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(54) Angle independent ultrasound volume flow measurement

(57) The volume of fluid flow within a vessel (VE) is
measured by an ultrasound system. Ultrasound waves
backscattered from the fluid within the vessel generate
data from which velocity values representing compo-
nents of velocity (Vx and Vy) of the fluid flow in the scan
plane (IP) are calculated. Grayscale data is correlated
and the rate of decorrelation of the data is calculated.
The volume flow of the fluid is estimated in response to
the velocity signals and the rate of decorrelation.
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Description

[0001] The Background of the Invention will be explained with the aid of the numbered references which appear at
the end of this section of the specification. The quantification of volumetric fluid (e.g., blood) flow would be beneficial
for a number of applications, including clinical applications, such as diagnosis of heart disease, cartoid stenosis, cor-
onary arteriosclerosis, and renal failure. Doppler is the current clinical standard for measuring blood flow with ultra-
sound. Fluid motion towards or away from an ultrasound beam pulse modifies the wavelength of the insonifying pulse.
Assuming the angle between the beam and the orientation of a fluid-carrying vessel (e.g., blood vessel) are known,
the velocity of fluid flow in the vessel then is computed from the resulting Doppler frequency shift. Current techniques
for volume flow measurement require a sonographer to orient the center axis of the vessel in the scan plane of the
ultrasound beam, and then to calculate the total flow volume assuming a circularly symmetrical lumen. These assump-
tions, which are often not true, lead to large errors, making the method very difficult to apply.
[0002] The use of multiple Doppler beams to determine in-plane flow velocities (i.e., velocities in the ultrasound beam
scan plane) have been known for many decades (Wang, 1982) [1]. Using two co-planar beams and trigonometric
relations, the derived measured velocity is angle independent.
[0003] The cross-correlation of consecutive ultrasound A-lines eliminates the aliasing ambiguity of Doppler (Bonne-
fous 1986) [13].
[0004] Speckle tracking, the correlation of patterns between sequential frames, has been used to determine 1-D and
2-D flow vectors (Trahey 1987) [2]. With the development of volumetric ultrasound scans, the correlation search algo-
rithm has been applied in 3-D with some success (Morsy 1999) [3].
[0005] One of the first techniques to quantify the magnitude of the non-axial flow components was developed by
Newhouse (1987) [4] and is based on spectral broadening of the ultrasound RF signal.
[0006] More recently, Anderson (1998) [5] used a spatial weighting of the point spread function to quantify the lateral
motion. In a similar study, Jensen (1998) [6] applied a transverse spatial modulation generated by apodization of the
transducer elements to quantify flow in one or two directions transverse to the axial flow. Both of these techniques only
determine 2-D flow.
[0007] The estimation of blood velocity using the decorrelation of echo signals has also been fairly well documented.
Using the time rate-of-change of A-lines, Bamber (1988) [7] demonstrated that decorrelation could be used to image
tissue motion and blood flow. More quantitatively, Li et al (1997) [8] showed that the decorrelation of RF signals was
linearly related to the lateral displacement. The detection of variations in contrast-enhanced blood flow using grayscale
decorrelation has also been previously shown in animal studies (Rubin, 1999) [9].
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[0009] The preferred embodiment is useful in an ultrasound system for measuring the volume of fluid flow within a
region of interest. In such an environment, ultrasound waves are transmitted to the vessel in transmit directions defining
a scan plane, preferably by an ultrasound transducer. Data signals are generated in response to ultrasound waves
backscattered from the fluid within the vessel. Velocity signals having velocity values representing components of
velocity of the fluid flow in the scan plane are generated in response to data generated from the data signals. Portions
of the data are correlated, and the rate of decorrelation of the portions is calculated. The volume of flow of the fluid is
estimated in response to the velocity signals and the rate of decorrelation. The techniques preferably are implemented
with an ultrasound transducer and a data processor.
[0010] By using the foregoing techniques, the volume of fluid flow in a vessel can be determined independent of
scan angle and without making any assumptions about vessel shape or flow geometry. For example, the techniques
permit true blood volume flow estimates without any of the assumptions typically made with the above-described prior
methods. The techniques of the preferred embodiment can be incorporated into most of the standard ultrasound trans-
ducer array scanheads now on the market. The techniques are robust and can be implemented in real time.
[0011] The invention will now be described in greater detail, by way of example, with reference to the accompanying
drawings, in which:
[0012] FIG. 1 is a schematic block diagram showing the signal processing chain for a color flow and B-mode ultra-
sound imaging system suitable for use in connection with the preferred embodiment.
[0013] FIG. 2 is a schematic block diagram showing the mid processor color flow apparatus illustrated in FIG. 1.
[0014] FIG. 3 is a schematic block diagram showing the mid processor B-mode apparatus illustrated in FIG. 1.
[0015] FIG. 4 is a schematic block diagram showing additional details of portions of the system illustrated in FIG. 1.
[0016] FIG. 5 is a schematic block diagram showing an exemplary orientation of the ultrasound transducer shown
in FIG. 1 with respect to a vessel in which fluid is flowing.
[0017] FIG. 6 is a graph illustrating calculated beam correlation widths of the ultrasound beam generated by the
transducer shown in FIG. 5 for 15° increments about an elevational/lateral plane and a theoretical elliptical fit from Bx
(lateral) and By (axial).
[0018] Referring to FIG. 1, the basic signal processing chain for a color flow and gray scale imaging system suitable
for an embodiment of invention comprises an ultrasound transducer array 2, which is activated to transmit pulse se-
quences comprising tone bursts of length P which are fired repeatedly at a pulse repetition frequency (PRF) which
typically is in the kilohertz range. The pulse sequences, including burst lengths P, are different for the color flow and
B-mode processing. For color flow imaging, P may be 4 to 8 cycles, and the tone bursts are focused at the same
transmit focal position with the same transmit characteristics.
[0019] A series of color flow transmit firings focused at the same transmit focal position are referred to as a "packet".
Each transmit beam propagates through the object being scanned and is reflected by ultrasound scatterers in the object.
[0020] The return RF signals are detected by the transducer elements and received by the respective receive chan-
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nels in the beamformer 4. The beamformer sums the delayed channel data and outputs in a beam summed signal
which is demodulated into in-phase and quadrature (I/Q) signal components by a demodulator 6. The B-mode I, Q
outputs from demodulator 6 are transmitted to a mid processor 8G for gray scale B-mode processing, and the color
flow I, Q outputs from demodulator 6 are transmitted to a mid-processor 8C for color processing.
[0021] FIG. 2 illustrates mid-processor 8C. The I/Q signal components from demodulator 6 are stored in a corner
turner memory 7, whose purpose is to buffer data from possibly interleaved firings and output the data as vectors of
points across firings at a given range cell. Data is received in "fast time", or sequentially down range (along a vector)
for each firing. The output of the comer turner memory is reordered into "slow time", or sequentially by firing for each
range cell. The resultant "slow time" I/Q signal samples are passed through a wall filter 9 which rejects any clutter
corresponding to stationary or very slow-moving tissue. The filtered outputs are then fed into a parameter estimator
11, which converts the range cell information into the intermediate autocorrelation parameters N, D and R(0). N and
D are the numerator and denominator for the autocorrelation equation, as shown below:

where Ii and Qi are the demodulated, basebanded input data for firing i, and M is the number of firings in the packet.
R(0) is approximated as a finite sum over the number of firings in a packet, as follows:

R(0) represents the color flow power of the backscatter from the color flow transmit firings.
[0022] A processor converts N and D into a magnitude and phase for each range cell. The equations used are as
follows:

[0023] R(T) and φ (T) are the magnitude and phase, respectively, of the first lag autocorrelation function. The term
lag is used to indicate a time interval. For example, a lag may be a frame-to-frame increment or a firing-to-firing incre-
ment. As indicated by equations (A) - (C), the exact autocorrelation functions are approximated by finite sums over the
known data in the number of firings in a packet.
[0024] The parameter estimator processes the magnitude and phase values into signals having values representing
estimates of power, velocity and turbulence or variance which are transmitted on conductors 11A, and 11B and 11C,
respectively. The phase is used to calculate the mean Doppler frequency, which is proportional to the velocity as shown
below; R(0) and |R(T)| (magnitude) are used to estimate the turbulence.
[0025] The mean Doppler frequency in hertz is obtained from the phase of N and D and the pulse repetition from T:

|R(T)| = N2 + D2 (D)
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[0026] The mean velocity is calculated using the Doppler shift equation below. Since θ, the angle between the flow
direction and the sampling direction, is not known, cos θ is assumed to be 1.0.

Preferably, the parameter estimator does not calculate the mean Doppler frequency as an intermediate output, but
calculates directly from the phase output of the processor using a look-up table. However, any velocity estimator can
be used for purposes of the calculations shown in equations (1) - (6) described later. The velocity estimations may
include delay cross correlation, autoregression etc.
[0027] The turbulence may be calculated in the time domain as a second-order series expansion of the variance of
the mean Doppler frequency. The time domain expression for turbulence involves calculating the zero-lag and one-
lag autocorrelation functions, R(0) and R(T), respectively.
[0028] The time domain expression for turbulence may be expressed as:

[0029] The mean value signal φ (T) is an estimate of the mean Doppler frequency shift of the flowing reflectors, which
in turn is proportional to the mean blood flow velocity. The variance signal σ2 indicates the frequency spread of the
flow signal component of the baseband echo signal. This value is indicative of flow turbulence, involving a mixture of
many velocities. To indicate the strength of the signal from the flowing reflectors, the signal R(0) indicates the amount
of the returned power in the Doppler-shifted flow signal.
[0030] The signal power on conductor 11A is passed through a data compression module 13 which compresses the
data according to families of data compression curves. A different family of curves can be provided for different scanning
applications. For example, one family of curves is provided for renal scanning, while another family of curves is provided
for carotid artery scanning. Controller 26 sets the default curve when a user selects the scan application. The dynamic
range controls the range of intensities or lumens created on display 18.
[0031] Referring to FIG. 3, gray scale B-mode mid-processor 8G includes an envelope detector 10 for forming the
envelope of the beamsummed receive signal by computing the quantity (I2 + Q2)1/2. The envelope of the signal under-
goes some additional B-mode processing, such as logarithmic compression (block 12 in FIG. 3), to form display data
which is output to the scan converter 14 (Fig. 1).
[0032] Referring again to Fig. 1, the color flow estimates and gray scale display data are sent to the scan converter
14, which converts the data into X-Y format for video display. The scan-converted frames in X-Y format are passed to
a video processor 16, which basically maps the video data to a display color map and gray scale image frames for
video display. The image frames are then sent to the video monitor 18 for display. Typically, for color images, either
velocity or power are displayed alone or velocity is displayed in conjunction with either power or turbulence. System
control is centered in a host computer (not shown), which accepts operator inputs through an operator interface (e.g.,
a keyboard) and in turn controls the various subsystems.
[0033] The images displayed by the video monitor 18 are produced from an image frame of data in which each datum
indicates the intensity or brightness of a respective pixel in the display, as well as the flow velocity. An image frame
may, e.g., comprise a data array in which each intensity datum is a binary number that indicates pixel color and bright-
ness. The brightness of each pixel on the display monitor 18 is continuously refreshed by reading the value of its
corresponding element in the data array in a well-known manner. Each pixel has an intensity value which is a function
of the backscatter cross section of a respective sample volume in response to interrogating ultrasonic pulses and the
gray map employed and a color value which indicates flow mean velocity and/or power.
[0034] Referring to FIG. 4, system control is centered in a master controller or host computer 26, which accepts
operator inputs through an operator interface (not shown) and in turn controls the various subsystems. The master

ν =
ƒ
ƒo
------ c

2cosθ
---------------- (G)

v



EP 1 121 901 A9 (W1A2)

5

10

15

20

25

30

35

40

45

50

55

6

controller 26 also generates the system timing and control signals. The master controller 26 comprises a central
processing unit (CPU) 30 and a random access memory 32. A keyboard 29 is used to enter data into CPU 30. The
CPU 30 has read only memory incorporated therein for storing routines used in constructing gray and color maps
based on acquired raw data.
[0035] The scan converter 14 comprises an acoustic line memory 22 and an X-Y memory 24. The B-mode and color
mode intensity data stored in polar coordinate (Rθ) sector format in acoustic line memory 22 is transformed to appro-
priately scaled Cartesian coordinate pixel display data, which is stored in X-Y memory 24. The color data is stored in
memory locations 24C, and the gray scale data is stored in memory locations 24G. The scan-converted frames are
passed to video processor 16, which maps the data to a gray map for video display. The gray scale image frames are
then sent to the video monitor for display.
[0036] Successive frames of acoustic sample data are stored in cine memory 28 on a first-in, first-out basis. Color
frames are stored in memory locations 28C, and gray scale frames are stored in memory locations 28G. In the color
region of interest, for every word of color data corresponding to a display pixel, there is a corresponding word of B-
mode gray scale data corresponding to that pixel. The cine memory is like a circular image buffer that runs in the
background, continually capturing acoustic sample data that is displayed in real time to the user. When the user freezes
the system, the user has the capability to view acoustic sample data previously captured in cine memory.
[0037] The CPU 30 controls the XY memory 24 and the cine memory 28 via the system control bus 34. In particular,
the CPU 30 controls the flow of raw data from the XY memory 24 to the video processor 16 and to the cine memory
28 and from the cine memory to the video processor 16 and to the CPU 26 itself. The CPU also loads the gray maps
and color maps into the video processor.
[0038] Image frames are collected in cine memory 28 on a continuous basis. The cine memory 28 provides resident
digital image storage for single image review and multiple image loop review and various control functions. The region
of interest displayed during single-image cine replay is that used during the image's acquisition. The cine memory also
acts as a buffer for transfer of images to digital archival devices (not shown) via the master controller 26.
[0039] The preferred embodiment uses a system of the type described in FIGS. 1-4 to implement a technique for
volumetric blood flow measurement combining standard Doppler measurements with echo amplitude decorrelation.
Using single clinical transducer 2, and without knowledge of the orientation of a vessel in which fluid volume flow is to
be measure, a 3-D vector flow field is computed over an ultrasound imaging plane. In general, volume flow is computed
by integrating the out-of-plane flow (e.g., flow intersecting the imaging plane) over the vessel cross-section (i.e., the
intersection of the imaging plane with the vessel).

In-plane velocity

[0040] FIG. 5 displays flow direction FL of fluid (e.g., blood) in a region of interest (which may be a vessel VE, e.g.,
a blood vessel) and orientation of transducer 2. The fluid preferably contains a contrast agent CA. Doppler ultrasound
waves in a beam B are steered in directions D1 and D2 (e.g., θ = +20 degrees and - 20 degrees from an axis A1
perpendicular to the face 3 of the transducer). The steering is accomplished using separate B-mode beam pulse firings.
Directions D1 and D2 define an imaging and scan plane IP which intersects vessel VE at some undetermined angle,
which may be, for example, 60 degrees, although the user does not know the angle. Any two dimensional method of
directing beam B in plane IP may be used, such as triangulation, cross correlation, etc.). Alternatively, the scanning of
beam B may be performed using the split aperture technique described in U.S. Patent No. 5,398,216 (Hall et al., issued
March 14, 1995) which is incorporated by reference. Using the split aperture approach, beam B would be directed to
a common point within vessel VE from different angles.
[0041] The x and y axes in FIG. 5 both lie in plane IP. The z axis extends in-the elevational direction; the y axis
extends in the axial direction and the x axis extends in the lateral direction. Axes x, y and z are orthogonal.
[0042] The ultrasound waves backscattered from vessel VE in response to the beam steered in directions D1 and
D2 are received by transducer 2 and are used to generate data from which the two corresponding "axial" fluid velocities,
V1 and V2 are measured. The in-plane (i.e., plane IP) fluid velocity components Vx and Vy can then

be computed as follows:

V1 = k1 d V = -Vxsinθ + Vycosθ (1)

V2 = k2 d V = Vxsinθ + Vycosθ (2)
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[0043] Note that the measurement error for Vy has an inverse cos (θ) dependency, so larger angles will provide more
accurate results.

Decorrelation

[0044] The rate of speckle decorrelation in a fluid is a function of flow velocity or beam pulse repetition frequency
(PRF) (depending on the processing method) and the beam characteristics of transducer 2. The rate of decorrelation
can be calculated from color flow transmit firings of the type previously described. More specifically, the rate of decor-
relation can be based on color flow power as expressed by the zero lag autocorrelation equation (C). The rate of
decorrelation is determined by the change in value of R(0) over time from one pocket of firings to another.
[0045] The rate of decorrelation also can be calculated from gray scale data which represents ultrasound RF data
backscattered from vessel VE. The rate of decorrelation based on gray scale data will be described in detail, but the
principles can be applied to calculating the rate of decorrelation from color flow transmit firings by those skilled in the
art. While a more detailed statistical analysis of speckle formation is given in a previous paper (Tuthill et al, 1998) [10],
the essential points and assumptions are presented here.
[0046] For fully developed speckle, at least 10 scatterers must be present in the sample volume defined by the 3-D
point spread function. The spatial distribution of ultrasonic intensity should be an exponential distribution with a constant
mean to standard deviation (MSD) ratio of 1.0. The amount of speckle change from pulse to pulse (or frame to frame)
is directly related to the second order statistics of the speckle pattern.
[0047] The derivation for the speckle correlation function in the elevational dimension (i.e., perpendicular to plane
IP) is described here, and can easily be extended to the lateral and axial dimensions which are in plane IP. For coherently
formed speckle, the intensity correlation function is directly related to the amplitude correlation function which in turn
is proportional to the point spread function (PSF) autocorrelation. Assuming a focused transducer 2, the beam pattern
can then be approximated by a Gaussian which has a depth-dependent width as the beam goes in and out of the focal
region. Consequently, the intensity autocorrelation in the lateral direction can also be written as a Gaussian function
with respect to the fluid translation between acquired frames and will have a standard deviation of σx(z), the depth-
dependent beam correlation width (BCW). The correlation width in the focus can be calculated by the transducer's
physical properties, or the correlation width for a longer range can be calibrated using a phantom containing scatterers
producing fully developed speckle.
[0048] The temporal normalized intensity covariance, C, for a single pixel location then has a Gaussian shape (Wear
1987) [11].

where Vx is the lateral velocity and σx(z) is the depth-dependent beam correlation width as determined by the transducer
properties. For a beam B pulse firing rate of Rf, the normalized covariance from a set of pixels at a specific depth
acquired from consecutive A-lines can then be curve fit to a Gaussian as a function of the firing number, n,

where D, the rate of decorrelation value in units of inverse seconds, is equivalent to the velocity divided by the beam
correlation width for that depth. The final result is that by Gaussiar curve-fitting the correlation function for speckle
regions from a set of gray scale A-lines or from a set of gray scale B-scan frames, the average velocity for that set can
be calculated. The rate of decorrelation can be calculated by the methods described m Tuthill (1998) [10] and Rubin
(1999) [9], among others. Decorrelation may also be calculated from Doppler information (Adler 1995) [12] and (Chen
1996) [15], but may not be the preferred method for some applications.

Vx =
V2 - V1

2sinθ
------------------- and Vy =

V1 + V2

2cosθ
--------------------- (3)
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[0049] For volume flow, the decorrelation can now be extended to include all 3 dimensions. Assuming an ellipsoidal
sample volume, the curve-fitted decorrelation value, D, is directly related to the velocity components,

where Bi is the beam correlation width (BCW) in the ith direction. The BCWs are calibrated using a speckle phantom
and are dependent on depth and the transducer's focusing parameters, but are measurable throughout the imaging
plane.

3-D Flow Vector and Volume Flow

[0050] Having determined the in-plane velocities, Vx and Vy (i.e., the velocities in plane IP), from the Doppler meas-
urements (or from speckle tracking), the magnitude of the velocity component normal to the scan plane IP, Vz, can be
computed from Equation (6). Thus the 3-D flow vector can be determined from a single transducer 2 operating in two
different modes for three measurements (for example two Doppler and one grayscale decorrelation). It should be
understood that the method of data collection and its processing to obtain each of the values Vx, Vy, and D can have
many forms.
[0051] The total volume flow through vessel VE can also be computed. Gauss' theorem states that the flux or volume
flow out of a closed surface equals the integral of the divergence of the vector field over the enclosed volume. Thus,
the total volume flow, F, is the normal velocity component integrated over the cross-sectional area,

By summing up Vz, the velocity components normal to the imaging and scan plane IP, over the vessel area intersected
by plane IP, the total volume flow can be calculated. The calculations of equations (A) - (H) and (1) - (7) may be
performed by CPU 30 (FIG. 4). CPU 30 generates signals corresponding to the various parameters of equations (A)
- (H) and (1) - (7).
[0052] A variety of digital processors may be used to perform the calculations described in this specification. For
example, microprocessors or digital signal processors, as well as application specific integrated circuits capable of
performing logic and arithmetic operations, may be used. Such processors may be located anywhere in the system
described in FIGS. 1-4, or may be located outside the system.

Examples

[0053] The following represents a best mode of the invention in the sense that it has been confirmed by experiment.
However, it is believed that other forms of the invention, such as measuring decorrelation by color flow transmit firing,
may be easier to implement for some applications.
[0054] A GE Logiq 700 clinical scanner (GE Medical Systems, Milwaukee, WI) with a 7.5MHz linear array transducer
was used with a single focus. The GE Logic 700 scanner can be generally represented by FIGS. 1-4 and the 7.5 MHz
linear array transducer can be represented by transducer 2. All internal post-processing settings such as edge en-
hancement and averaging were turned off, and the depth was set to the minimum value of 3cm to obtain the highest
allowable frame rate of 30 Hz. The output power was set at the lowest level to reduce effects from additional decorre-
lation due to acoustic radiation force. For B-mode, a linear grayscale mapping was applied and the scans were de-
compressed to obtain images with pixel values proportional to amplitude. For the Doppler acquisition, the lowest velocity
and lowest settings of wall filter 9 were applied. All images were digitally stored on the scanner at 8 bits and transferred
to a UNIX computer which can be represented by CPU 30 (FIG. 4). The 3cm by 4cm digitized images were stored as
355 by 478 pixels for a square pixel size of length 84.5 µm in memory 32 (FIG. 4).
[0055] The transducer sample volume was calibrated by collecting a series of B-mode scans with incremental spacing
in each direction (lateral, elevational, and axial) over a tissue-mimicking phantom (CIRS; Computerized Imaging Ref-
erence Systems, Norfolk, VA). The phantom is comprised of densely packed, randomly distributed scatterers to create
fully developed speckle. A linear micropositioner allowed for spacings of 50µm for lateral and elevation directions, and
25µm for axial. For each transducer orientation, a set of 60 images was acquired, and the corresponding beam corre-
lation width was then computed as a function of depth.
[0056] For the flow tube experiments, a 6.4mm diameter molecularporous membrane tube (Spectrum Laboratories,

D2 =
Vx

2

Bx
2

-------- +
Vy

2

By
2

------ +
Vz

2

Bz
2

------ (6)
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Laguna Hill, CA) was placed in a water bath filled with degassed water. A syringe pump (Harvard Apparatus, Holliston,
MA) was used to generate flows from 12 to 20 ml/min. Care was taken not to introduce air bubbles into the tube system.
The outlet of the system was kept 10 cm above the tank to maintain pressure and ensure full expansion of the membrane
tubing.
[0057] The blood mimicking fluid was comprised of 1-35µm diameter polystyrene spheres in a 5:1 water/glycerol
mixture. A high concentration was used to increase the backscatter for more uniform speckle.
[0058] Transducer 2 was fixed to allow both rotation about the y-axis and x-axis independently as shown in FIG. 5.
The transducer was rotated about the y-axis in 30° increments for each of three different volume flows.
[0059] For each volume flow setting, a cine loop of 60 grayscale images was collected first and stored in memory
28G (FIG. 4), followed by a set of Doppler images. Ten uncorrelated images were collected for each of the two Doppler
angles (+/-20°) and then averaged.
[0060] The stored images were post-processed using programs written in MATLAB (Mathworks, Natwick, MA). For
the speckle decorrelation, the covariance function was computed for each pixel and averaged over a 5 by 5 pixel
window. The covariance function was then normalized, and only the first two lags were used for the Gaussian fit to
determine the decorrelation value.
[0061] The resulting decorrelation image was thresholded to determine the outline of the vessel. Using Eq. 6, the
out-of-plane velocity (i.e., velocity along the z axis as shown in FIG. 5) was computed and summed up in the enclosed
vessel VE to determine the total volume flow.
[0062] To demonstrate the efficacy of the technique with ultrasound RF signals, the flow tube was used in a second
setup using a Diasonics scanner (Diasonics Ultrasound, Milpitas, CA) with a 5.0MHz linear array used as transducer
2. Since the RF acquisition of a cine loop had an extremely low frame rate, only M-mode data was collected for the
decorrelation processing. This provided a firing rate of 786 Hz for acquired A-lines.

Results

[0063] For the given scanner settings with a single focus, the GE 7.5MHz transducer had BCWs of 170µm, 280µm,
and 150µm for the lateral, elevational, and axial directions, respectively, near the focus. Figure 6 shows the calculated
BCWs for 15° increments about the elevational/lateral plane and the theoretical elliptical fit from Bx (lateral) and By
(elevational).
[0064] The calibration of the Diasonics transducer 2 using RF data showed that for both elevational and lateral
directions, the depth dependent BCWs do not differ significantly from the envelope detected BCW curves. As expected,
the axial RF signals decorrelate significantly faster than the envelope detected scan lines. Near the focus, the RF BCW
is approximately 25 um which is 1/6 of the total wavelength. The corresponding BCW for the envelope signal is 135
um which is consistent with a multiple wavelength pulse.
[0065] Both the -20° steering and the +20° steering (FIG. 5) Doppler images are used to form the combined total in-
plane velocity magnitude image which may be displayed.
[0066] The thresholded decorrelation image was applied as a mask, and the normal velocities summed up in the
enclosed region to compute the total volume flow. The decorrelation mask was chosen because it provides a detectable
image of the vessel VE lumen regardless of flow angle, unlike the Doppler. The summed volume flow in the masked
cross-sectional area is 0.25 ml/s.
[0067] For the algorithm described in this specification, the user needs only point at an area within vessel VE for the
total cross-sectional area for that vessel to be determined from the thresholded decorrelation image. Using decoirelation
thresholding with its reduced angle dependence (Rubin 1999) [9] should provide a more reliable delineation of the flow
boundaries than would Doppler.
[0068] The spatial resolution for the velocity estimates computed with our technique is primarily limited by the Doppler
signal which has a lower resolution than the B-mode images. The decorrelation technique is computed on each pixel
in the B-scan or on each point of the A-line, and so the spatial resolution is determined by the digitizing sampling rate.
Some spatial averaging is needed, however, to compute accurate correlation curves.
[0069] The temporal resolution is determined by the number of sequential A lines needed for an accurate estimate
of the decorrelation and Doppler frequency shift. In most clinical scanners, approximately 10-15 firing lines are used
to compute the Doppler output. Note that the inplane velocity could also be determined using 2 time correlation or
speckle tracking.
[0070] Blood flow in humans range from 30 l/min in the aorta during strenuous exercise to 10 nl/min in a single
capillary (velocity on the order of mm/s). Our technique does have both upper and lower limits on the range of velocities
that can be measured. Low flows are difficult to detect using Doppler since a "wall-thump" filter is applied to eliminate
signals from the relatively slow tissue motion. Similarly, decorrelation in soft tissue due to motion defines a lower bound.
[0071] At high velocities, the decorrelation component of the analysis breaks down. If the flow movement is more
than two BCWs between firings, the signals are completely decorrelated and no velocity estimate can be made. Thus
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the PRF and the BCW of the sample volume determine the upper velocity limit: maximum velocity < PRF*(2 BCW).
For example, with a 10kHz firing rate and a correlation width of 400µm, the maximum measurable velocity would be
80 cm/s. In the RF analysis, the axial BCW is an order of magnitude smaller than either the elevational or lateral
component. Contrary to Doppler measurements, flow perpendicular to the beam is in the preferred direction to detect
higher velocities.
[0072] The preferred technique also assumes flow all in one direction. Shear motion or turbulent flow may cause
additional decorrelation which would upwardly bias the volume flow measurement. As previously described, examina-
tion of σ2 can indicate this condition to avoid inappropriate use of the method.
[0073] The sign of flow cannot be determined in the decorrelation measurement. Thus the direction of out-of-plane
flow remains unknown. This could be a problem with arterial flow where there may be reversal of flow during a heart
cycle. One possibility to determine the flow directions would be phase quadrature analysis in the elevational direction
with a 1.75 D array.
[0074] For the sake of good order, various features of the invention are set out in the following clauses:

1. An ultrasound system for measuring the volume of flow (F) of a fluid within a region of interest (VE), said system
comprising in combination:

a transducer (2) arranged to generate and to transmit ultrasound waves to said region in transmit directions
(D1 and D2) defining a scan plane (IP), said transducer being arranged to generate transducer signals defining
data in response to ultrasound waves backscattered from said fluid within said region; and
a processor (30) responsive to said data and arranged to calculate velocity signals having velocity values
representing components of velocity of said fluid flow in said plane, to correlate portions of said data, to cal-
culate the rate of decorrelation (D) of said portions and to estimate said volume of fluid flow (F) in response
to said velocity signals and said rate of decorrelation.

2. A system, as claimed in clause 1, wherein said transmit directions are defined by at least two different angles
in said scan plane.

3. A system, as claimed in clause 2, wherein said transducer (2) transmits said ultrasound waves by split aperture
scanning.

4. A system, as claimed in clause 1, wherein said data defines gray scale data and wherein said processor corre-
lates said portions of said gray scale data and calculates the rate of decorrelation of said portions of said gray
scale data.

5. A system, as claimed in clause 4, where said gray scale data represents ultrasound RF data.

6. A system, as claimed in clause 4, wherein said gray scale data represents ultrasound A-line data.

7. A system, as claimed in clause 4, wherein said gray scale data represents ultrasound B-scan frames.

8. A system, as claimed in clause 1, wherein said data defines color flow power.

9. A system, as claimed in clause 1, wherein said portions of said correlated data represent speckle.

10. A system, as claimed in clause 9, wherein said speckle comprises fully developed speckle.

11. A system, as claimed in clause 1, wherein said processor calculates said velocity signals by Doppler calcula-
tions.

12. A system, as claimed in clause 1, wherein said velocity signals comprise a first velocity signal (Vx) having a
first value representing a first component of velocity of said fluid flow in a first direction in said scan plane and a
second velocity signal (Vy) having a second value representing a second component of velocity of said fluid flow
in a second direction in said scan plane, said second direction being perpendicular to said first direction.

13. A system, as claimed in clause 12, wherein said processor further generates third velocity signals (Vz) having
third values representing third components of velocity of said fluid flow perpendicular to said scan plane in response
to said first value, said second value and said rate of decorrelation.
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14. A system, as claimed in clause 12, wherein said transducer signals define a beam (B) which defines a first
beam correlation width (Bx) in said first direction, a second beam correlation width (By) in said second direction,
and a third beam correlation width (Bz) in said third direction and wherein said processor (30) generates said third
velocity signals at least partially in response to said first, second and third beam correlation widths.

15. A system, as claimed in clause 13, wherein said processor estimates said volume of fluid flow by summing
said third values over the cross sectional area of said region intersected by said scan plane.

16. A system, as claimed in clause 14, wherein said processor estimates said volume of fluid flow by summing
said third values over the cross sectional area of said region intersected by said scan plane.

17. A system, as claimed in clause 1, wherein said fluid comprises blood and wherein said region comprises a
blood vessel (VE).

18. A system, as claimed in clause 1, wherein said fluid comprises a contrast agent (CA).

19. In an ultrasound system, a method for measuring the volume of flow (F) of a fluid within a region of interest
(VE), said method comprising:

transmitting ultrasound waves to said region in transmit directions (D1 & D2) defining a scan plane (IP);
generating data signals defining data in response to ultrasound waves backscattered from said fluid within
said region;
generating velocity signals having velocity values representing components of velocity of said fluid flow in said
scan plane in response to said data;
correlating portions of said data;
calculating the rate of decorrelation (D) of said portions;
estimating said volume of flow (F) of said fluid in response to said velocity signals and said rate of decorrelation.

20. A method, as claimed in clause 19, wherein said transmit directions are defined by at least two different angles
in said scan plane.

21. A method, as claimed in clause 20, wherein transmitting comprises split aperture scanning.

22. A method, as claimed in clause 19, wherein said data defines gray scale data; wherein said correlating com-
prises correlating portions of said gray scale data and wherein said calculating the rate of decorrelation comprises
calculating the rate of decorrelation of said portions of said gray scale data.

23. A method, as claimed in clause 22, wherein said gray scale data represents ultrasound RF data.

24. A method, as claimed in clause 22, wherein said gray scale data represents ultrasound A-line data.

25. A method, as claimed in clause 22, wherein said gray scale data represents ultrasound B-scan frames.

26. A method, as claimed in clause 19 wherein said data defines color flow power.

27. A method, as claimed in clause 19, wherein said portions of said correlated data represent speckle.

28. A method, as claimed in clause 27, wherein said speckle comprises fully developed speckle.

29. A method, as claimed in clause 19, wherein said generating velocity signals comprises calculating said velocity
signals by Doppler calculations.

30. A method, as claimed in clause 19, wherein said velocity signals comprise to a first velocity signal having a
first value representing a first component of velocity of said fluid flow in a first direction in said scan plane and a
second velocity signal having a second value representing a second component of velocity of said fluid flow in a
second direction in said scan plane, said second direction being perpendicular to said first direction.

31. A method, as claimed in clause 30, wherein said generating velocity signals further comprises generating third
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velocity signals having third values representing third components of velocity of said fluid flow perpendicular to
said scan plane in response to said first value, said second value and said rate of decorrelation.

32. A method, as claimed in clause 31, wherein said ultrasound waves form a beam defining a first beam correlation
width in said first direction, a second beam correlation width in said second direction, and a third beam correlation
width in said third direction and wherein said third velocity signals are generated at least partially in response to
said first, second and third beam correlation widths.

33. A method, as claimed in clause 31, wherein said estimating comprises summing said third values over the
cross sectional area of said region intersected by said scan plane.

34. A method, as claimed in clause 32, wherein said estimating comprises summing said third values over the
cross sectional area of said region intersected by said scan plane.

35. A method, as claimed in clause 19, wherein said fluid comprises blood and wherein said region comprises a
blood vessel.

36. A method, as claimed in clause 19, wherein said fluid comprises a contrast agent.

Claims

1. An ultrasound system for measuring the volume of flow (F) of a fluid within a region of interest (VE), said system
comprising in combination:

a transducer (2) arranged to generate and to transmit ultrasound waves to said region in transmit directions
(D1 and D2) defining a scan plane (IP), said transducer being arranged to generate transducer signals defining
data in response to ultrasound waves backscattered from said fluid within said region; and
a processor (30) responsive to said data and arranged to calculate velocity signals having velocity values
representing components of velocity of said fluid flow in said plane, to correlate portions of said data, to cal-
culate the rate of decorrelation (D) of said portions and to estimate said volume of fluid flow (F) in response
to said velocity signals and said rate of decorrelation.

2. A system, as claimed in claim 1, wherein said transmit directions are defined by at least two different angles in
said scan plane.

3. A system, as claimed in claim 1 or 2, wherein said transducer (2) transmits said ultrasound waves by split aperture
scanning.

4. A system, as claimed in claim 1, 2 or 3 wherein said data defines gray scale data and wherein said processor
correlates said portions of said gray scale data and calculates the rate of decorrelation of said portions of said
gray scale data.

5. A system, as claimed in claim 4, where said gray scale data represents ultrasound RF data.

6. A method for measuring the volume of flow (F) of a fluid within a region of interest (VE) in an ultrasound system,
said method comprising:

transmitting ultrasound waves to said region in transmit directions (D1 & D2) defining a scan plane (IP);
generating data signals defining data in response to ultrasound waves backscattered from said fluid within
said region;
generating velocity signals having velocity values representing components of velocity of said fluid flow in said
scan plane in response to said data;
correlating portions of said data;
calculating the rate of decorrelation (D) of said portions;
estimating said volume of flow (F) of said fluid in response to said velocity signals and said rate of decorrelation.

7. A method, as claimed in claim 6, wherein said transmit directions are defined by at least two different angles in
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said scan plane.

8. A method, as claimed in claim 6 or 7, wherein transmitting comprises split aperture scanning.

9. A method, as claimed in claim 6, 7 or 8, wherein said data defines gray scale data; wherein said correlating com-
prises correlating portions of said gray scale data and wherein said calculating the rate of decorrelation comprises
calculating the rate of decorrelation of said portions of said gray scale data.

10. A method, as claimed in claim 9, wherein said gray scale data represents ultrasound RF data.
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