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ULTRASONIC IMAGING OF ACOUSTIC ATTENUATION
COEFFICIENTS WITH ELEVATION COMPOUNDING

This invention relates to ultrasound imaging
systems and, in particular, to the imaging of
acoustic attenuation coefficient maps with 1.75D and
2D array transducers.

Pulse-echo ultrasound imaging systems transmit
beams of acoustic energy over an image field. As
each transmitted beam encounters acoustic reflectors
and tissue boundaries, some of the transmitted energy
is reflected back to the transmitting transducer and
received as an echo. In this way, a sequence of
echoes is received from progressively deeper tissues
as the ultrasound beam energy travels deeper into the
body. The amplitudes of the echoes are detected and
displayed in correspondence with their times of
reception, which correspond to the depths from which
they were received. The display thereby reveals
characteristics of the structure of the tissue within
the body. But the beam energy is continually
attenuated as it travels through the tissue and
encounters acoustic absorption and scattering along
the paths of the beams. This attenuation will result
in the reception of generally stronger echoes from
tissue in the near field, and generally weaker echoes
from tissue at greater depths. Without compensation
for this effect, the resulting image will appear
brighter in the near field (from higher amplitude
echoes) and darker in the far field due to the
reception of lower echo amplitudes. The common
compensation for this effect is time gain control
(TGC), whereby the receiver increases the
amplification of echo signals as they are received
from progressively greater depths. Ultrasound

systems are equipped with TGC settings which enable
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the user to select the gain applied at different
depths, from which the ultrasound system computes a
TGC curve for continual gain variation during echo
reception. Ultrasound systems are also commonly
equipped with pre-determined TGC curves which
experience has shown are typical for various tissue
types. Thus, a user can call up a pre-computed TGC
curve for the liver for an abdominal exam, or a
different pre-computed TGC curve when imaging the
breast. The typical curves are exactly that, since
the attenuation characteristics of tTissue differ from
one person to another by reason of tissue density
variation, composition, location differences, and
other properties. It would thus be desirable to know
the attenuation characteristics of the specific
tissue being diagnosed, rather than rely upon a
typical or average characteristic. Accordingly,
efforts have been directed toward measuring the
attenuation characteristics for a subject in vivo by
estimating and displaying the degree of attenuation
for each point in an ultrasound image field. See,
e.g., “Local Tissue Attenuation Images BRased on
Pulsed-Echo Ultrasonic Scans” by Walach et al., IEEE
Trans. On Biomedical Engineering, vol. BME-33, no. 7,
July 1986 at pp 637-43. Walach et al. propose that
such maps of local attenuation in an image field can
be used to pinpoint tissue pathology by reason of its
different attenuation characteristic from that of
healthy tissue. An example of this property is the
diagnosis of fatty liver disease. As fat is more
attenuative than normal liver tissue, the acoustic
attenuation characteristic can potentially be used to

stage fatty liver disease.
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The estimations used to produce such attenuation
maps, however, are generally dependent upon certain
assumptions made concerning tissue, such as the local
homogeneity of tissue, which may not be the case
throughout the image field. Tissue such as liver
tissue contains networks of blood vessels throughout
the parenchyma. The presence of vasculature adjacent
to an image plane, which would not be visible in the
image, can affect acoustic attenuation estimation in
the image plane. Other sources of error include the
effects of frequency-dependent acoustic diffraction
due to aberration, speckle, aperture obstruction,
clutter, or other adverse conditions. It would be
desirable to produce maps of acoustic attenuation in
an image field which are less subject to such error
sources.

In accordance with the principles of the present
invention, an ultrasound imaging system, method, and
technique are described for more accurately
estimating acoustic attenuation coefficients over an
ultrasound image field. 1Instead of acquiring echo
signal data only in the plane of interest, echo
signals for acoustic attenuation estimation are
acquired from a plurality planes differing in
elevation. Echo signal data is thus acgquired
adjacent to the primary plane of interest. The
acoustic attenuation estimates from the plurality of
planes 1s compounded, thereby diminishing the effect
of inaccurate in-plane estimates. In accordance with
a further aspect of the present invention, data
points which are less accurate or reliable can be
deleted from compounding, or weighted less when
combined with the other elevationally-varying values.

In the drawings:

FIGURE 1 illustrates in block diagram form an

ultrasound system configured in accordance with the
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principles of the present invention.

FIGURE 2 illustrates a perspective view of the
plane of a guidance image and several elevationally
differing regions where acoustic attenuation
coefficients are estimated for subsequent
compounding.

FIGURE 2a illustrates a guidance image with a
region of interest containing an anatomically
registered acoustic attenuation coefficient map.

FIGURE 3 is an axial view of ultrasound beams
used to scan the guidance image and planes for
acoustic attenuation estimation shown in FIGURE 2.

FIGURE 4 is an axial view of ultrasound beams
used to scan two orthogonal guidance images and to
scan elevationally separated planes for acoustic
attenuation compounding in either of the guidance
image planes.

FIGURE 5 illustrates the time-interleaving of
guidance image acquisition and the acquisition of
echo signal data for acoustic attenuation estimation.

FIGURE 6 is a flow chart of methods for creating
and displaying a compounded attenuation coefficient
map.

Referring to FIGURE 1, an ultrasonic diagnostic
imaging system constructed in accordance with the
principles of the present invention is shown in block
diagram form. A transducer array 12 is provided in
an ultrasound probe 10 for transmitting ultrasonic
waves and receiving echo information. The transducer
array 12 may be a one- or two-dimensiocnal array of
transducer elements capable of scanning in two or
three dimensions, for instance, 1in both elevation (in
3D) and azimuth. A preferred transducer array for
scanning in accordance with the present invention is
a 1.75D array with limited beam steering in

elevation, or a 2D array with full electronic
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steering capability in both elevation and azimuth.
The transducer array 12 is coupled to a
microbeamformer 14 in the probe which controls
transmission and reception of signals by the array
elements. Microbeamformers are capable of at least
partial beamforming of the signals received by groups
or "patches" of transducer elements as described in
Us Pats. 5,997,479 (Savord et al.), 6,013,032
(Savord), and 6,623,432 (Powers et al.) The
microbeamformer is coupled by the probe cable to a
transmit/receive (T/R) switch 16 which switches
between transmission and reception and protects the
main beamformer 20 from high energy transmit signals.
The transmission of ultrasonic beams from the
transducer array 12 under control of the
microbeamformer 14 is directed by a beamformer
controller 18 coupled to the T/R switch and the main
beamformer 20, which receives input from the user's
operation of the user interface or control panel 38.
Among the transmit characteristics controlled by the
transmit controller are the number, spacing,
amplitude, phase, frequency, polarity, and diversity
of transmit waveforms. Beams formed in the direction
of pulse transmission may be steered straight ahead
from the transducer array, or at different angles on
either side of an unsteered beam for a wider sector
field of view. For some applications, unfocused
plane waves may be used for transmission. Most 1D
array probes of relatively small array length, e.g.,
a 128-element array, do not use a microbeamformer but
are driven and respond directly to the main
beamformer.

The echoes received by a contiguous group of
transducer elements are beamformed by appropriately
delaying them and then combining them. The partially

beamformed signals produced by the microbeamformer 14
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from each patch are coupled to the main beamformer 20
where partially beamformed signals from individual
patches of transducer elements are combined into a
fully beamformed coherent echo signal. For example,
the main beamformer 20 may have 128 channels, each of
which receives a partially beamformed signal from a
patch of 12 transducer elements. In this way the
signals received by over 1500 transducer elements of
a two-dimensional array transducer can contribute
efficiently to a single beamformed signal, and
signals received from an image plane are combined.

The microbeamformer 14 or the beamformer 20 also
include amplifiers which amplify the signals received
from each element or patch of the transducer array
12. These amplifiers have controllable gain
characteristics, which are controlled by a TCG curve
stored in the ultrasound system, TGC controls on the
user interface 38, or a combination of both. See,
e.g., US Pat.b5,482,045 (Rust et al.) Beamformation
by delaying and summing signals from individual
transducer elements or patches is thus performed with
echo signals that have undergone time gain control
compensation.

The coherent echo signals undergo signal
processing by a signal processor 26, which includes
filtering by a digital filter and noise or speckle
reduction as by spatial or frequency compounding.

The filtered echo signals are coupled to a quadrature
bandpass filter (QBP) 28. The QRP performs three
functions: band limiting the RF echo signal data,
producing in-phase and quadrature pairs (I and Q) of
echo signal data, and decimating the digital sample
rate. The QBRP comprises two separate filters, one
producing in-phase samples and the other producing
quadrature samples, with each filter being formed by

a plurality of multiplier-accumulators (MACs)
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implementing an FIR filter. The signal processor can
also shift the frequency band to a lower or baseband
frequency range, as can the QBP. The digital filter
of the signal processor 26 can be a filter of the
type disclosed in U.S. Patent No. 5,833,613 (Averkiou
et al.), for example.

The beamformed and processed coherent echo
signals are coupled to a B mode processor 30 which
produces signals for a B mode image of structure in
the body such as tissue. The B mode processor
performs amplitude (envelope) detection of quadrature
demodulated I and Q signal components by calculating
the echo signal amplitude in the form of (I2+Q2)%,

The quadrature echo signal components are also
coupled to a Doppler processor 34. The Doppler
processor 34 stores ensembles of echo signals from
discrete points in an image field which are then used
to estimate the Doppler shift at points in the image
with a fast Fourier transform (FFT) processor. The
rate at which the ensembles are acquired determines
the velocity range of motion that the system can
accurately measure and depict in an image. The
Doppler shift is proportional to motion at points in
the image field, e.g., blood flow and tissue motion.
For a color Doppler image, the estimated Doppler flow
values at each point in a blood vessel are wall
filtered and converted to color values using a look-
up table. The wall filter has an adjustable cutoff
frequency above or below which motion will be
rejected such as the low frequency motion of the wall
of a blood vessel when imaging flowing blood. The B
mode image signals and the Doppler flow values are
coupled to a scan converter 32 which converts the B
mode and Doppler samples from their acquired R-©
coordinates to Cartesian (x,y) coordinates for

display in a desired display format, e.g., a
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rectilinear display format or a sector display
format. Either the B mode image or the Doppler image
may be displayed alone, or the two shown together in
anatomical registration in which the color Doppler
overlay shows the blood flow in tissue and vessels in
the image. Another display possibility is to display
side-by-side images of the same anatomy which have
been processed differently or, in the case of multi-
plane acgquisition, images of different planes. This
display format is useful when comparing images.

The scan converted image is coupled to an image
data memory 36, where it is stored in memory
locations addressable in accordance with the spatial
locations from which the image values were acquired.
Image data from 3D scanning can be accessed by a
volume renderer 42, which converts the echo signals
of a 3D data set into a projected 3D image as viewed
from a given reference point as described in US Pat.
6,530,885 (Entrekin et al.) The 3D images produced
by the volume renderer 42 and 2D images produced by
the scan converter 32 are coupled to a display
processor 48 for further enhancement, buffering and
temporary storage for display on an image display 40.

In accordance with the principles of the present
invention, the ultrasound system of FIGURE 1 includes
a subsystem which produces image maps of acoustic
attenuation coefficient estimates. The subsystem
includes an attenuation coefficient estimator 50,
which receives B mode echo signals, preferably from
the QBP 28 prior to detection. The attenuation
coefficient estimator is capable of producing an
attenuation coefficient map from echo signals
acquired from a scan plane and, 1in accordance with
the present invention, a plurality of attenuation
coefficient maps from a plurality of scan planes

separated in the elevation dimension, as described



WO 2021/018968 PCT/EP2020/071413

10

15

20

25

30

35

more fully in the subsequent drawings and
description. The attenuation coefficient estimator
50 operates on the tissue values of I,Q data prior to
detection of pixel values of a B mode image, and
processes the tissue values in conjunction with a map
of reference values, such as attenuation coefficient
measurements made of a homogeneous tissue phantom, a
theoretical model of attenuation coefficients, or a
numerical simulation of attenuation coefficients.
Various reference value maps are stored in the
attenuation coefficient estimator 50 or in a memory
accessible by the attenuation coefficient estimator
50. Depending on the transmit/receive acoustic
settings the user selects in real-time, the matching
reference value map will be accessed for system
dependence compensation by the attenuation
coefficient estimator.

The different attenuation coefficient maps
produced by the attenuation coefficient estimator are
coupled to a confidence measure estimator 52, which
produces spatially corresponding maps of estimated
confidence (i.e., reliability,) either of a single
attenuation coefficient map or of one attenuation
coefficient map in relation to another. The
attenuation coefficient maps and the results of the
confidence estimations are coupled to an attenuation
coefficient map compounder 54, which compounds
(combines) the coefficient map values in the
elevation dimension on a pixel-by-pixel basis, such
as by weighted averaging, where the weighting is
determined by the confidence estimations. The result
is a final attenuation coefficient map produced by
not a single estimation method, but from a
combination of a plurality of spatially different
attenuation coefficient maps. This technique will

thus include the benefit of nearby estimates which
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may be more accurate, e.g., less affected by an in-
plane blood vessel, than some of the attenuation
coefficient estimates in a given plane of interest.
The final attenuation coefficient map is coupled to

5 the scan converter 32 for scan conversion, and then
to a graphics processor 44 which formats the map for
display, as by color-coding the coefficient values of
the map in relation to a range of scaled color
values. The attenuation coefficient map is coupled

10 to the display processor 48 for display on the image
display 40. Optionally, the confidence estimation
maps obtained from confidence measure estimator 52
may be compounded and displayed in the same manner,
so that the user can assess the reliability of

15 attenuation estimates made in a particular region of
interest (ROI) of the image field. Another way to
present attenuation coefficient estimation results is
to display only the attenuation image in the central
plane (overlapping the echo plane) but use all the

20 attenuation images when calculating average
attenuation coefficients. In either display option,
the system can allow users to look at attenuation
images in different planes during review.

The processor of the attenuation coefficient

25 estimator 50 can use any of a number of techniques
for estimating acoustic attenuation coefficient
values over an image field, such as the spectral
difference method, the spectral log difference
method, and the maximum likelihood method.

30 Estimation of acoustic attenuation coefficients (in
units of dB/cm or its equivalents) or acoustic
attenuation coefficient slope (in units of dB/cm/MHz
or its equivalents) from pulse echo signals can be
based on the following expressions:

35
Ss(f,2) = P()D(f, 2)As(f, 20)Bs (f, D) exp[—4as(f)(z — 25)]. [1]

and
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S:(f,2) = P(NID-(f, 2)A-(f, 20) B (f, 2)exp[—4a, (f ) (z — zo)], [2]

where the subscripts s and r denote tissue sample and
reference values, respectively; f is frequency; z is
depth in the image field; S(f,z) is a measured power
spectrum from a region of interest (ROI) centered at
depth z; P(f) is transducer response combined with the
spectrum of the transmitted pulses; D(f,z) is
diffraction effects; 2y is the starting depth of the
ROI; A(f,z,) is the cumulative attenuation effects from
the transducer surface to depth zy; B(f,z) is the
effects of acoustic scattering; and a(f) is the
attenuation coefficient in the ROI. By using S,.(f,z)
from a homogeneous reference phantom and assuming the
same speed of sound for the tissue sample and the
reference, P(f) and D(f,z) are suppressed and the
following expression will hold:

_ Ss(f.2) . As(f.zg)Bs(f.Z) _ _ _
RS(f,7) = 202 = BUARUD oy 47 — 7)[a,(f) — e (D) 31

Starting from these relationships, the spectral
difference method may be carried out as follows. The

spectral difference method assumes that the term
Ag(f20)Bs(f,2)
Ar(f.20)Br(f)

Accordingly,

in expression [3] above is independent of z.

n [ZL2] = —a(z - 20) s (F) = &, (DI + 6P, [4]

where G(f):lnkﬁgéggig, and a4(f) at a given frequency

[ can be obtained through estimating the slope of

Ss(f, . .
nhf%éﬂ wlth respect to z. Note that the attenuation
T ’

coefficient of the reference, a.(f), is known. In

soft tissue a can be modelled as

a(f) = Bf™ [5]
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When it is assumed that n = 1, then a.(f)=8.f, and
as(f) =Bsf s and

n [E5] = ~4G ~ 2) (6~ 1 +6(). [6]

Sr(f,Z)

The attenuation coefficient slope fs can then be

estimated as

F2[w(H)], [Ss{f2)
Ifr [T]‘” 'Si(f.z_)]df ) 7]

ﬁszﬁr—zg< [T wirar

where w(f) is a weighting function. Note that the
effects of G(f), assuming the scattering effects B
are independent of depth z, vanish after the
differentiation with respect to z. When the
assumption of depth independence of scatterers is
valid, the spectral difference method usually
outperforms other methods such as the maximum
likelihood (ML) method. Further detail on the three
acoustic attenuation coefficient techniques mentioned
above can be found in co-assigned US provisional
patent application no. 62/796,372, which is herein
incorporated by reference.

In accordance with a further aspect of the
present invention, the expressions and assumptions of
the attenuation coefficient estimation technique are
used to produce spatially corresponding maps of
confidence factors of the attenuation coefficient
estimates for the coefficient map of each
elevationally different plane. Maps of confidence
factors for the different attenuation coefficient
maps are computed by the confidence measure estimator
52 and used to display the confidence in the
attenuation coefficients across the image field, or
used to compound the different attenuation
coefficient maps in accordance with their

trustworthiness. A further option is to compound the
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confidence factor maps in the elevation dimension, in
the same way that the attenuation coefficient maps
are compounded. For instance, for the spectral
difference method of attenuation coefficient

5 estimation to be valid for accurate coefficient slope
estimation, it is necessary for the following

expression

_ 1 Ss(f.z2) _ Ss(f.z1) _
Q(f,z4,2,) = ;(ln [—Sr(f,zz) In [—Sr(f.zl) ) 48, [8]

10
to be independent of f. It will be if

. I[Pwnetr.zzar
Q(f,21,22) 2 Q(21,2) =*—F———
(f 1r 42 1: 42 f;cle(f)df

[9]

15 It can be determined if this is the case by

calculating

[[2wpletrz122)-0G1 )] af
1f2wipar
|Q(21122)|

: [10]

u(zy,z,) =

The confidence in the coefficient slope estimates is
greater when u is smaller and lower when u is larger.

20 A map of u values calculated in this manner for each
pixel of an attenuation coefficient map calculated by
the spectral difference method thus will inform the
user of the trustworthiness of the attenuation
coefficient map and the accuracy of coefficient

25 estimations for the points throughout the attenuation
coefficient map. Differences between a raw
attenuation coefficient map and its smoothed version
(e.g., one which has undergone median filtering) can
also be used to indicate confidence, with higher

30 confidence values assigned to pixels with lower
differences. Other methods or metrics for deriving
confidence measures include texture analysis, flow
measurement, tissue response to acoustic radiation

force, and coherence in pre-beam-summed channel data.
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The attenuation coefficient map compounder 54
produces a final attenuation coefficient map by
compounding the elevationally different attenuation
coefficient maps. During compounding, the
coefficient values of an attenuation coefficient map
with higher confidence factors and/or higher
consistency with other maps will be given larger
weights in the combining process. For instance, if
an attenuation coefficient from one map for a given
pixel has a higher confidence factor than the
coefficients from the other maps, that coefficient
value will be given greater weight than the others in
the combining process. If the attenuation
coefficients from two of the maps have a higher
consistency than the attenuation coefficient from a
third map, e.g., are within 5% of each other, whereas
the value from the third map differs by 20% from the
others, then the coefficients from the first two maps
would be given greater weights in the combining
process. Compounding of the different maps proceeds
in this manner in the elevation dimension on a pixel-
by-pixel basis until a final attenuation map has been
produced for display to the user. As previously
mentioned, the final map can be displayed alone, or
in conjunction with one or all of the confidence maps
or, preferably, in conjunction with a consolidated
confidence map.

FIGURE 2 is a perspective view of the elevation
compounding technique of the present invention. The
plane 60 is the plane of an ultrasound image acquired
for image guidance of the procedure. Located in
correspondence with this image plane are
elevationally different planes A, B, C, D and E from
which echo signals are acquired for the computation
of acoustic attenuation coefficient values in each

plane. The plane C is in the plane of the guidance
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image plane 60 and defines a region of interest in
the plane 60 for acoustic attenuation estimation.
Planes A and B are in front of plane 60 in the
elevation dimension and planes D and E are behind the
plane 60. After an acoustic attenuation coefficient
map has been computed for each of the five planes
using the expressions given above, the five acoustic
attenuation maps are compounded pixel-by-pixel in the
elevation direction to produce a compound acoustic
attenuation map of the region of interest in plane
60. The compounding may be performed with or without
confidence weighting as described above. FIGURE 2a
illustrates three image panels formed in accordance
with the present invention, an image panel 82
displaying an echo image with a designated ROI, an
image panel 86 with the ROI illustrating color-coded
attenuation coefficient values, and an image panel 84
with confidence factors color-coded in the ROI.
FIGURE 3 is an axial view from the transducer
array of some of the beams used to acgquire echo
signal data for the guidance image and the compounded
acoustic attenuation mapping shown in FIGURE 2. The
beams 62 in the plane 60 are used to acquire echo
signals for the guidance image, and the beams 72 are
used to acquire echo signals for acoustic attenuation
coefficient maps in the five elevationally separated
planes A-E. The echo signal data from the acoustic
attenuation mapping planes A-E may be acquired one
plane at a time and coupled to the attenuation
coefficient estimator 50 for the computation of an
attenuation coefficient map for one plane before the
echo signal data for another attenuation coefficient
map plane is acquired, using either a 1.75D or 2D
array transducer. When a 2D array transducer with
full electronic steering in the elevation dimension

is used in the multi-line mode, as described in US
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Pat. 8,137,272 (Cooley et al.), echoes along a
scanline of each elevation plane may be acquired at
the same time in response to a single pulse
transmission. Transmission and reception proceeds in
this manner, enabling all of the different
elevational planes to be acquired in the same time
needed to scan a single plane with a 1D array by
virtue of the use of multi-line acquisition. After
all of the echo signals for all of the planes have
been acquired in this way, the different elevation
plane acoustic attenuation maps are calculated by the
attenuation coefficient estimator 50 then compounded
by the attenuation coefficient map compounder for
production of the final attenuation coefficient map
of the ROI.

The location of transmits for attenuation
imaging can vary from volume to volume and does not
need to stay on a regular grid in the lateral-
elevational plane.

FIGURE 4 illustrates another implementation of
the present invention using a 2D array to acquire two
orthogonal guidance images, one in plane 60 and the
other in orthogonal direction 64. The echo signal
data for the attenuation coefficient map planes is
acquired along beams 72 as described above. This
echo signal data may be processed in one of two ways,
either by processing rows of echo signals (A) for the
production of attenuation coefficient maps in the
elevation dimension as described in FIGURE 3, or by
producing attenuation coefficient maps for columns
(A') of echo signals to produce a compounded
attenuation coefficient map for an ROI in the
orthogonal guidance image of plane 64. In the latter
case, the elevation and azimuth dimensions are
reversed for the orthogonal guidance image of plane

64 and its attenuation coefficient map. The user may
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switch back and forth between the two guidance images
of planes 60 and 64 and their attenuation coefficient
maps, or display both at the same time.

A timing diagram for acquiring the echo signal
data from the guidance planes and for the attenuation
coefficient maps of FIGURE 4 is shown in FIGURE 5.

As the timing diagram illustrates, the scanning of
the image guidance planes 1s alternated with the
acquisition of echo signal data for the attenuation
coefficient maps. Initially Frame 1 (plane 60) and
then Frame 2 (Plane 64) are scanned and guidance
images are produced from the two frames of echo
signal data. Then Volume 1 is scanned with beams 72
to acquire a volume of echo signal data for the
attenuation coefficient maps. As explained above,
this data can be processed in planes in one direction
to produce elevationally different attenuation
coefficient maps for one of the guidance images,
and/or in an orthogonal direction to produce
elevationally different attenuation coefficient maps
for the other, orthogonal guidance image. The
scanning sequence then continues in this manner,
updating the guidance images with echo signals from
Frame 3 and Frame 4, then updating the attenuation
coefficient maps by processing echo signal data from
the acquisition of Volume 2 echo signals.

FIGURE 6 illustrates a method flow chart of a
method 600 for automatically producing an attenuation
coefficient map in an ultrasound image field. The
method generally incorporates the functions and
features of the afore-described ultrasonic diagnostic
imaging system and as shown in FIGURES 1 through 5.
Method 600 begins at start step 602, e.g. with
obtaining and initializing a system for acquiring
ultrasound echo signals. Ultrasound echo signals from

an image field are received in an acquiring step 604,
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with signals preferably acquired in both azimuth and
elevation dimensions. The system produces coherent
echo signals at producing step 606 from the raw
received signals from acquiring step 604. An
estimating step 608 then estimates attenuation
coefficient values based upon the coherent echo
signals. Optionally, a B-mode guidance image may also
be derived from the coherent echo signals produced at
step 606 in a B-mode image create step 620.

The system uses the attenuation coefficients
from estimating step 608 to automatically create
attenuation coefficient maps at create step 610. Maps
are created for at least two elevation planes,
although the invention envisions creating maps for
greater than two planes. Then, according to the
techniques described previously, the system compounds
the two or more attenuation maps at step 612 to
obtain a compounded attenuation coefficient map. The
advantages of the compounded attenuation coefficient
map are described previous as well.

The obtained compounded attenuation map from
step 612 may then be used for various purposes,
including further analysis, or automatic adjustment
of system settings. A display step 618, for example,
may also provide a visual display of the obtained
compounded attenuation coefficient map. In an
optional embodiment, the B-mode guidance image
created at step 620 may be displayed at step 618
along with the compounded attenuation coefficient map
in, for example, anatomical registration with a
region of interest of the guidance image.

A second compounded attenuation coefficient map
may also be obtained from a plurality of planes in
different orientations from the elevation planes. For
example, step 614 automatically creates a plurality

of such attenuation coefficient maps of attenuation
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coefficient values in the azimuth dimension. The
azimuth dimension is of course orthogonal to the
elevation dimension, but other angular orientations
fall within the scope of the invention. Then,
according to the techniques described previously, the
system compounds the two or more attenuation maps at
step 616 to obtain a second compounded attenuation
coefficient map in the different plane.

The second compounded attenuation map from step
616 may then be used for various purposes, including
further analysis, or automatic adjustment of system
settings. The second compounded attenuation map may
be displayed at display step 618, or may be displayed
along with the compounded attenuation coefficient map
from step 612.

Optionally, a plurality of confidence factor
maps of attenuation coefficients, corresponding to
different planes, may be created at creating step
622 . The confidence maps preferably correspond to the
values associated with the attenuation coefficient
maps created in step 610 or step 614. The plurality
of maps may then be used to create a compounded
confidence map of attenuation coefficients at create
step 624. Each compounded confidence value there is
preferably associated with a corresponding compounded
attenuation coefficient value. The compounded
confidence factor map may be displayed at display
step 618, an may be displayed along with the
compounded attenuation coefficient map from step 612
or step 61l6.

It should be noted that an ultrasound system
sulitable for use in an implementation of the present
invention, and in particular the component structure
of the ultrasound system of FIGURE 1, may be
implemented in hardware, software or a combination

thereof. The various embodiments and/or components
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of an ultrasound system and its controller, or
components and controllers therein, also may be
implemented as part of one or more computers or
microprocessors. The computer or processor may
include a computing device, an input device, a
display unit and an interface, for example, for
accessing the internet. The computer or processor
may include a microprocessor. The microprocessor may
be connected to a communication bus, for example, to
access a PACS system or the data network for
importing training images. The computer or processor
may also include a memory. The memory devices such
as a memory for the reference value map for the
attenuation coefficient estimator 50 may include
Random Access Memory (RAM) and Read Only Memory
(ROM) . The computer or processor further may include
a storage device, which may be a hard disk drive or a
removable storage drive such as a floppy disk drive,
optical disk drive, solid-state thumb drive, and the
like. The storage device may also be other similar
means for loading computer programs or other
instructions into the computer or processor.

As used herein, the term "computer" or "module"
or “processor” or “workstation” may include any
processor-based or microprocessor-based system
including systems using microcontrollers, reduced
instruction set computers (RISC), ASICs, logic
circuits, and any other circuit or processor capable
of executing the functions described herein. The
above examples are exemplary only and are thus not
intended to limit in any way the definition and/or
meaning of these terms.

The computer or processor executes a set of
instructions that are stored in one or more storage
elements, in order to process input data. The

storage elements may also store data or other
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information as desired or needed. The storage
element may be in the form of an information source
or a physical memory element within a processing
machine. The set of instructions of an ultrasound
system including those controlling the acquisition,
processing, and display of ultrasound images as
described above may include various commands that
instruct a computer or processor as a processing
machine to perform specific operations such as the
methods and processes of the various embodiments of
the invention. The set of instructions may be in the
form of a software program. The software may be in
various forms such as system software or application
software and which may be embodied as a tangible and
non-transitory computer readable medium. The
equations given above for the different methods for
attenuation coefficient estimation and mapping, as
well as the calculations used to produce the
confidence maps described above, are typically
calculated by or under the direction of software
routines. Further, the software may be in the form
of a collection of separate programs or modules such
as an attenuation coefficient computing module, or an
attenuation coefficient mapping program module within
a larger program or a portion of a program module.
The software also may include modular programming in
the form of object-oriented programming. The
processing of input data by the processing machine
may be in response to operator commands, or in
response to results of previous processing, or in
response to a request made by another processing
machine.

Furthermore, the limitations of the following
claims are not written in means-plus-function format
and are not intended to be interpreted based on 35

U.S5.C. 112, sixth paragraph, unless and until such
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claim limitations expressly use the phrase "means
for" followed by a statement of function devoid of

further structure.
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WHAT IS CLAIMED IS:

1. An ultrasound imaging system which produces
attenuation coefficient maps of an image field
5 comprising:
an ultrasound probe (10) with a 1.75D or 2D
transducer array (12) adapted to acquire ultrasonic
echo signals from an image field in the azimuth and
elevation dimensions;

10 a beamformer (20) adapted to process the
ultrasonic echo signals to produce coherent echo
signals for an ultrasound image of the image field;

an attenuation coefficient estimator (50),
coupled to the beamformer, and adapted to estimate

15 attenuation coefficient values for maps of
attenuation coefficients,

wherein the attenuation coefficient estimator is
further adapted to produce a plurality of attenuation
coefficient maps in different planes in the elevation

20 dimension;

an attenuation coefficient map compounder (54),
coupled to the attenuation coefficient estimator, and
adapted to compound the plurality of attenuation
coefficient maps in the elevation direction; and

25 a display (40) adapted to display attenuation
coefficient maps produced by the attenuation

coefficient map compounder.

2. The ultrasound imaging system of Claim 1,
30 further comprising a B mode processor, coupled to
receive the coherent echo signals and adapted to
produce B mode image signals for the attenuation

coefficient estimator.

35 3. The ultrasound imaging system of Claim 2,

wherein the attenuation coefficient estimator is
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further adapted to estimate attenuation coefficient
values by the spectral difference method, the
spectral log difference method, or the maximum
likelihood method.

4, The ultrasound imaging system of Claim 2,
wherein the B mode processor is further adapted to
produce echo signals for a guidance image,

wherein a compounded attenuation coefficient map
produced by the attenuation coefficient map
compounder 1s in anatomical registration with a

region of interest of the guidance image.

5. The ultrasound imaging system of Claim 1,
wherein the attenuation coefficient map compounder is
further adapted to compound two or more of the
attenuation coefficient maps produced by the
attenuation coefficient estimator on a pixel-by-pixel

basis in the elevation direction.

6. The ultrasound imaging system of Claim 1,
further comprising a confidence estimator, responsive
to attenuation coefficient map data which is adapted
to produce a map of confidence factors pertaining to
corresponding values of the attenuation coefficient

map.

7. The ultrasound imaging system of Claim 6,
wherein the attenuation coefficient map compounder is
further adapted to compound two or more of the
attenuation coefficient maps produced by the
attenuation coefficient estimator by weighted

averaging.

8. The ultrasound imaging system of Claim 7,

wherein the attenuation coefficient map compounder is
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further adapted to compound two or more of the
attenuation coefficient maps using weights determined

by confidence factor estimations.

9. The ultrasound imaging system of Claim 7,
wherein the attenuation coefficient map compounder is
further adapted to compound two or more of the
attenuation coefficient maps using weights determined
by attenuation coefficient consistency of the maps

being compounded.

10. The ultrasound imaging system of Claim 1,
wherein the transducer array is a 2D array adapted to
simultaneously acquire ultrasonic echo signals for a
plurality of elevationally different attenuation

coefficient maps by multi-line acgquisition.

11. The ultrasound imaging system of Claim 10,
wherein the beamformer is further adapted to produce
coherent echo signals for two orthogonal ultrasound

images.

12. The ultrasound imaging system of Claim 11,
wherein the attenuation coefficient estimator is
further adapted to estimate attenuation coefficient
values for maps of attenuation coefficients in either

the azimuth or the elevation dimensions.

13. The ultrasound imaging system of Claim 12,
wherein the attenuation coefficient map compounder is
further adapted to compound a plurality of
attenuation coefficient maps in the elevation
direction of two orthogonally oriented ultrasound

images.

14. The ultrasound imaging system of Claim 1,
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further comprising a memory adapted to store a map of
reference values,

wherein the reference values comprise
attenuation coefficient measurements of a tissue
phantom, a theoretical model of attenuation
coefficients, or a numerical simulation of

attenuation coefficients.

15. The ultrasound imaging system of Claim 11,
wherein the transducer array is further adapted to
alternately acquire echo signal data for ultrasound
images and echo signal data for attenuation

coefficient mapping in a time-interleaved manner.

16. A method for automatically producing an
attenuation coefficient map in an ultrasound image
field, comprising the steps of:

acquiring ultrasound echo signals from an
ultrasound image field in the azimuth and elevation
dimensions;

producing coherent echo signals from the
ultrasound echo signals;

estimating attenuation coefficient values
corresponding to the coherent echo signals;

automatically creating a plurality of
attenuation coefficient maps for attenuation
coefficient values in a plurality of different planes
in the elevation dimension;

compounding the plurality of attenuation
coefficient maps to obtain a compounded attenuation
coefficient map; and

displaying the compounded attenuation

coefficient map.

17. The method of Claim 16, further comprising
the steps of:
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creating a B mode ultrasound guidance image from
the coherent echo signals; and

displaying the B mode ultrasound image and
compounded attenuation coefficient map in anatomical
registration with a region of interest of the

guidance image.

18. The method of Claim 16, further comprising
the steps of:

automatically creating a plurality of
attenuation coefficient maps for attenuation
coefficient values in a plurality of different planes
in the azimuth dimension;

compounding the plurality of attenuation
coefficient maps to obtain a second compounded
attenuation coefficient map in a different plane than
of the compounded attenuation coefficient map; and

displaying at least one of the compounded
attenuation coefficient map and the second compounded

attenuation coefficient map.

19. The method of Claim 16, further comprising
the step of creating a map of confidence factors
pertaining to corresponding values of the attenuation

coefficient map.

20. A computer program product residing in a
non-transitory computer-readable medium and
containing instructions to implement the method of
Claim 16.
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