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Volumetric quantification is provided in medical diagnostic
ultrasound. By acquiring both B-mode and color flow data
without stitching or acquiring in real-time at tens of volumes
a second, more reliable quantification may be provided.
Using multiple regions of interest in a volume may allow for
more accurate and/or complete flow information, such as
averaging flow from different locations in the same structure
(e.g., use preservation of mass to acquire multiple measures
of the same flow).
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VOLUMETRIC QUANTIFICATION FOR
ULTRASOUND DIAGNOSTIC IMAGING

BACKGROUND

[0001] This present embodiments relates to medical diag-
nostic ultrasound. In particular, quantification is provided for
three- or four-dimensional ultrasound diagnostic imaging.
[0002] Color Doppler data representing the heart or other
organ of interest may provide useful flow information. For
example, valvular regurgitation is an important cause of mor-
bidity and mortality. Doppler echocardiography is a non-
invasive technique to evaluate the severity of regurgitation.
Several indexes have been developed for two-dimensional
echocardiography using Color Doppler, Pulsed wave (PW)
and Continuous wave (CW) Doppler. Volume flow may be
predicted from modeling of manually segmented color data
from two-dimensional images. These two-dimensional meth-
ods suffer from limitations of measurements done in a plane,
so rely on approximations.

[0003] To acquire volumetric flow information, data is
acquired over multiple heart cycles and stitched together to
form the desired field of view. Stitched acquisition may suffer
from inaccuracies caused by beat-to-beat changes in the flow,
especially in patients with cardiac arrhythmia. Even where
the inaccuracies due to spatial or cyclical variation are minor,
various sources of error may result in inaccurate quantifica-
tion.

BRIEF SUMMARY

[0004] By way of introduction, the preferred embodiments
described below include a method, system, computer read-
able medium, and instructions for volumetric quantification
in medical diagnostic ultrasound. By acquiring both B-mode
and volume color flow data (e.g., full volume) without stitch-
ing or in real-time typically at tens of volumes a second, more
reliable quantification may be provided. Using multiple
regions of interest in a volume may allow for more synchro-
nous, accurate and/or complete flow information, such as
averaging flow from different locations in the same structure
(e.g. use preservation of mass to acquire multiple measures of
the same flow) or using flow information from one or more
spatially different locations to correct flow at the location.

[0005] Inafirstaspect, a method is provided for volumetric
quantification in medical diagnostic ultrasound. B-mode and
flow ultrasound data representing a volume of a patient at a
substantially same time are acquired. At least two regions of
interest are identified in the volume. The regions of interest
are flow regions (e.g., jets, flow tracts, flow surfaces, or vessel
lumen) and the identifying is a function of the B-mode and/or
flow data. Multi-modality data can be used to complement
identification. A flow quantity is calculated as a function of
the flow ultrasound data for the at least two regions of interest.
[0006] In a second aspect, a computer readable storage
medium has stored therein data representing instructions
executable by a programmed processor for volumetric quan-
tification in medical diagnostic ultrasound. The storage
medium includes instructions for receiving B-mode data and
flow data representing a volume at a first time in a first cardiac
cycle, identifying a volume region of interest from the
B-mode and/or flow data, segmenting a flow structure from
the volume region of interest, computing a segment (e.g., a
proximal iso-velocity surface area) from the flow data of the
flow structure, refining the flow data for the segment (e.g.,
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proximal iso-velocity surface), and calculating a flow quan-
tity or one or more parameters from the refined flow data for
the flow segment, the calculating occurring during the first
cardiac cycle.

[0007] The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. Further aspects and advantages of the
invention are discussed below in conjunction with the pre-
ferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts throughout
the different views.

[0009] FIG. 1 is a flow chart of one embodiment of a
method for volumetric quantification;

[0010] FIG. 2 shows example medical diagnostic ultra-
sound images of the heart with multiple regions of interest;
[0011] FIG. 3 shows example medical diagnostic ultra-
sound images associated with extraction of a proximal iso-
velocity surface area associated with a region of interest;
[0012] FIG. 4 shows example medical diagnostic images
with segmented information based on both B-mode and color
Doppler information;

[0013] FIG. 5is a graph illustrating one example of a flow
quantity as a function of time; and

[0014] FIG. 6 is a block diagram of one embodiment of a
system for volumetric quantification.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0015] An automated tool accurately quantifies from volu-
metric color Doppler data. Real-time volumetric B-mode and
color Doppler data is acquired simultaneously over several
regions of interest may increase accuracy. Real-time volu-
metric B-mode and Color Doppler data provides temporally
accurate geometry and orientation identification. Anatomic
landmarks, such as valves and outflow tracts, are identified
with automated flow segmentation. The flow may be subse-
quently corrected, and volumetric flow quantified for several
regions of interest. Spectral Doppler data may be used for
de-aliasing color. Flow data may be corrected based on loca-
tion, geometry, and orientation of the flow data. Based on the
segmented anatomy, acquisition can be adapted to improve
imaging as well as quantification.

[0016] Volumetric flow quantification is obtained by acqui-
sition of real-time volumetric B-mode and flow data and
quantification using multiple flow regions of interest, which
may include correction or other accuracy improvement. The
multiple flow regions of interest may be spatially distinct
locations, orientations, planes, or surfaces. Quantification
may be performed substantially simultaneously for real-time
monitoring and display or on pre-acquired data which
accounts for processing delay to calculate from the data as the
data is acquired, such as during a same heart cycle or within
one or two seconds of completing acquisition.

[0017] Improved volume presentation for color flow may
reduce the scan-time and improve the work-flow for color
flow imaging. Automated identification of image surfaces
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using the Color flow information may help automated calcu-
lations, clinical marker identification, and accurate anatomic
representation.

[0018] FIG.1shows amethod for volumetric quantification
in medical diagnostic ultrasound. The method is performed
by the system 10 of FIG. 6 or a different system. The acts of
FIG. 1 are performed in the order shown or a different order.
Additional, different or fewer acts than shown in FIG. 1 may
be used. For example, acts 30, 32, and 38 are performed
without any other acts. As another example, act 40 is per-
formed without acts 42 and 44, or vice versa. The acts of FIG.
1, described below, may be implemented in different ways. At
least one example embodiment is provided below, but other
embodiments are possible.

[0019] In act 30, B-mode and flow ultrasound data are
acquired. B-mode data represents intensities. Flow data rep-
resents estimates of velocity, energy (e.g., power), and/or
variance. In one embodiment, at least velocity and energy are
estimated. The data is acquired by scanning or from memory.
The data is received by scanning or by transfer. In one
embodiment, the data is acquired during real-time scanning
or as the scanning occurs.

[0020] The ultrasound data represents a volume of a
patient. The volume is scanned along different planes or other
distribution of scan lines within the volume. The scanned
volume is an interior of an object, such as the patient. Scan-
ning the volume provides data representing the volume, such
as representing a plurality of different planes in the object
(e.g., patient or heart). The data representing the volume is
formed from spatial sampling of the object. The spatial
samples are for locations distributed in an acoustic sampling
gridinthe volume. Where the acoustic sampling grid includes
planar arrangements of samples, the spatial samples of the
object include samples of multiple planes or slices.

[0021] Spatial samples along one or more scan lines are
received. Where the transmit beam insonifies just one receive
scan line, then samples along that scan line are received.
Where the transmit beam insonifies multiples scan lines, then
samples along the multiple scan lines are received. For
example, receive beamforming is performed along at least
thirty distinct receive lines in response to one broad transmit
beam. To generate the samples for different receive beams,
parallel receive beamformation is performed so that the dif-
ferent receive beams are sampled at a same time. For
example, a system may be capable of forming tens or hun-
dreds of receive beams in parallel. Alternatively, signals
received from the elements are stored and sequentially pro-
cessed.

[0022] Spatial samples are acquired for a plurality of
receive lines in response to one and/or in response to sequen-
tial transmit beams. Using broad beam transmission, spatial
samples for multiple thin slices may be simultaneously
formed using dynamic receive focusing (e.g., delay and/or
phase adjust and sum). Alternatively, Fourier or other pro-
cessing may be used to form the spatial samples.

[0023] Thescanning may be performed a plurality of times.
The acts are repeated to scan sequentially different portions of
the field of view. Alternatively, performing once acquires the
data for the entire field of view.

[0024] The complete volume is scanned at different times.
Scanning at different times acquires spatial samples associ-
ated with flow. Any now known or later developed pulse
sequences may be used. A sequence of at least two (flow
sample count) transmissions is provided along each scan line.
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Any pulse repetition frequency, ensemble/flow sample count,
and pulse repetition interval may be used. The echo responses
to the transmissions of the sequence are used to estimate
velocity, energy (power), and/or variance at a given time. The
transmissions along one line(s) may be interleaved with trans-
missions along another line(s). With or without interleaving,
the spatial samples for a given time are acquired using trans-
missions from different times. The estimates from different
scan lines may be acquired sequentially, but rapidly enough to
represent a same time from a user perspective. Multiple scans
are performed to acquire estimates for different times.
[0025] The received spatial samples may be wall filtered/
clutter filtered. The clutter filtering is of signals in the pulse
sequence for estimating motion at a given time. A given signal
may be used for estimates representing different times, such
as associated with a moving window for clutter filtering and
estimation. Different filter outputs are used to estimate
motion for a location at different times.

[0026] Flow data is generated from the spatial samples.
Any flow data may be generated, such as velocity, energy
(power), and/or variance. Doppler processing, such as auto-
correlation, may be used. In other embodiments, temporal
correlation may be used. Another process may be used to
estimate the flow data. Color Doppler parameter values (e.g.,
velocity, energy, or variance values) are estimated from the
spatial samples acquired at different times. Color is used to
distinguish from spectral Doppler imaging, where the power
spectrum for a range gate is estimated. The change in fre-
quency between two samples for the same location at differ-
ent times indicates the velocity. A sequence of more than two
samples may beused to estimate the color Doppler parameter
values. Estimates are formed for different groupings of
received signals, such as completely separate or independent
groupings or overlapping groupings. The estimates for each
grouping represent the spatial location at a given time. Mul-
tiple frames of flow data may be acquired to represent the
volume at different times.

[0027] The estimation is performed for spatial locations in
the volume. For example, velocities for the different planes
are estimated from echoes responsive to the scanning.
[0028] The estimates may be thresholded. Thresholds are
applied to the velocities. For example, a low velocity thresh-
old is applied. Velocities below the threshold are removed or
set to another value, such as zero. As another example, where
the energy is below a threshold, the velocity value for the
same spatial location is removed or set to another value, such
as zero. Alternatively, the estimated velocities are used with-
out thresholding.

[0029] B-mode datais also acquired. One of the scans used
for flow data estimation or a different scan is performed. The
intensity of the echoes is detected for the different spatial
locations.

[0030] For the volume, some spatial locations are repre-
sented by B-mode data and other locations are represented by
flow data. Thresholding or another process is performed to
avoid a location being represented by both B-mode and flow
data. Alternatively, one or more locations may have values for
both B-mode and flow data. While both types of data together
represent the volume, the different types of data may be
separately stored and/or processed or may be merged into one
set representing the volume.

[0031] By using broad beam transmit and receiving along a
plurality of scan lines or otherwise acquiring the data for a
larger sub-volume or entire volume for each transmission,
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more rapid scanning is provided. The more rapid scanning
may allow for real-time acquisition of B-mode and color
Doppler estimates. For example, the volume is scanned at
least 10 times a second. In one embodiment, the volume rate
is 20, 25 or other numbers of volumes per second. Each
volume scan is associated with acquiring both B-mode and
Doppler data. The different types of data are acquired at a
substantially same time. Substantially allows for interleaving
of different transmissions and/or receive processing for the
different types of data. For example, ten or more volumes of
data are acquired each heart cycle where each volume
includes B-mode and velocity data representing a generally
same portion (e.g., within 0™ of the heart cycle of each
other) of the heart cycle. In alternative embodiments, the rate
of acquisition for B-mode data is greater than or less than for
color flow data.

[0032] In act 32, a volume region of interest is identified
from the data. The region of interest is a tissue or flow region
of interest. For example, the B-mode data is used to identify
a tissue structure, such as a valve or heart wall. The region of
interest is positioned over, adjacent to, or ata location relative
to the tissue structure. For example, a valve is located. A flow
region of interest spaced from the valve to cover a jet region
is identified based on the location of the valve. A flow region
may include a jet, flow tracts, flow surfaces, or vessel lumen.
Since the flow and B-mode data are acquired at substantially
the same time, the data is spatially registered and one type of
data may be used to determine a region associated with
another type of data. Alternatively, the volume region of
interest is identified from the flow data without B-mode infor-
mation, such as identifying a jet region, jet orientation or
turbulent flow.

[0033] The identification is manual, semi-automated, or
automated. The user may position, size and orient the region
ofinterest. A processor may apply any algorithm to determine
the region of interest, such as a knowledge-based, model,
template matching, gradient-based edge detection, gradient-
based flow detection, or other now known or later developed
tissue or flow detection. For semi-automated identification,
the user may indicate a tissue structure location, edge point, or
other information used by a processor to determine the loca-
tion, orientation, and size of the region of interest.

[0034] More than one volume region of interest may be
identified. The regions of interest are identified in the same
volume. For example, two flow regions of interest are identi-
fied. The flow region may be such that flow is accurate in one
region and it is used to de-alias flow in the other region. The
flow regions of interest are associated with conservation of
mass, such as being part of a same vessel, chamber, or other
flow structure. In one embodiment, a region of interest asso-
ciated with a jet for a valve is identified, and a region of
interest associated with an outflow tract is identified. The
instantaneous flow from one region may be used to correct
flow in the other region of interest based on but not limited to
computation of overall volume change of the heart cavity
from the previous instance. For example, FIG. 2 shows two
regions of interest positioned in a three-dimensional render-
ing of the volume. The center, upper image is a planar recon-
struction of an A4C view. The upper-left image is looking
downward from the apex of the A4C view. The upper right
image is an A2C view substantially orthogonal to the A4C
view. For the three-dimensional rendering, about %2 the vol-
ume is masked such that the rendering is of half the volume
with the A4C plane as a front face orthogonal to the viewing
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direction. The regions of interest identify the Left Ventricle
Outflow tract (LVOT) and Mitral valve annulus. Flow regions
associated with other structures may be identified.

[0035] The regions of interest are spatially distinct. For
overlapping or for entirely spatially distinct regions of inter-
est, some locations in one region of interest are not in another
region of interest and some locations of the other region of
interest are not in the one region of'interest. FIG. 1 shows the
regions of interest as entirely distinct or without any overlap.

[0036] Inother embodiments, the different regions of inter-
est are associated with a same tissue or flow structure. For
example, two different areas in a same jet are identified. As
another example, two different surfaces associated with dif-
ferent velocities but a same flow region are identified. In yet
another example, two flow regions on opposite sides of a
tissue structure, such as a valve, are identified. The regions of
interest may be in the same flow tract to provide multiple
measurements of the same flow at different locations. The
regions may serve as location for additional measurement,
such as PW measurement, and their known spatial location
and orientation with respect to the flow anatomy may be used
to correct flow estimation. The position may allow measure-
ment after turbulence inducing regions, such as along a
curved structure. The curvature may change with time, mak-
ing one measure more accurate than another and vice versa at
different times.

[0037] The region of interest has any desired shape. For
example, a sphere, cube, planar, three-dimensional surface, or
other shape is used. In one embodiment, a conical shape is
used. The narrow portion of the conical shape 1s at a narrower
flow region, such as adjacent a valve, orifice, or hole in the
heart wall. The wider portion of the conical shape is spaced
away to better cover the diverging flow caused by turbulence.
The shape may be directional. By orienting the region of
interest based on the flow, such as the direction of flow, axial
velocities may be angle corrected.

[0038] The region of interest is identified in one volume or
time instance. For other volumes in a sequence, the region
may be independently identified or identified based on a
previous location (e.g., tracking of the region).

[0039] In act 34, the flow and anatomical information in
one or more regions of interest are segmented. Where flow is
being quantified, the segmentation may remove information
from tissue. The flow structure is segmented from the volume
of interest. In each region of interest, anatomical and flow
structures, such as flow tract, B-mode walls, valves, jets, and
flow-contours are segmented.

[0040] The segmentation is manual, semi-manual, or auto-
mated. The user may manually indicate the locations of flow
and/or tissue. A processor may apply any algorithm to seg-
ment, such as a knowledge-based, model, template matching,
gradient-based edge detection, gradient-based flow detection,
or other now known or later developed tissue or flow detec-
tion. For example, the threshold process to determine whether
sufficient flow exists in combination B-mode and color Dop-
pler images is used. The B-mode, velocity, energy, and/or
other information are thresholded. Locations with large
B-mode or small velocity and/or energy are indicated as tis-
sue. Locations with small B-mode or sufficient velocity and/
or energy are indicated as flow. In one embodiment, the data
for the region of interest is low pass filtered. Gradients of the
filtered B-mode data are used to determine a tissue border.
The border separates tissue from flow structure. Other edge
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detection may be used, such as gradient of flow data to better
isolate the flow of interest. Combinations of both may be
used.

[0041] In one embodiment, the segmentation of act 34
determines a specific flow structure from a sub-set of the flow
portion of the region of interest. For example, the location of
aproximal iso-velocity surface area (PISA) is computed from
the flow data of the flow structure. FIG. 2 represents an
example segmentation of a PISA for one region of interest.
The PISA is a three-dimensional iso-velocity contour. The
contour is a surface with the same or similar velocity across
the flow region. The surface may be spatially filtered. The
PISA surface in FIG. 2 is for a patient with mitral regurgita-
tion. The PISA may be displayed or used without display.
[0042] Any velocity may be used and more than one surface
may be determined by using multiple velocities on the same
jet. In other embodiments, multiple such surfaces may be
used simultaneously on more than one valve and spatially
distinct locations. The segmentation may be performed for
multiple aliasing velocities. By using more than one segmen-
tation, multiple flow regions of interest are identified as PISA
in a same or different larger region of interest. The multiple
flow regions may be used to determine a more accurate
assessment of a quantity or parameter, such as an overall
EROA calculation made as an average of multiple automated
measurements.

[0043] The velocity data may be low pass filtered prior to
segmentation. Ranges of velocities may be used to determine
a surface with depth.

[0044] In act 36, the flow ultrasound data associated with
the segmented flow region and/or the volume of interest may
be corrected. Correction includes alteration of the data and/or
verification where lack of verification leads to correction by
reacquisition. The correction occurs prior to calculating
quantities. In the order shown, correction occurs after seg-
mentation. In other embodiments, correction occurs prior to
identification of act 32 or after identification but prior to
segmentation of act 34. In yet other embodiments, correction
is performed on the quantity determined in act 38 rather than
orinaddition to correction prior to calculation of the quantity.
[0045] Velocity data may be refined by anti-aliasing. Any
anti-aliasing approach may be used. For example, a CW or
PW measurement is performed to determine a maximum
velocity. The gate location is placed manually or automati-
cally. For automatic placement, the gate is located at the
location of maximum velocity in the segmented flow. Veloci-
ties associated with a large gradient near the maximum of the
velocity scale but less than the PW or CW maximum velocity
may be unaliased.

[0046] Velocity data may be refined by angle correction.
The position of the region of interest and/or the segmented
flow data may indicate a direction of flow. The axial velocity
may be increased to account for the difference in angle
between the scan line and the actual direction of flow.
[0047] The flow data may be compared to a template or
thresholds. Forexample, an average velocity is determined. If
sufficiently deviant, then the region of interest may be repo-
sitioned in an attempt to better isolate the flow of interest.
Alternatively, a region determined from a volume at a previ-
ous time (e.g., immediately prior volume or volume from the
same phase of the heart cycle) may be used as a replacement.
[0048] In one embodiment, multiple corrections are per-
formed. For example, the flow data for the proximal iso-
velocity surface is refined. The velocity estimates are

Aug. 25,2011

unaliased and angle corrected in the volume region of interest
if the velocity data indicates abrupt change in sign or absence
of flow on voxel by voxel or groups of voxel basis. A model
for iso-velocity surface or cross-sectional flow may be used to
assist in correction on voxel by voxel basis. The velocity
estimation is corrected based on a PW estimate of flow and
multiple estimations of flow for any cross section or PISA.
De-aliasing, angle correction, computation of Reynolds num-
ber, velocity interpolation and/or correction based on an
expected profile estimated for a Reynolds number may be
used. For example, the Reynolds number may indicate insuf-
ficient or too much turbulence. The Reynolds number is deter-
mined from a flow area (e.g., diameter), velocity of flow,
viscosity of blood, and blood density. The Reynolds number
may be used to select a model to be used for calculation.
[0049] In another embodiment, the proximal iso-velocity
surface is refined by determining such surfaces for a plurality
of settings. Where the velocity for defining the surface is
sufficiently low, flow regions may be missing and the surface
is discarded. For other surfaces, the average area may be used.
The area may be similar for the same flow structure but
different velocities. Using an average area, a more robust
estimate of effective regurgitant orifice area (EROA) may be
obtained.

[0050] Inanother embodiment, a volume integral of a flow
parameter (such as velocity) is computed within the anatomi-
cally-relevant period of interest (like a heart cycle). The ana-
tomically-relevant period of interest may be a heart cycle,
breathing cycle, flow-in, out-flow, or other period.

[0051] In another embodiment, flow statistics, such as
mean or max or variance or spatial and temporal gradient, are
computed from within a volume or an iso-surface area, such
as equal velocity or equal energy, within the anatomically-
relevant period of interest (like a heart cycle).

[0052] Inact 38, a quantity is calculated. The quantity is a
flow quantity, tissue quantity or other type of value, such as
the EROA. The quantity is calculated from the flow ultra-
sound data, the B-mode data, spectral Doppler data (CW or
PW), other types of data, or combinations thereof.

[0053] The quantity is determined for a given time, such as
associated with a volume. The time may be any point in the
heart cycle or a specific point in the heart cycle (e.g., volume
at diastole or systole). The same quantity may be calculated
multiple times, such as at different times in different heart
cycles ora same heart cycle. The results may be kept separate,
combined (e.g., averaged), filtered or otherwise processed. In
alternative embodiments, the quantity is calculated from data
at different times, such as determining a difference between
two volumes at two different times. The quantity may be
calculated over one or more heart cycles.

[0054] In a real-time implementation, at least one of the
quantities is calculated during a same heart cycle as the acqui-
sition of act 30. Before a complete heart cycle occurs after
acquisition of the volume, the quantity is calculated. The
calculation occurs during the cardiac cycle. Greater or lesser
delay may be provided. The calculation is performed during
acquisition, even if not within a heart cycle. The calculation is
part of the on-going diagnostic examination or scan session.
In alternative embodiments, the calculation is performed for
data acquired during a different hour, day or other time, such
as during a review session after an examination or scan ses-
sion.

[0055] The quantity is calculated from data of one or more
regions of interest. The same or different quantity may be
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calculated for each region of interest. The calculations may be
independent, such as the data and/or quantity for one region
of interest not being used or a factor in the calculation of the
quantity for another region of interest.

[0056] In one embodiment, the quantities from different
regions of interest are related. A quantity is determined from
information for two or more regions of interest. The quantity
is a function of or combination of data, quantities, or other
derived information from more than one region of interest.

[0057] For flow quantities, multiple regions of interest may
be used in combination based on maintaining preservation of
mass. The flow may be along a flow tract, such as a vessel or
heart chamber. By positioning the regions of interest at dif-
ferent locations, the relationship of flow between the loca-
tions may be determined. The same quantity may be calcu-
lated at different locations and averaged where the quantities
should be the same. This may provide a more robust or accu-
rate estimate than using one region. In one example, the
regions of interest are at multiple cross sectional planes or
surfaces in a jet (e.g., multiple regions corresponding to dif-
ferent PISA in a same jet or outflow). In another example, the
regions are at two locations spaced apart by a region of
change, such as one at a valve and another at an outflow tract,
on opposite sides of a bend in a vessel, at different locations
along a vessel, or at different valves or locations in a heart
chamber.

[0058] Using preservation of mass for flow occurring
simultaneously in two distinct locations (e.g. LVOT and
Mitral regurgitation (MR)), correction rather than just aver-
aging may be used. The change in net volume of the ventricle
during contraction divides flow between the LVOT and MR.
The flow is corrected simultaneously at two distinct locations.
The angle between the two regions changes with time, so
angle correction of the flow may be performed on the data of
one region of interest based on the changing orientation of the
relative regions of interest and the scan line direction.

[0059] Preservation of mass may be used for flow along any
arbitrary surface, such as an anatomical structure or just a
flow structure (PISA). A combination of estimation of flow
using an ROI (PISA, which is a flow structure) and LVOT
(which is an anatomical structure) may be used for instanta-
neous flow estimation and correction.

[0060] Instantaneous flow estimation could be performed
ona flow structure (PISA) and can be used to correct/estimate
flow in a separate downstream flow ROI, such as in the jet.

[0061] The quantity may be a PW estimate. By placing
regions of interest at a vessel bifurcation or other branching,
the orientation of flow may be tracked forangle correcting the
PW estimate. The flow in a main branch may be determined
from the sum of flows in the bifurcations.

[0062] Any quantity may be calculated, such as a maximum
velocity, minimum velocity, average velocity, area, volume,
or other value. In one embodiment, the proximal iso-velocity
surface area is calculated. The corrected flow data output
from act 36 is used to determine the PISA. The maximum,
minimum, average, area, perimeter, velocity area integral or
other value related to the PISA is determined. These quanti-
ties indicate flow in any cross section in the anatomy or flow
structure of interest. The velocity area over time may be
integrated. In one embodiment, flow in three-dimensions is
quantified as the effective regurgitant orifice area (EROA).
EROA is the surface area of the PISA multiplied by the
aliasing velocity and divided by the peak velocity. The peak
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velocity may be determined from Doppler estimates or from
a CW or PW (spectral Doppler) analysis.

[0063] The PISA related quantity may be calculated at dif-
ferent regions of interest, such as at different aliasing veloci-
ties for the same flow structure. The PISA surface is defined
by the velocity. By determining different PISA for different
velocities, different velocity cross-section regions of interest
are used. The results from the multiple regions may be aver-
aged.

[0064] The results may be displayed with images. For
example, FIG. 4 shows segmentation based on three-dimen-
sional B-mode and color Doppler data. The vena contract
location and orientation are shown below the valve coaptation
line. The area of vena contracta and perimeter is shown in the
volume rendered image. The flow related parameters are
computed and displayed with visualization of location and
orientation of the flow anatomy (e.g., vena contracta cross
section in this case).

[0065] In act 40, the acquisition of act 30 is repeated. A
sequence of volumes is acquired, such as volumes overone or
more heart cycles. The quantity calculation of act 38 may use
data from different times to determine the quantity. In one
embodiment, a temporal flow parameter representing flow
over a heartcycle or portion of a heart cycle is calculated. The
temporal flow parameter is calculated as a function of the flow
data for the region of interest throughout the sequence.
Example temporal flow parameters include stoke volume,
regurgitant volume, or flow rate from the time sequence.
[0066] Inact 42, the acquisition of act 30 and the calcula-
tion of act 38 are repeated. For example, the repetition occurs
multiple times in a same heart cycle. A sequence of volumes
is acquired. The same quantity is calculated for different
times, such as for each volume, throughout a portion of a
cycle or an entire cycle.

[0067] The regions of interest may be assumed to be in the
same locations. Alternatively, acts 32, 34, and 36 may be
repeated as well. In another alternative, tracking is performed
in act 44. One or more regions of interest are tracked through
the sequence. A similarity calculation may be used to deter-
mine a best fit location and orientation for a region of interest
in other volumes. The correlation, minimum sum of absolute
differences or other similarity calculation is performed. The
B-mode data is used to track. Alternatively, flow data is used.
Both B-mode and flow data may be used, such as tracking
with both and averaging the location. The quantity is calcu-
lated for each volume from the tracked region of interest.
[0068] Inact 46, the quantity is displayed with or without
images. The quantity is displayed as a value, number, graph,
color modulation, or text. As a sequence of images is viewed,
the quantities associated with the given volume or data is
displayed. As shown in FIG. 4. the quantity or quantities
associated with the volume and/or heart cycle are displayed as
well as an indication of the region of interest. As shown in
FIG. 3, the PISA associated with each volume may addition-
ally or alternatively be displayed.

[0069] In one embodiment, a graph of the flow quantity
may be output. The graph is of the quantity as a function of
time, such as throughout one or more cardiac cycles. The
graph is displayed during the acquiring, such as during a same
heart cycle or imaging session. FIG. 5 shows an example
graph. The results of flow computation from three-dimen-
sional color Doppler data based on a three-dimensional ROI
over a mitral regurgitant jet is shown in FIG. 5. Instantaneous
flow is computed for each frame or volume, and the summa-
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tion of instantaneous flow measurement provides the net flow
in the jet. No geometric assumption of the flow tract or
anatomy is necessary or used in this computation. Several
ROIs may be used to obtain a robust estimate of flow based on
the preservation of mass principle.

[0070] Other acts may be provided. For example, the scan-
ning conditions may adapt based on the quantity. The PW
scale, color scale, or color acquisition parameters may adapt
based on the quantity. For example, the PISA may be flat or
unusual due to aliasing. If the PISA is flat or associated with
a quantity or quantities in a particular pattern, the velocity
scale may be adjusted. The Doppler window, scale, param-
eters (e.g., wall filter type), thresholds (e.g., wall filter thresh-
olds), and pulse repetition frequency (PRF) interactively or
automatically adapt to optimize the acquisition for the
anatomy of interest (or flow structure). The adaptation may
result in a greater or maximum number of estimations or
improve accuracy.

[0071] FIG. 6 shows one embodiment of a system 10 for
volumetric quantification in medical diagnostic ultrasound.
The system 10 includes a transmit beamformer 12, a trans-
ducer 14, a receive beamformer 16, a memory 18, a filter 20,
a B-mode detector and flow estimator 22, a memory 28, a
processor 24, and a display 27. Additional, different or fewer
components may be provided. For example, the system
includes the B-mode detector and flow estimator 22 and pro-
cessor 24 without the front-end components, such as the
transmit and receive beamformers 12, 16. In one embodi-
ment, the system 10 is a medical diagnostic ultrasound sys-
tem. In an alternative embodiment, the system 10 is a com-
puter or workstation. In yet another embodiment, the B-mode
detector and flow estimator 22 are part of a medical diagnostic
ultrasound system or other medical imaging system, and the
processor 24 is part of a separate workstation or remote sys-
tem.

[0072] The transducer 14 is an array of a plurality of ele-
ments. The elements are piezoelectric or capacitive mem-
brane elements. The array is configured as a one-dimensional
array, a two-dimensional array, a 1.5D array, a 1.25D array, a
1.75D array, an annular array, a multidimensional array, a
wobbler array, combinations thereof, or any other now known
or later developed array. The transducer elements transduce
between acoustic and electric energies. The transducer 14
connects with the transmit beamformer 12 and the receive
beamformer 16 through a transmit/receive switch, but sepa-
rate connections may be used in other embodiments.

[0073] The transmit and receive beamformers 12, 16 are a
beamformer for scanning with the transducer 14. The trans-
mit beamformer 12, using the transducer 14, transmits one or
more beams to scan a region. Vector®, sector, linear or other
scan formats may be used. In one embodiment, the transmit
beamformer 12 transmits beams sufficiently large to cover at
least thirty distinct receive lines, and the receive beamformer
16 receives along these distinct receive lines in response to the
transmit beam. Use of the broad beam transmit and parallel
receive beamforming along tens or hundreds of receive lines
allows for real-time scanning of multiple slices or a volume.
The receive lines and/or transmit beams are distributed in the
volume, such as the receive lines for one transmit being in at
least two different planes. The receive beamformer 16
samples the receive beams at different depths. Sampling the
same location at different times obtains a sequence for flow
estimation.
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[0074] Inoneembodiment, the transmit beamformer 12is a
processor, delay, filter, waveform generator, memory, phase
rotator, digital-to-analog converter, amplifier, combinations
thereof or any other now known or later developed transmit
beamformer components. In one embodiment, the transmit
beamformer 12 digitally generates envelope samples. Using
filtering, delays, phase rotation, digital-to-analog conversion
and amplification, the desired transmit waveform is gener-
ated. Other waveform generators may be used, such as
switching pulsers or waveform memories.

[0075] The transmit beamformer 12 is configured as a plu-
rality of channels for generating electrical signals of a trans-
mit waveform for each element of a transmit aperture on the
transducer 14. The waveforms are unipolar, bipolar, stepped,
sinusoidal or other waveforms of a desired center frequency
or frequency band with one, multiple or fractional number of
cycles. The waveforms have relative delay and/or phasing and
amplitude for focusing the acoustic energy. The transmit
beamformer 12 includes a controller for altering an aperture
(e.g. the number of active elements), an apodization profile
(e.g., type or center of mass) across the plurality of channels,
adelay profile across the plurality of channels, a phase profile
across the plurality of channels, center frequency, frequency
band, waveform shape, number of cycles and combinations
thereof. A transmit beam focus is generated based on these
beamforming parameters.

[0076] The receive beamformer 16 is a preamplifier, filter,
phase rotator, delay, summer, base band filter, processor, buff-
ers, memory, combinations thereof or other now known or
later developed receive beamformer components. The receive
beamformer 16 is configured into a plurality of channels for
receiving electrical signals representing echoes or acoustic
energy impinging on the transducer 14. A channel from each
of the elements of the receive aperture within the transducer
14 connects to an amplifier and/or delay. An analog-to-digital
converter digitizes the amplified echo signal. The digital radio
frequency received data is demodulated to a base band fre-
quency. Any receive delays, such as dynamic receive delays,
and/or phase rotations are then applied by the amplifier and/or
delay. A digital or analog summer combines data from differ-
ent channels of the receive aperture to form one or a plurality
of receive beams. The summer is a single summer or cascaded
summer. In one embodiment, the beamform summer is oper-
able to sum in-phase and quadrature channel data in a com-
plex manner such that phase information is maintained for the
formed beam. Alternatively, the beamform summer sums data
amplitudes or intensities without maintaining the phase infor-
mation.

[0077] The receive beamformer 16 is operable to form
receive beams in response to the transmit beams. For
example, the receive beamformer 16 receives one, two, or
more (e.g., 30, 40, or 50) receive beams in response to each
transmit beam. The receive beams are collinear, parallel and
offset or nonparallel with the corresponding transmit beams.
The receive beamformer 16 outputs spatial samples repre-
senting different spatial locations of a scanned region. Once
the channel data is beamformed or otherwise combined to
represent spatial locations along the scan lines 11, the data is
converted from the channel domain to the image data domain.
The phase rotators, delays, and/or summers may be repeated
for parallel receive beamformation. One or more of the par-
allel receive beamformers may share parts of channels, such
as sharing initial amplification.
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[0078] For imaging motion, such as tissue motion or fluid
velocity, multiple transmissions and corresponding recep-
tions are performed for a substantially same spatial location.
Phase changes between the different receive events indicate
the velocity of the tissue or fluid. A velocity sample group
corresponds to multiple transmissions for each of a plurality
of scan lines 11. The number of times a substantially same
spatial location, such as a scan line 11, is scanned within a
velocity sample group is the velocity sample count. The trans-
missions for different scan lines 11, different velocity sample
groupings or different types of imaging may be interleaved.
The amount of time between transmissions to a substantially
same scan line 11 within the velocity sample count is the
pulse repetition interval or pulse repetition frequency. Pulse
repetition interval is used herein, but includes the pulse rep-
etition frequency.

[0079] The memory 18 is video random access memory,
random access memory, removable media (e.g. diskette or
compact disc), hard drive, database, corner turning memory
or other memory device for storing data or video information.
In one embodiment, the memory 18 is a corner turning
memory of amotion parameter estimation path. The memory
18 is operable to store signals responsive to multiple trans-
missions along a substantially same scan line. The memory
22 is operable to store ultrasound data formatted in an acous-
tic grid, a Cartesian grid, both a Cartesian coordinate grid and
an acoustic grid, or ultrasound data representing a volume in
a three-dimensional grid.

[0080] The filter 20 is a clutter (e.g., wall) filter, finite
impulse response filter, infinite impulse response filter, ana-
log filter, digital filter, combinations thereof or other now
known or later developed filter. In one embodiment, the filter
20 includes a mixer to shift signals to baseband and a pro-
grammable low pass filter response for removing or minimiz-
ing information at frequencies away from the baseband. In
other embodiments, the filter 20 is a low pass, high pass or
band pass filter. The filter 20 identifies velocity information
from slower moving tissue as opposed to fluids or alterna-
tively reduces the influence of data from tissue while main-
taining velocity information from fluids. The filter 20 has a set
response or may be programmed, such as altering operation
as a function of signal feedback or other adaptive process. In
yet another embodiment, the memory 18 and/or the filter 20
are part of the flow estimator 22.

[0081] The B-mode detector and flow estimator 22 is a
Doppler processor or cross-correlation processor for estimat-
ing the flow data and a B-mode detector for determining the
intensity. In alternative embodiments, another device now
known or later developed for estimating velocity, energy,
and/or variance from any or various input data may be pro-
vided. The flow estimator 22 receives a plurality of signals
associated with a substantially same location at different
times and estimates a Doppler shift frequency, based on a
change or an average change in phase between consecutive
signals from the same location. Velocity is calculated from the
Doppler shift frequency. Altematively, the Doppler shift fre-
quency is used as a velocity. The energy and variance may
also be calculated.

[0082] Flow data (e.g., velocity, energy, or variance) is
estimated for spatial locations in the scan volume from the
beamformed scan samples. For example, the flow data repre-
sents a plurality of different planes in the volume.

[0083] The flow estimator 22 may apply one or more
thresholds to identify sufficient motion information. For
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example, velocity and/or energy thresholding for identifying
velocities 1s used. In alternative embodiments, a separate
processor or filter applies thresholds. The B-mode detector
and flow estimator 22 outputs B-mode and flow data for the
volume.

[0084] The memory 28 is video random access memory,
random access memory, removable media (e.g. diskette or
compact disc), hard drive, database, or other memory device
for storing B-mode and flow data. The stored data is ina polar
or Cartesian coordinate format. The memory 28 is used by the
processor 24 for the various filtering, rendering passes, cal-
culations or other acts described for FIG. 1. The processor 24
may additionally reformat the data, such as interpolating the
data representing the volume to a regularly spaced Cartesian
coordinate three-dimensional grid.

[0085] The display 27 is a CRT, LCD, plasma, projector,
monitor, printer, touch screen, or other now known or later
developed display device. The display 27 receives RGB or
other color values and outputs an image. The image may be
gray scale or color image. The image represents the region of
the patient scanned by the beamformer and transducer 14.
[0086] The processor 24 is a digital signal processor, a
general processor, an application specific integrated circuit,
field programmable gate array, control processor, digital cir-
cuitry, analog circuitry, graphics processing unit, combina-
tions thereof or other now known or later developed device for
implementing calculations, algorithms, programming or
other functions. The processor 24 operates pursuant to
instruction provided in the memory 18, 28, or a different
memory for adaptive volume rendering in medical diagnostic
ultrasound.

[0087] The processor 24 receives B-mode and flow data
from the B-mode detector and flow estimator 22, the memory
28, and/or another source. In one embodiment, the processor
24 implements one or more of the algorithms, acts, steps,
functions, methods or processes discussed herein, by process-
ing the data and/or controlling operation of other components
of the system 10. Additional or multiple processors may be
used to implement various aspects of the algorithms.

[0088] The processor 24 calculates one or more quantities
and causes generation of an image as a two-dimensional
image representing a volume from a viewing direction. The
image is rendered from B-mode and flow data. The rendering
is performed using rendering parameters. One or more of the
rendering parameters may have adaptive values. For example,
the values are different for different locations. Along a ray
line for rendering, the opacity and/or fade may have different
values depending on the B-mode and flow data along the ray
line.

[0089] The instructions for implementing the processes,
methods and/or techniques discussed above are provided on
computer-readable storage media or memories, such as a
cache, buffer, RAM, removable media, hard drive or other
computer readable storage media. In one embodiment, the
instructions are for volumetric quantification. Computer
readable storage media include various types of volatile and
nonvolatile storage media. The functions, acts or tasks illus-
trated in the figures or described herein are executed in
response to one or more sets of instructions stored in or on
computer readable storage media. The functions, acts ortasks
are independent of the particular type of instructions set,
storage media, processor or processing strategy and may be
performed by software, hardware, integrated circuits, firm-
ware, micro code and the like, operating alone or in combi-
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nation. Likewise, processing strategies may include multi-
processing, multitasking, parallel processing and the like. In
one embodiment, the instructions are stored on a removable
media device for reading by local or remote systems. In other
embodiments, the instructions are stored in a remote location
for transfer through a computer network or over telephone
lines. In yet other embodiments, the instructions are stored
within a given computer, CPU, GPU or system.

[0090] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

1. A method for volumetric quantification in medical diag-
nostic ultrasound, the method comprising:

acquiring B-mode and flow ultrasound data representing a
volume of a patient at a substantially same time;

identifying at least two regions of interest in the volume,
the at least two regions of interest being flow regions, the
identifying being a function of the B-mode, flow or both
B-mode and flow data, the at least two regions of interest
being associated with different spaced apart structures,
associated with different velocities, or associated with
the different velocities and the different spaced apart
structures; and

calculating a flow quantity as a function of the flow ultra-
sound data for the at least two regions of interest.

2. The method of claim 1 wherein one of the at least two

regions of interest is a conical region adjacent a heart valve.

3. The method of claim 1 wherein acquiring comprises
acquiring with a volume frame rate of at least 10 per second
including scans for both the B-mode and flow ultrasound
data.

4. The method of claim 1 wherein calculating comprises
calculating during a same heart cycle as the acquiring.

5. The method of claim 1 further comprising repeating the
acquiring and calculating and displaying a graph of the flow
quantity as a function of time during the acquiring.

6. The method of claim 1 wherein calculating the flow
quantity comprises calculating a proximal iso-velocity sur-
face area within a same physiologically-relevant period of
interest as the acquiring.

7. The method of claim 1 wherein identifying comprises
identifying the at least two regions of interest as spatially
distinct such that first locations in the volume in a first of the
atleast two regions of interest are not in a second of the atleast
wo regions of interest and such that second locations in the
volume in the second region of interest are not in the first
region of interest.

8. The method of claim 7 wherein the first and second
regions of interest are free of overlap.

9. The method of claim 7 wherein the first and second
regions of interest comprise different areas associated with
the different velocities, and the calculating comprises calcu-
lating the flow quantity as for iso-velocity surfaces fora same
flow structure at the different velocities and averaging values
calculated from the iso-velocity surfaces.
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10. The method of claim 1 further comprising:

segmenting flow and anatomical information for the at

least two regions of interest.

11. The method of claim 1 further comprising:

correcting the flow ultrasound data prior to calculating.

12. The method of claim 11 where correcting coniprises
velocity angle correction, velocity aliasing correction, wall-
filter cut-off compensation, or combinations thereof.

13. The method of claim 1 wherein calculating conprises
calculating an effective regurgitant orifice area.

14. The method of claim 1 further comprising repeating the
acquiring, and tracking the at least two regions of interest
through a sequence of the B-mode, flow ultrasound or both
B-mode and flow ultrasound data;

wherein calculating comprises calculating the flow quan-

tity as a temporal flow parameter representing flow over
a heart cycle.

15. The method of claim 1 wherein calculating the flow
quantity comprises calculating a surface or volume integral
within a same physiological period of interest as the acquir-
ing.

16. The method of claim 1 wherein calculating the flow
quantity comprises calculating flow statistics from an iso-
surface area or a sub-volume within a same physiologically-
relevant period of interest as the acquiring.

17. In a non-transitory computer readable storage medium
having stored therein data representing instructions execut-
able by a programmed processor for volumetric quantifica-
tion in medical diagnostic ultrasound, the storage medium
comprising instructions for:

receiving B-mode data and flow data representing a vol-

ume at a first time in a first cardiac cycle;

identifying a volume region of interest from the B-mode

data;

segmenting a flow structure from the volume region of

interest;

computing a first region of interest from the flow data of the

flow structure;

refining the flow data for the first region of interest; and

calculating a flow quantity from the refined flow data for

the first region of interest, the calculating occurring dur-
ing the first cardiac cycle.

18. The non-transitory computer readable storage medium
of claim 17 wherein calculating the flow quantity comprises
calculating a perimeter, area, or velocity area integral of a
proximal iso-velocity surface area.

19. The non-transitory computer readable storage medium
of claim 17 wherein the flow data comprises velocity esti-
mates and wherein refining comprises unaliasing the velocity
estimates, angle correcting the velocity estimates, or moving
the volume region of interest.

20. The non-transitory computer readable storage medium
of claim 17 wherein identifying comprises identifying a coni-
cal region of interest adjacent to a heart valve or heat wall
orifice.

21. The non-transitory computer readable storage medium
of claim 17 further comprising repeating the receiving and
calculating a plurality of times during the first cardiac cycle
and outputting a graph of the flow quantity as a function of
time throughout the first cardiac cycle.

22. The non-transitory computer readable storage medium
of claim 17 further comprising repeating the receiving a plu-
rality of times during the first cardiac cycle as a sequence and
wherein calculating comprises calculating a temporal flow
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parameter as a function of the flow data for the region of
interest throughout the sequence.

23. The non-transitory computer readable storage medium
of claim 17 further comprising identifying another volume
region of interest spatially distinct from the volume region of
interest, and wherein calculating comprises calculating as a
function of flow data for the volume region of interest and the
other volume region of interest.

24. The method of claim 1 wherein identifying comprises
identifying the at least two regions of interest as associated
with different spaced apart structures comprising different
tissue structures.

Aug. 25,2011

25. The method of claim 24 wherein identifying comprises
identifying the at least two regions of interest as associated
with different flow regions in a same flow tract.

26. The method of claim 1 wherein identifving comprises
identifying areas of different velocities in a same flow region.

27. The method of claim 1 wherein calculating the flow
quantity comprises calculating a proximal iso-velocity sur-
face area for a first of the at least two regions and calculating
a flow quantity from flow ultrasound data in a second of the at
least two regions.
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