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Description

[0001] This application claims the benefit of U.S. pro-
visional patent application serial number 61/426,669,
filed December 23, 2010.

[0002] This invention relates to medical diagnostic ul-
trasound systems and, in particular, to wall filters used
by diagnostic ultrasonic imaging systems for the analysis
ofregurgitant flow from a mitral valve. General ultrasound
flow measurement systems such as disclosed in
US5846202 with an improved capability for detecting my-
ocardial perfusion, for mapping of the ventricles and for
preservation of intra-cardiac blood pool images are well
known. Prior art such as US2002151794 disclose ultra-
sonic diagnostic imaging systems which are capable of
detecting and quantifying valvular regurgitant blood flow
in the heart.

[0003] Regurgitant flow is a serious medical condition
which required analysis and appropriate treatment. Just
prior to the contraction of the left ventricle to pump blood
into the body, the mitral valve must close completely so
that the contraction will eject all of the blood flow into the
aorta. If the valve does not close completely, some of the
blood in the left ventricle will be ejected back into the left
atria through the opening in the incompletely sealed
valve. This backflow of blood, typically a small, momen-
tary jet of blood flow squirting back through the incom-
pletely closed valve leaflets, reduces the outflow of blood
from the heart and hence the efficiency of each heart
contraction. The heart must then pump more rapidly in
orderto supply the body with its necessary supply of nour-
ishing blood flow. The heart is overworked due to its in-
efficiency, leading to heart failure.

[0004] Clinicians have used ultrasonic imaging for
many years to try to detect regurgitant blood flow. Ultra-
sonic detection of valvular regurgitation was initially done
by looking for the above-mentioned jet of blood in an
ultrasound image of the left side of the heart. During the
past twenty years observation of the jet has been facili-
tated by two dimensional (2D) colorflow Dopplerimaging,
in which the high speed and turbulence of the small jet
of blood is detected by careful search for these abnormal
local flow velocities near the leaking heart valve. But ac-
quisition of the image plane in which the jetis most prev-
alent, coupled with heartand valve motion and blood flow
turbulence in the vicinity of the mitral valve, as well as
the momentary occurrence of the jet, pose challenges to
this subjective approach. In recent years, in cases where
the location of the jet can be observed ultrasonically, cli-
nicians have used a technique called PISA, an acronym
for Proximal Iso-velocity Surface Area, to try to quantify
the regurgitant blood flow. In this method the suspect
valve and the region inside the LV heart chamber and
proximal to the valve are imaged by colorflow Doppler
imaging. At the time of occurrence of the jet a flow con-
vergence region (FCR) is formed in the proximal region
as blood flow velocities in the region instantaneously ac-
celerate toward the regurgitant orifice. This flow pattern
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results in aliasing in the colorflow image as the flow ve-
locities momentarily exceed the velocity range used for
the colorflow image. A colorflow image at this moment is
captured and frozen on the display screen. A measure-
ment is then made of the velocity v at the first aliasing
line of the FCR, and a measurement is made of the dis-
tance r from the aliasing line to the presumed center of
the valve orifice. These two measurements are then used
to compute the flow rate through the orifice using the
expression Q;z2nrv.

[0005] Several difficulties arise when conducting this
procedure. One is that the greatest accuracy is obtained
when the jet is captured in the colorflow image at its very
peak. The duration of the jet during a heart cycle can be
only 300-450 milliseconds, however, while a typical color-
flow frame rate may be in the range of 10-20 frames per
second. Thus it is probable that the time of acquisition of
one of the colorflow image frames will not be the same
as the exact moment when the jet is at its peak. The
clinician can repeat the colorflow acquisition sequence
for additional cardiac cycles, or can settle for the inaccu-
racy causes by making the measurements at other than
the exact peak of the jet.

[0006] Another problem is that the center of the valve
orifice is not easy to define in the colorflow image. The
valve tissue produces large reflections of ultrasound and
is moving rapidly as scanning takes place, and can ap-
pear as a bulky, blurred or indistinct mass in the image.
Thus it is possible that the accuracy of the measurement
rwillbe compromised by the inability to estimate the exact
location of the orifice.

[0007] Yet a third problem is that the basic PISA tech-
nique is only a single, one-dimensional measurement.
Only one velocity measurementis made and only asingle
radius r to the orifice is used in the computation. The
method assumes that the rest of the blood flow in the
FCR is behaving the same as that of the single meas-
urement. Obviously, any inaccuracy in making the single
measurement will yield an inaccurate result.

[0008] An extension of the basic PISA technique which
attempts to cure these inaccuracies is to make multiple
velocity measurements around the arc delineating the
outer boundary of the FCR in the two dimensional image.
The distance r from each velocity measurement point to
the orifice is measured, and the multiple measurements
are used to calculate the flow rate Q;. While the multiple
measurements may prevent reliance on a single inaccu-
rate measurement, another problem arises. The single
measurement (1D) technique generally is done by aiming
a center beam of the ultrasound probe through the apex
of the heart and directly through the presumed regur-
gitant orifice, and making the velocity v and distance r
measurements along this beam line. With the beam line
thus aligned with this vector of the regurgitant flow, the
velocity measured will be accurate and not affected by a
non-zero Doppler angle. As is well known, ultrasound
Doppler velocity measurements are affected by the angle
between the flow direction and the ultrasound beam di-
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rection. Flow which is directly in line with the beam direc-
tion will be accurately measured, whereas flow which is
at a non-zero angle to the beam direction will be reduced
by the cosine of the angle. Flow which is orthogonal (90°)
to the beam direction will produce no Doppler response.
Hence, a Doppler velocity measured by ultrasound must
be corrected as a function of the angle between the flow
vector and the beam direction in order to produce a more
accurate velocity measurement. In the case of the 2D
PISA technique, the additional velocity measurements
along the FCR arc will be inaccurate due to variation of
the angles between their flow vectors and the beam di-
rection at each point where a velocity measurement is
made. Thus, whereas multiple measurements can com-
pensate for an error made in a single velocity measure-
ment, the aggregate measurements will understate the
flow rate due to the variation in the Doppler angles at
each measurement point.

[0009] Yeta further probleminherentin the PISA tech-
nique is inaccuracy in knowing the precise location of the
regurgitant orifice of the valve. As mentioned above,
aliasing in the colorflow image is prevalent in the vicinity
of the valve leak due to the sudden acceleration of the
blood flow toward and through the orifice. The colorflow
image is thus cluttered with the flash of aliasing colors in
the Doppler image in the vicinity of the orifice. Addition-
ally, the mitral valve plane is in motion during the heart
contraction. As the accuracy of the PISA technique is
reliant upon knowing the orifice location in order to meas-
ure the distance r, these impediments to precisely know-
ing the orifice location can resultin an inaccurate r meas-
urement and hence an inaccurate calculation of flow rate.
Experiments have demonstrated that an error of as little
as one millimeter in the orifice location can lead to a sig-
nificant error in calculating the flow rate through the leak.
Furthermore, it is known that many regurgitant valves do
not have a single pinhole leak, but leak along a slit of
imprecise valve closure. The assumption of a leak as
being caused by a single pinhole through the valve may
thus not be valid.

[0010] Accordingly it is desirable to provide a method
and apparatus for quantifying the flow rate and volume
flow of mitral valve regurgitation which overcomes the
above limitations of the PISA technique. It is an object of
the present invention to accurately identify the precise
location of the orifice of the valve regurgitation. It is a
further object of the present invention to make a range
of measurements which are unaffected by the Doppler
angle at each measurement location. Itis a further object
of the presentinvention to be able to identify and quantify
mitral valve regurgitation due not only to a single pinhole
leak, but also due to a slit along the closure of the valve.
[0011] In accordance with the principles of the present
invention, an ultrasonic diagnostic imaging system and
method are described for quantifying regurgitant blood
flow. An arcuate (two dimensional) or hemispherical
(three dimensional) region of blood flow is delineated
proximal to a presumed location of a mitral valve leak in
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an ultrasound image of the regurgitant valve. The inner
boundary of the region is at or just beyond the aliasing
region adjacent to the orifice of the leak, and the outer
boundary of the region is outward from and concentric
with the inner boundary. Initial assumptions are made as
to the regurgitant flow, including the location of the re-
gurgitant orifice. These assumptions are used to com-
pute a model of the velocity field of the regurgitant flow.
The parameters of the model are adjusted in accordance
with the physics of ultrasound and/or settings of the ul-
trasound system to determine expected velocity vectors
to be observed by the ultrasound system, Vgg, in the
delineated region. Velocity measurements are made by
the ultrasound system within the delineated region, and
the measured velocities are compared with the expected
velocities. Differences between the measured and ex-
pected values are computed and, through non-linear
curve-fitting, adjustments are made to one or more of the
model values. The processed is iteratively repeated until
the expected and measured values acceptably con-
verge. The iteratively adjusted model parameters can be
used to produce a quantified measurement of the flow
rate or the location of the leaking orifice in the valve.
[0012] In accordance with a further aspect of the
present invention, an initially assumed location of the re-
gurgitant orifice in the ultrasound image is automatically
updated by the foregoing process to indicate the actual
location of the orifice in the image. The clinician is thus
shown a precise location of the regurgitant orifice despite
the presence of image clutter in the vicinity of the mitral
valve.

[0013] In accordance with yet another aspect of the
present invention, the foregoing technique is repeated at
multiple spatial locations along a mitral valve. The ag-
gregate regurgitant flow measured atthe spatial locations
provides a measure of regurgitant flow due to a regur-
gitant leak which is a slit in the mitral valve closure rather
than a single leaking pinhole orifice.

[0014] In accordance with a further aspect of the
present invention, several wall filter characteristics are
described which are preferred for an implementation of
regurgitant flow measurement in accordance with the
present invention, including a wall filter with a character-
istic that peaks at intermediate flow velocities which are
often found in a flow region proximal a regurgitant orifice.

[0015] In the drawings:

FIG.1 illustrates in block diagram form an ultrasonic
diagnostic imaging system constructed in ac-
cordance with the principles of the present in-
vention.

FIG.2 is a block diagram illustrating the functioning
of the flow quantification processor of FIGURE
1.

FIG.3 illustrates an ultrasound Doppler image of a
regurgitant jet.

FIG. 4 illustrates an ultrasound image with an initially

assumed orifice location and an automatically
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indicated orifice location in accordance with the
present invention.

illustrates a technique for quantifying the re-
gurgitant flow of a slit along a valve in accord-
ance with the present invention.

illustrates the response characteristic of a wall
filter suitable for use in an ultrasound system
of the present invention.

FIG. 5

FIG. 6

[0016] Referring firstto FIGURE 1, an ultrasonic diag-
nostic imaging system constructed in accordance with
the principles of the present invention is shown in block
diagram form. In FIGURE 1 a transducer array 10’ is pro-
vided in an ultrasound probe 10 for transmitting ultrasonic
waves and receiving echo information. The transducer
array 10’ is preferably a two dimensional array of trans-
ducer elements capable of scanning in three dimensions,
for instance, in both elevation and azimuth about the lo-
cation of the mitral valve, for 3D imaging. The transducer
array is coupled to a microbeamformer 12 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 (Sa-
vord), and 6,623,432 (Powers et al.) The microbeam-
formeris coupled by the probe cable to a transmit/receive
(T/R) switch 16 which switches between transmission
and reception and protects the main beamformer 20 from
high energy transmit signals. The transmission of ultra-
sonic beams from the transducer array 10 under control
of the microbeamformer 12 is directed by the transmit
controller 18 coupled to the T/R switch and the beam-
former 20, which receives input from the user’s operation
of the user interface or control panel 38. One of the func-
tions controlled by the transmit controller is the direction
in which beams are steered. Beams may be steered
straight ahead from (orthogonal to) the transducer array,
or at different angles for a wider field of view.

[0017] The partially beamformed signals produced by
the microbeamformer 12 are coupled to a main beam-
former 20 where partially beamformed signals from the
individual patches of elements are combined into a fully
beamformed signal. For example, the main beamformer
20 may have 128 channels, each of which receives a
partially beamformed signal from a patch of 12 transduc-
erelements. Inthis way the signals received by over 1500
transducer elements of a two dimensional array can con-
tribute efficiently to a single beamformed signal.

[0018] Thebeamformed signalsare coupledtoa signal
processor 22. The signal processor 22 can process the
received echo signals in various ways, such as bandpass
filtering, decimation, | and Q component separation, and
harmonic signal separation which acts to separate linear
and nonlinear signals so as to enable the identification
of nonlinear echo signals returned from tissue and mi-
crobubbles. The signal processor may also perform ad-
ditional signal enhancement such as speckle reduction,
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signal compounding, and noise elimination.

[0019] The processed signals are coupled to a B mode
processor 26 and a Doppler processor 28. The B mode
processor 26 employs amplitude detection for the imag-
ing of structures in the body such as the tissue of the
heart wall, the mitral valve, and blood cells. B mode im-
ages of structure of the body may be formed in either the
harmonic mode or the fundamental mode or a combina-
tion of both as described in US Pat. 6,283,919 (Roundhill
et al.) and US Pat. 6,458,083 (Jago et al.) The Doppler
processor 28 processes temporally distinct signals from
tissue and blood flow for the detection of the motion of
substances such as the flow of blood cells in the image
field. The Doppler processor typically includes a wall filter
with parameters which may be set to pass and/or reject
echoes returned from selected types of materials in the
body. For instance, the wall filter can be set to have a
passband characteristic which passes signal of relatively
low amplitude from higher velocity materials while reject-
ing relatively strong signals from lower or zero velocity
material. This passband characteristic will pass signals
from flowing blood while rejecting signals from nearby
stationary or slowing moving objects such as the wall of
the heart. An inverse characteristic would pass signals
from moving tissue of the heart while rejecting blood flow
signals for what is referred to as tissue Doppler imaging,
detecting and depicting the motion of tissue. The Doppler
processor receives and processes a sequence of tem-
porally discrete echo signals from different points in an
image field, the sequence of echoes from a particular
pointreferred to as an ensemble. An ensemble of echoes
received in rapid succession over a relatively short inter-
val can be used to estimate the Doppler shift frequency
of flowing blood, with the correspondence of the Doppler
frequency to velocity indicating the blood flow velocity.
An ensemble of echoes received over a longer period of
time is used to estimate the velocity of slower flowing
blood or slowly moving tissue. For mitral regurgitation
assessment of a rapidly occurring jet, short ensemble
lengths (fewer samples) are generally employed so that
ahigh acquisition frame rate can be realized. The Doppler
shift Af may be estimated by an equation of the form

2
Af - vf, cosf

Cc where f, is the transmit frequency, ¢

is the ultrasound propagation speed, v is velocity, and 6
is the angle between the beam direction and the direction
of the blood flow.

[0020] The structural and motion signals produced by
the B mode and Doppler processors are coupled to a
scan converter 32 and a multiplanar reformatter 44. The
scan converter arranges the echo signals in the spatial
relationship from which they were received in a desired
image format. For instance, the scan converter may ar-
range the echo signal into a two dimensional (2D) sector-
shaped format, or a pyramidal three dimensional (3D)
image. The scan converter can overlay a B mode struc-
tural image with colors corresponding to motion at points
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in the image field corresponding with their Doppler-esti-
mated velocities to produce a color Doppler image which
depicts the motion of tissue and blood flow in the image
field. The multiplanar reformatter will convert echoes
which are received from points in a common plane in a
volumetric region of the body into an ultrasonic image of
that plane, as described in US Pat. 6,443,896 (Detmer).
A volume renderer 42 converts the echo signals of a 3D
data setinto a projected 3D image as viewed from a given
reference point as described in US Pat. 6,530,885 (En-
trekin et al.) The 2D or 3D images are coupled from the
scan converter 32, multiplanar reformatter 44, and vol-
ume renderer 42 to an image processor 30 for further
enhancement, buffering and temporary storage for dis-
play on an image display 40.

[0021] In accordance with the principles of the present
invention, blood flow velocity values produced by the
Doppler processor 28 are coupled to a flow quantification
processor 34. The flow quantification processor operates
as described below to produce a measure of the flow rate
through a regurgitant orifice, the volume flow through the
orifice, and the spatial location of the orifice. The flow
quantification processor may receive input from the user
control panel 38, such as aninitial estimate of the location
of the orifice as described below. Output data from the
flow quantification processor is coupled to a graphics
processor 36 for the reproduction of output data from the
processor with the image on the display 40. The graphics
processor 36 can also generate graphic overlays for dis-
play with the ultrasound images. These graphic overlays
can contain standard identifying information such as pa-
tient name, date and time of the image, imaging param-
eters, and the like. For these purposes the graphics proc-
essor receives input from the user interface 38, such as
a typed patient name. The user interface is also coupled
to the transmit controller 18 to control the generation of
ultrasound signals from the transducer array 10’ and
hence the images produced by the transducer array and
the ultrasound system. The user interface is also coupled
to the multiplanar reformatter 44 for selection and control
of a display of multiple multiplanar reformatted (MPR)
images which may be used to quantify regurgitant flow
in the MPR images in accordance with the present in-
vention as described below.

[0022] FIGURE 2 describes the operation of the flow
quantification processor of FIGURE 1. The processor is
based upon a mathematical model of the flow velocity
field at sample points within an inclusion zone as de-
scribed below. In a 2D image embodiment the inclusion
zone is preferably a curved strip delineated by two arcs
centered on the regurgitant orifice location, {X,, Yo, Z,}.
In a 3D image embodiment the curved strip is of the form
of a hemispherical shell, as discussed in conjunction with
FIGURE 3 below. In a preferred embodiment the model
is a vector velocity model of the flow velocity field of the
form
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V)Model(r) = 7_irel |V(7")|

or
— _7_2
Viodel (1) = I 14W]
vl = F/ .
where ( ) 2mr? for the flow vector F, and r

is the distance from a pointat (x, y, z) in three dimensional
coordinates in the inclusion zone to the regurgitant ori-
fice, and the orifice is located at coordinates {x,, y,, Z.}

in three dimensional space. This means that the distance
r, when expressed vectorially to indicate the direction to
the orifice, is of the form

= {x—xo,y—yo,z—zo}

In box 50 of FIGURE 2, the flow velocity of every point
in the inclusion zone is modeled in this way. Initially the
model can start with assumed or estimated values for
the unknown parameters, including the flow F and the
{Xo» Yo, Zo} location of the regurgitant orifice. For instance,

the model can start with parameters which are nominally
characteristic of regurgitant flow. The user can enter pa-
rameters such as by indicating the presumed location of
the regurgitant orifice in the ultrasound image. Or a
known technique such as PISA can be used to calculate
values used as the starting parameters for the flow ve-
locity field.

[0023] The flow velocity field model approximates ve-
locity vectors which would be accurate if the true physi-
ologic velocity vectors were known. The velocity vectors
approximated by the model are indicated at the output
of box 50 as ~Viryg Box 52 then imposes some limits
and adjustments to ~Vgg due to practical factors such
as the physics of ultrasound and operating parameters
of the ultrasound system being used. The flow velocity
field model is then adjusted or scaled to take these prac-
tical factors into account in consideration of the actual
velocity values which would be observed by an ultra-
sound system. One of the practical factors for which ad-
justmentcan be made is the Doppler angle. As mentioned
above, Doppler measurements as performed by an ul-
trasound system are precisely accurate only when the
direction of flow is in line with the direction of the ultra-
sound beam, a Doppler angle of zero. For all other angles
between the beam direction and the flow direction the
velocity is understated. In the Doppler shift equation pre-
sented above, the Doppler angle is weighed in the result
by the cosb term, where 6 is the Doppler angle. Another
practical factor of an ultrasound system is wall filter bias.
A Doppler wall filter will typically exhibit a nonlinear char-
acteristic which, for blood flow detection, will have a zero
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response at DC (no motion) and rise to a maximum re-
sponse at a selected high frequency of =f. Alternatively,
the wall filter can exhibit a maximum response at a fre-
quency less than that dictated by the Nyquist limit of the
ensemble sampling rate, as discussed below. A sample
volume in the body at which the Doppler shiftis measured
will not be a single point in the body but will have a finite
size, resulting in the return of Doppler signals indicative
of a range of velocities. The non-uniform response of the
wall filter can cause a wide spread of velocities to expe-
rience greater gain at different locations of the response
characteristic, e.g., higher velocities are more greatly em-
phasized than lower velocities. This non-uniform re-
sponse can produce a shiftin the perceived center of the
spread of velocities referred to as wall filter bias. The wall
filter bias effect can also be taken into account by an
adjustment to the model. Another related factor which
can be taken into account is spectral spread, the Doppler
spectral broadening effect resulting from the different
paths and angles from the sample volume to each re-
ceiving element of the active aperture of an array trans-
ducer. See US Pat. 5,606,972 (Routh). Yetanother factor
which can be taken into account is aliasing effects, the
mis-reporting of Doppler frequencies and velocities when
the motion of blood flow is at a velocity in excess of that
which can be detected unambiguously by the Nyquist
limit of the sampling rate of the echo ensemble. In box
52, factors such as these are taken into account by a dot
product adjustment to the flow velocity field model which,
for the models previous described, can be of the form

-

Toss(r) = V(P [ﬁ

where ng.,, is a vectorial representation of the physical

and ultrasound system factors for which adjustment is
being made. The result as shown in FIGURE 2 is Vg,

the model as adjusted by expected effects and what is
to be expected in the signals measured by the ultrasound
system.

[0024] A comparator 54 compares the expected veloc-
ity values from the flow velocity field model, Vg, with

actual velocity measurements from points (sample vol-
umes) in the field, Vg as, Produced by the Doppler proc-

essor 28. In box 56 the differences between the expected
andreceived values are squared to produce an error term
for each point. The error terms are integrated over the
fullinclusion zone which may be a one dimensional (e.g.,
1D line), two dimensional (e.g., 2D line arcuate area), or
three dimensional (e.g., 3D hemispherical shell) inclu-
sion zone to produce a mean squared error term form
the full zone. The error term is then used to adjust the
parameters of the field model such as r and the flow rate
to cause a reduction in a subsequently measured error
term. The preferred adjustment technique is touse anon-
linear curve fit to adapt the model toward error reduction.

o
nscan]
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One such non-linear curve fitting technique which may
be used is the Levengerg-Marquardt algorithm, which
refines the coordinates of the regurgitant orifice location

—

and the flow (F) or flow rate (Q;) of the field toward or

through the orifice.

[0025] The loop of FIGURE 2 is iteratively repeated to
reduce the error term. With each pass through the loop
a more precisely adapted field model is adjusted and
compared with ultrasound velocity measurements from
the acceptance zone and the error term is iteratively re-
duced. When the error term has been reduced to an ac-
ceptable low value, the model exhibits the desired actual
measurements of the orifice location and the blood flow
through the orifice. These terms, and others as desired,
are produced as outputs by the flow quantification proc-
essor 34 and are presented on the display to the user.
[0026] FIGURE 3is a diagrammatic 2D ultrasound im-
age illustrating practice of the present invention to meas-
ure mitral valve requrgitation. The line 100 represents
the plane of the mitral valve on which a regurgitant leak
exists through an orifice O. When the left ventricle con-
tracts, a jet of blood 102 escapes back into the right atria.
In the PISA method this jet would be interrogated by a
Doppler beam 110 extending through the orifice O. US
Pat. 6,719,697 (Li) presents an improvement to the PISA
technique in which a color M mode display is produced
over the the heart cycle from the location of Doppler beam
110. The color Doppler display processor is set for the
display limits indicated by the color bar 120 on the right
side of the image, extending from a zero velocity center
reference (BK=black) to +V and -V maximum velocities
in opposite directions. A range of colors (Y=yellow; DR-
dark red; efc.) is displayed in accordance with this range
of velocities. Aliasing occurs when a velocity being meas-
ured exceeds the Nyquistlimits of +V and -V. Immediately
adjacent the orifice is the flow convergent region (FCR)
104. Beyond the flow convergent region is the accept-
ance zone 112 (S) used by an implementation of the
present invention.

[0027] Boththe PISAtechnique and the presentinven-
tion are premised on the assumption that the regurgitant
flow in the left ventricle near the orifice is converging and
flowing toward the orifice location O. This is indicated by
the flow vectors 71, 72, and 73 in the acceptance zone

S. But as the direction of the Doppler beam 110 illus-
trates, virtually all of the flow vectors will not be aligned
with the beam direction, even when the varying beam
angles of a phased array sector probe are used. Conse-
quently there will be Doppler angles of different magni-
tudes for the different flow vectors, which is taken into
account by the Doppler angle adjustments to the flow
velocity field model in box 52 of FIGURE 2 as described
above.

[0028] The color Doppler image of the FCR 104 will be
chaotic and erratic. This is because the spatial orientation
of blood cells and blood flow velocities are changing very
rapidly in this region as blood flow changes direction and
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accelerates momentarily toward the orifice O during
systolic contraction. The ensemble samples acquired
during this interval are often uncorrelated with one an-
other, which defeats the correlation within an ensemble
upon which the usual Doppler estimation processors are
reliant. As a result, even thought the flow within the FCR
may be generally laminar, the colorflow display can be
that of highly turbulentflow and aliasing. The inner bound-
ary 108 of the acceptance zone Sis preferably set beyond
the flow convergence region 104 to avoid the use of er-
ratic velocity estimates from the FCR. One approach to
setting the boundary 108 is to set it at or beyond the
velocity shear boundary. This can be done visually with
reference to the colorflow display, or automatically with
reference to a velocity shear threshold.

[0029] Theouter boundary 106 of the acceptance zone
may be set in relation to measurable velocities. While the
velocities of regurgitant flow are relatively high near the
orifice, they become progressively lower at increasing
distances from the orifice. The outer boundary 106 can
be set at a distance from the orifice O at which low Dop-
pler velocities can still be reliably measured. This may
be determined in relation to a percentage of the Nyquist
limit or in relation to a low flow velocity such as 5 mm/sec.
The outer boundary 106 can thus be set at a distance at
which acceptable sensitivity to low flows can still be re-
alized by the Doppler processor.

[0030] The acceptance zone 112 in the example of
FIGURE 3 is seen to be a two dimensional arcuate area
S having a center of rotation at the orifice O. The present
invention may be used in one, two or three dimensions.
A one dimensional implementation and model may just
consider the segment of the beam line 110 which is be-
tween arcs 108 and 106, for instance. A two dimensional
implementation would be one which samples an accept-
ance zone which is planar such as acceptance zone 112
in FIGURE 3. A three dimensional implementation would
consider an arcuate acceptance such as 112 but in a full
hemisphere centered on the orifice. Greater accuracy
would be anticipated with the two and three dimensional
implementations. A preferred implementation would use
a 3D imaging probe with a two dimensional array trans-
ducer as shown in FIGURE 1, with acquisition and mod-
eling done in a hemispherical or semi-hemispherical vol-
ume shell about the orifice. Higher frame rates can be
realized with two dimensional imaging, in which case an
MPR frame through the orifice and jet can be selected
from the volume scanned with the 3D probe by use of
the multiplanar reformatter 44. The desired plane can be
repeatedly scanned at a high acquisition frame rate and
the velocity measurements and flow calculations done
with a two dimensional acceptance zone shown in the
2D MPR image.

[0031] While acceptance zones from which flow con-
verges in a circular pattern toward the orifice can exist
as shown in FIGURE 3, other non-circular patterns have
been found to be present in some cases. Stated differ-
ently, the flow vectors pointing toward the orifice may be
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arranged in a pattern other than an arc of a pure circle.
Instead of the circular shape of FIGURE 3, an acceptance
zone may have a parabolic or flattened circular shape.
In three dimensional implementations the acceptance
zone may be a paraboloid or oblate spheroid shell. The
shape of the acceptance zone, thatis, the area or volume
in which velocities are measured in comparison to the
model, may be dynamically changed during iterative pas-
sages through the processing loop of FIGURE 2 so that
the process will adapt and converge to an acceptance
zone with an altered shape from that used in the initial
model.

[0032] As previously mentioned, itis frequently difficult
for a clinician to accurately pinpoint the location of a tiny
regurgitant orifice on an ultrasound image. When the
heart is not contracting, the orifice is not present, and
when it is present, its location is marred by imaging arti-
facts of the resultant turbulence such as those in the vi-
cinity of the flow convergence region. In accordance with
a further aspect of the present invention, an implemen-
tation of the present invention can automatically indicate
the location of a leaking orifice on an ultrasound image.
FIGURE 4 illustrates an ultrasound image in which ele-
ments previously described in conjunction with FIGURE
3 bear the same reference numerals. This image also
includes a small box 130 which has been placed over
the image by a clinician at the start of a diagnosis to
indicate the presumed location of the regurgitant orifice.
A control of the control panel 38 such as the trackball is
manipulated by the clinician to place the icon 130 at the
location in the image where the clinician believes the or-
ifice is located. The coordinates of the indicated orifice
icon 130 are used to seed the processing of the flow
quantification processor shown in FIGURE 2, whereby
the coordinates are used as the initial coordinates of the
orifice in the mathematical model of box 50. The proces-
sor 34 iteratively refines the modeled values of the flow
velocity vectors toward an orifice location in response to
the receipt of the measured velocity values Vygas. The
vertical placement of the orifice location has been found
to have the greatest effect on the convergence of the
modeled velocity vectors with the measured velocity val-
ues. While the heart is contracting during systole, the
movement of contraction causes the mitral valve to move
vertically in the image toward the center of the left ven-
tricle. Thus, the natural contractive movement of the
heart can be the source of greatest error in regurgitant
flow assessment. The processor 34 iteratively refines the
location of the orifice to reduce the error disparity be-
tween the measured and estimated velocity values in the
flow velocity field (acceptance zone S) between bound-
aries 106 and 108. As the flow quantification processor
iterates to converge on the true coordinates of the orifice,
the finally determined coordinates are used by the flow
quantification processor 34 and the graphics processor
36 to automatically move orifice icon 130 to the calculated
coordinates in the image. Alternatively the graphics proc-
essor will place another (calculated) orifice icon 132 on
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the display at the true coordinate location determined by
the iterative model adjustment. As mentioned previously,
misplacement of the orifice by as little as 1mm can sig-
nificantly affect the orifice flow rate and volume flow cal-
culations, volume flow being the integral of the flow rate
over the time during which the heart is contract (about
1/3 of a heart cycle). The flow volume will peak at ap-
proximately the middle of the systolic interval. In FIGURE
4 it is seen that the system has placed the calculated
orifice icon 132 at its true location in the image field, which
is different from the clinician’s initial estimate of the orifice
location. When the ultrasound study is performed with
2D imaging the orifice coordinates will generally be in
(x,y,z) Cartesian coordinates. When 3D imaging is used
a spherical (r,0,9) coordinate system will generally be
employed. In addition, as the FIGURE 4 ultrasound im-
age illustrates, the acceptance zone S is graphically de-
lineated in the displayed ultrasound image and any mod-
ification of the shape of the acceptance zone as dis-
cussed above is incorporated in the displayed shape and
graphical delineation of the acceptance zone on the dis-
play.

[0033] As mentioned above, regurgitant orifices do not
always exist as single pinhole leaks in a closed valve.
The leaks may be produced by slit openings or multiple
small leaks. FIGURE 5 is an illustration of the use of an
implementation of the present invention to asses the flow
rate and volume flow of slits and multiple leaks in valve
closure. As FIGURE 5 illustrates, the process of the
present invention is performed for a series of orifice lo-
cations arrayed along the leaking mitral valve 100’. These
discrete pinhole orifice locations can be used to model
complex slit-like orifices or multiple orifices in the closed
valve. FIGURE 5 shows an example of three such deter-
minations, each with its own acceptance zone, indicated
by outer zone boundaries 106, 106’ and 106", and flow
vectors (indicated by the small arrows) directed to con-
verge at a different orifice location along the valve 100’.
The vector velocity field associated with each pinhole
orifice is combined vectorially with the other orifices, such
that a single combined acceptance zone is defined along
with a single combined vector velocity field. For multiple
orifices, the combined vector velocity field now approxi-
mates the true physiologic velocity vectors (~Vtrue, out-
put of box 50 in FIGURE 2). The processing of the com-
bined vector velocity field determines the flow rate or vol-
ume flow of all the pinhole orifices corresponding to the
entire slit along the mitral valve closure. While FIGURE
5 gives an example of a vector velocity field generated
from three pinhole orifices, any number of orifices may
be used to adequately model the slit. The acceptance
zones used for each measurement maybe combined as
shown in FIGURE 5, as the flow that is determined for
the combined orifices is vectorial flow directed toward a
unique orifice or position along a slit. In a three dimension
implementation the line of measurements is not con-
strained to a straight line in a plane, but may follow a non-
linear path of closure of the mitral valve leaflets.
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[0034] FIGURE 6 illustrates the response characteris-
tics of two Doppler wall filters which may be employed in
an implementation of the present invention. The coordi-
nates of the abscissa of the plot of FIGURE 6 are in units
of the Nyquist limits of a sampled data wall filter, where
the limits of +1 and -1 are the normalized Nyquist limits
of the filter corresponding to the blood flow velocities. A
zero (DC, or no-flow) condition is in the center. The or-
dinate coordinates indicate the relative amplitude re-
sponse of the filter characteristic. The response curve
140 is a typical wall filter response curve for measuring
blood flow and may be used in an implementation of the
present invention. This characteristic has a response of
zero at the center, resulting in no response to stationary
objects such as stationary vessel walls. The response is
seen to progressively increase as the curve extends out
from zero, with a maximum response at the Nyquist limits
for the highest velocity flows detectable without aliasing
atthe chosen samplinginterval. As aresult, this response
characteristic is most sensitive to flow at the highest flow
velocities.

[0035] The response curve 150 is one which is often
preferred for the wall filter of an implementation of the
presentinvention. The response of this curve 150 is seen
to peak at a relatively high but intermediate sampling rate
just above +0.5 Nyquist, preferably in the range of ¥z to
2/3 of Nyquist, and drops to a response of zero at the
Nyquist limits. This filter characteristic is designed to be
more sensitive to lower flow velocities, which can be ex-
pected around the outer boundary 106 of the acceptance
zone S. This is helpful to offset the low sensitivity to low
velocity flow which results from the short ensembles typ-
ically used for colorflow imaging of regurgitant flow. This
can be seen by the greater response of the curve 150
for lower velocities near the center of the plot. While the
curve 150 is seen to drop to zero at the Nyquist limits,
this loss of high velocity sensitivity is generally accepta-
ble when traded off for greater sensitivity to low velocity
flows.

Claims

1. Adiagnostic ultrasound system for measuring regur-
gitant flow comprising:

an ultrasound probe (10) having a transducer
array (10’) configured for transmitting ultrasonic
energy to and receiving ultrasonic echoes from
a location of regurgitant flow in a body;
animage processor (30), responsive toreceived
echoes, configured for producing an ultrasound
image of the location of regurgitant flow;

a wall filter, responsive to received echoes, hav-
ing a response characteristic extending be-
tween upper and lower sampling rates, wherein
the response characteristic of the wall filter
peaks in the range of 2 to 2/3 of a Nyquist limit



15 EP 2 654 569 B1 16

aDopplerprocessor (28) responsive to echo sig-
nals passed by the wall filter configured for pro-
ducing Doppler ultrasound measurements of
blood flow velocity in the vicinity of the location
of regurgitant flow;

a flow quantification processor (34) configured
to produce a measurement of a flow velocity field
in the vicinity of the location of regurgitant flow;
and

adisplay device, coupled to the image processor
and the flow quantification processor, config-
ured for displaying the ultrasound image of the
location of regurgitant flow and a flow measure-
ment derived from the flow quantification proc-
essor measurement;

wherein the flow quantification processor is fur-
ther configured to refine a location of a regur-
gitant orifice by

- initializing, based on assumptions about
the regurgitant flow, including the location
of the regurgitant orifice, the value of one or
more parameters of a flow velocity field
model,

- adjusting the flow velocity field model
based on physical and operating factors of
the ultrasound system,

- determining, using the adjusted flow ve-
locity field model, expected blood flow ve-
locity values,

- comparing the expected blood flow veloc-
ity values with the Doppler ultrasound
measurements of blood flow velocity to de-
termine an error term, and

- iteratively adjusting the parameters of the
flow velocity field model so as to cause a
reduction of the error term.

The diagnostic ultrasound system of Claim 1, where-
in the wall filter response characteristic peaks in the
vicinity of 0.5 of a Nyquist limit.

The diagnostic ultrasound system of Claim 2, where-
in the wall filter response characteristic drops to a
response of zero at the Nyquist limits.

The diagnostic ultrasound system of Claim 1, where-
in the wall filter response characteristic peaks above
a sampling rate of 0.5 of a Nyquist limit.

The diagnostic ultrasound system of Claim 1, where-
in the Doppler processor is further responsive to
echo signals received from a flow velocity field prox-
imal to a regurgitant orifice,

wherein the wall filter characteristic is tailored to ex-
hibit a high sensitivity to flow velocities in the flow
velocity field.
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6.

The diagnostic ultrasound system of Claim 5, where-
in the flow velocity field further comprises a two di-
mensional acceptance zone proximal to the regur-
gitant orifice.

The diagnostic ultrasound system of Claim 6, where-
in the two dimensional acceptance zone is arcuate
in shape having a center of curvature substantially
at the location of the regurgitant orifice.

The diagnostic ultrasound system of Claim 5, where-
in the flow velocity field further comprises a three
dimensional acceptance zone proximal to the regur-
gitant orifice.

The diagnostic ultrasound system of Claim 8, where-
in the three dimensional acceptance zone is hemi-
spherical in shape having a center of curvature sub-
stantially at the location of the regurgitant orifice.

Patentanspriiche

1.

Diagnoseultraschallsystem zum Messen eines Re-
gurgitationsflusses, das Folgendes umfasst:

eine Ultraschallsonde (10), die ein Transducer-
Array (10’) aufweist, das konfiguriert ist, um Ul-
traschallenergie zu Ubertragen und Ultraschal-
lechos von einem Regurgitationsflussort in ei-
nem Koérper zu empfangen;

einen Bildprozessor (30), der auf empfangene
Echos reagiert, der konfiguriertist, um ein Ultra-
schaltbild der Lage des Regurgitationsflusses
Zu erzeugen;

ein Wandfilter, das auf empfangene Echos rea-
giert, das ein Ansprechverhalten aufweist, das
sich zwischen oberen und unteren Abtastraten
erstreckt, wobei das Ansprechverhalten des
Wandfilters in dem Bereich von 1/2 bis 2/3 eines
Nyquist-Limits sein Maximum hat;

einen Doppler-Prozessor (28), der auf Echosi-
gnale reagiert, die durch das Wandfilter durch-
gehen, der konfiguriert ist, um Doppler-Ultra-
schallmessungen von Blutflussgeschwindigkeit
in der Nahe des Regurgitationsflussorts zu er-
zeugen;

einen Flussquantifizierungsprozessor (34), der
konfiguriert ist, um eine Messung eines
Flielgeschwindigkeitsfelds in der Nahe des Re-
gurgitationsorts zu erzeugen; und

eine Anzeigevorrichtung, die mit dem Bildpro-
zessor und dem Flussquantifizierungsprozes-
sor gekoppelt ist, die konfiguriert ist, um das Ul-
traschallbild des Regurgitationsflussorts und ei-
ne Flussmessung, die aus der Messung des
Flussquantifizierungsprozessors abgeleitet ist,
anzuzeigen;
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wobei der Flussquantifizierungsprozessor wei-
ter konfiguriert ist, um einen Ort einer Regurgi-
tationsoffnung zu verfeinern durch,

- basierend auf Annahmen iber den Regur-
gitationsfluss, einschliellich des Orts der
Regurgitations6ffnung, Initialisieren des
Werts eines oder mehrerer Parameter ei-
nes FlieRgeschwindigkeitsfeldmodells,

- Einstellen des FlieRgeschwindigkeitsfeld-
modells basierend auf physischen und Be-
triebsfaktoren des Ultraschallsystems,

- Bestimmen der erwarteten Blutflussge-
schwindigkeitswerte unter Verwenden des
eingestellten  FlieRgeschwindigkeitsfeld-
modells,

- Vergleichen der erwarteten Blutflussge-
schwindigkeitswerte mit den Doppler-Ultra-
schallmessungen der Blutflussgeschwin-
digkeit, um einen Fehlerterm zu bestimmen,
und

- die Parameter des FlieRgeschwindigkeits-
feldmodells iterativ derart anzupassen,
dass eine Reduktion des Fehlerterms be-
wirkt wird.

Diagnoseultraschallsystem nach Anspruch 1, wobei
das Ansprechverhaltnis sein Maximum in der Nahe
von 0,5 eines Nyquist-Limits hat.

Diagnoseultraschallsystem nach Anspruch 2, wobei
das Wandfilter-Ansprechverhalten sein an den Ny-
quist-Limits auf ein Ansprechen gleich null fallt.

Diagnoseultraschallsystem nach Anspruch 1, wobei
das Wandfilter-Ansprechverhalten sein Maximum
oberhalb einer Abtastrate von 0,5 eines Nyquist-Li-
mits hat.

Diagnoseultraschallsystem nach Anspruch 1, wobei
der Doppler-Prozessor weiter auf Echosignale rea-
giert, die von einem FlieRgeschwindigkeitsfeld nahe
einer Regurgitations6ffnung empfangen werden,
wobei das Wandfilter-Ansprechverhéltnis ange-
passt ist, um eine hohe Empfindlichkeit fir Flie3ge-
schwindigkeiten in dem FlieRgeschwindigkeitsfelds
darzulegen.

Diagnoseultraschallsystem nach Anspruch 5, wobei
das FlieRgeschwindigkeitsfeld weiter eine zweidi-
mensionale Akzeptanzzone nahe der Regurgitati-
onsoffnung umfasst.

Diagnoseultraschallsystem nach Anspruch 6, wobei
die zweidimensionale Akzeptanzzone bogenférmig
ist, eine Krimmungsmitte im Wesentlichen an dem
Ort der Regurgitations6ffnung aufweist.
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Diagnoseultraschallsystem nach Anspruch 5, wobei
das FlieRgeschwindigkeitsfeld weiter eine dreidi-
mensionale Akzeptanzzone nahe der Regurgitati-
onsoffnung umfasst.

Diagnoseultraschallsystem nach Anspruch 8, wobei
die dreidimensionale Akzeptanzzone halbkreisfor-
mig ist, eine Krimmungsmitte im Wesentlichen an
dem Ort der Regurgitations6ffnung aufweist.

Revendications

Systéme échographique de diagnostic destiné a me-
surer un flux de régurgitation comprenant :

une sonde a ultrasons (10) munie d’un réseau
de transducteurs (10’) configurée pour trans-
mettre une énergie ultrasonore a et recevoir des
échos ultrasonores provenant d’un emplace-
ment du flux de régurgitation dans un corps ;
un processeur d’'image (30), sensible aux échos
regus, configuré pour produire une image ultra-
sonore de I'emplacement du flux de
régurgitation ;

un filtre de paroi, sensible aux échos regus, pré-
sentant une caractéristique de réponse s’éten-
dant entre les taux d’échantillonnage supérieur
etinférieur, dans lequel la caractéristique de ré-
ponse des pics de filtre de paroi se situent dans
la plage allantde %2 a 2/3 d’une limite de Nyquist
un processeur Doppler (28) sensible aux si-
gnaux d’écho passeés par le filtre de paroi con-
figuré pour produire des mesures ultrasonores
par Doppler de la vitesse du débit sanguin a
proximit¢ de [I'emplacement du flux de
régurgitation ;

un processeur de quantification de flux (34) con-
figuré pour produire une mesure d’'un champ de
vitesses de flux a proximité de I'emplacement
du flux de régurgitation ; et

une dispositif d’affichage, couplé au processeur
d’'image et au processeur de quantification de
flux, configuré pour afficher 'image ultrasonore
de I'emplacement du flux de régurgitation et une
mesure de flux provenant de la mesure du pro-
cesseur de quantification de flux ;

dans lequel le processeur de quantification de
flux est configuré en outre pour affiner un em-
placement d’un orifice de régurgitation en

- initialisant, en fonction des hypotheses re-
latives au flux de régurgitation, y compris
I'emplacement de l'orifice de régurgitation,
la valeur d’'un ou plusieurs parameétres d’'un
modeéle de champ de vitesses de flux,

- ajustant le modele de champ de vitesses
de flux en fonction de facteurs physiques et
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de fonctionnement du systéme échographi-
que,

- déterminant, a I'aide du modele de champ
de vitesses de flux ajusté, les valeurs de la
vitesse du débit sanguin attendues,

- comparant les valeurs de la vitesse du dé-
bit sanguin attendues aux mesures ultraso-
nores de la vitesse du débit sanguin réali-
sées par Doppler pour déterminer un terme
d’erreur, et

- ajustant de maniere itérative les parame-
tres du modéle de champ de vitesses de
flux de maniére a entrainer une diminution
du terme d’erreur.

Systeme échographique de diagnostic selon la re-
vendication 1, dans lequel les pics de caractéristique
de réponse du filtre de paroi sont a proximité de 0,5
d’une limite de Nyquist.

Systeme échographique de diagnostic selon la re-
vendication 2, dans lequel la caractéristique de ré-
ponse du filtre de paroi chute a une réponse de zéro
aux limites de Nyquist.

Systeme échographique de diagnostic selon la re-
vendication 1, dans lequel les pics de caractéristique
de réponse du filtre de paroi sont supérieurs a un
taux d’échantillonnage de 0,5 d’'une limite de Ny-
quist.

Systeme échographique de diagnostic selon la re-
vendication 1, dans lequel le processeur Doppler est
sensible également aux signaux d’écho regus d’un
champ de vitesses de flux positionné de maniére
proximale a un orifice de régurgitation,

dans lequel la caractéristique du filire de paroi est
adaptée pour présenter une sensibilité élevée aux
vitesses de flux dans le champ de vitesses de flux.

Systeme échographique de diagnostic selon la re-
vendication 5, dans lequel le champ de vitesses de
flux comprend en outre une zone d’acceptation bi-
dimensionnelle positionnée de maniére proximale a
I'orifice de régurgitation.

Systeme échographique de diagnostic selon la re-
vendication 6, dans lequel la zone d’acceptation bi-
dimensionnelle est de forme arquée présentant un
centre de courbure sensiblement au niveau de I'em-
placement de I'orifice de régurgitation.

Systeme écho graphique de diagnostic selon la re-
vendication 5, dans lequel le champ de vitesses de
flux comprend en outre une zone d’acceptation tri-
dimensionnelle positionnée de maniére proximale a
I'orifice de régurgitation.
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Systéme écho graphique de diagnostic selon la re-
vendication 8, dans lequel la zone d’acceptation tri-
dimensionnelle est de forme hémisphérique présen-
tant un centre de courbure sensiblement au niveau
de I'emplacement de I'orifice de régurgitation.
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