rate calculator further
comprises one of an ECG monitor or an ultrasound data
processor which is adapted to produce estimated heart

rate data using ultrasound data.

4, The ultrasonic diagnostic imaging system of

Claim 1, further comprising a subvolume selector
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responsive to the vessel center locator which is
adapted to control the beamformer controller to
acquire volume image flow data sets of subvolumes of
a blood vessel commencing around the center of the

vessel.

5. The ultrasonic diagnostic imaging system of
Claim 4, wherein the beamformer controller is further
adapted to acquire volume image flow data sets of a
subvolume of a blood vessel over the duration of a

heart cycle.

6. The ultrasonic diagnostic imaging system of
Claim 5, wherein the beamformer controller is further
adapted to acquire volume image flow data sets of a
subvolume of a blood vessel over an acguisition
interval commencing in the middle of a diastolic
portion of a heart cycle and ending in the middle of

the next diastolic portion of a heart cycle.

7. The ultrasonic diagnostic imaging system of
Claim 6, wherein the beamformer controller is further
adapted to acquire volume image flow data sets of a
subvolume of a blood vessel during systolic heart
phases occurring in the middle of the acquisition

interval.

8. The ultrasonic diagnostic imaging system of
Claim 2, wherein the heart rate calculator is further
coupled to the volume flow calculator and adapted to
calculate a subvolume acquisition time in relation to

systolic peaks of a flow profile.

9. The ultrasonic diagnostic imaging system of

Claim 1, further comprising:
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a 3D image data memory adapted to store volume
image data sets; and

a multi-planar reformatter, coupled to the 3D
image data memory, and adapted to select an image
plane intersecting the blood vessel,

wherein the volume flow calculator is further
adapted to calculate volume flow profile data in
relation to the image plane intersecting the blood

vessel.

10. The ultrasonic diagnostic imaging system of
Claim 9, further comprising a volume renderer coupled
to the 3D image data memory and adapted to produce a

3D image of the blood vessel.

11. The ultrasonic diagnostic imaging system of
Claim 10, further comprising a display, coupled to
the multi-planar reformatter, the volume renderer,
and the volume flow calculator, which is adapted to
display one or more of an image plane selected by the
multi-planar reformatter, a 3D image of the blood

vessel, and a flow profile curve.

12. A method of analyzing volume flow of blood
by ultrasound data acquisition comprising:

identifying a center of a blood vessel;

acquiring volume image flow data sets of the
blood vessel commencing around the center of the
vessel with a 3D ultrasound imaging probe;

processing image data sets acquired with the
imaging probe for the display of an ultrasound image
of the blood vessel; and

calculating volume flow profile data using the

acquired volume image flow data sets.
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13. The method of Claim 12, further comprising:

estimating heart cycle timing;

wherein acquiring volume image flow data sets
further comprises acquiring volume image flow data
sets of the blood vessel from subvolumes of the

vessel in synchronism with the heart cycle timing.

14. The method of Claim 13, further comprising:

detecting a systolic phase of the heart cycle;

wherein acquiring volume image flow data sets
further comprises acquiring volume image flow data
sets of the blood vessel from a subvolume of the
vessel during an acquisition interval starting in
mid-diastole of a heart cycle and ending in mid-
diastole of a subsequent heart cycle,

wherein acquisition during the systolic phase

occurs during the middle of the acquisition interval.

15. The method of Claim 14,

wherein acquiring volume image flow data sets of
the blood vessel from subvolumes of the vessel
further comprises updating the estimated heart cycle
ftiming during a plurality of the subvolume

acquisition intervals.
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