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  An numerical model is presented for B-scan images of weakly-scattering,lossy media, based on ultrasound array beam
patterns calculated analytically under the Fresnel approximation. Given these beam patterns and a 3D analytic or numeri-
cal tissue model, this method yields beamformed A-line signals from which B-scan images are constructed. This approach
is further employed to model echo decorrelation imaging, a method for quantitatively mapping transient heat-induced
changes in pulse-echo ultrasound images. In echo decorrelation imaging, a normalized decorrelation parameter is
computed between A-line signals separated by milliseconds. Maps of this parameter comprise echo decorrelation images,
which are potentially useful for monitoring of local tissue coagulation during thermal ablation treatments for cancer
therapy. Following previous studies in which scattering cross section has been related to spatial-frequency spectra of
tissue sound speed, density, and impedance variations, echo decorrelation is related quantitatively to the local decoherence
of these spatial-frequency spectra. Decoherence estimates are validated by simulations employing analytic array beam
patterns and random-media models for ablated tissue, and are further applied to quantify tissue structure changes caused
by thermal coagulation during in-vitro radiofrequency ablation.
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• Convolutional model for B-scan imaging, approximating 3D scattering
and diffraction effects

• Echo decorrelation imaging to quantify transient changes in tissue
structure

• Computation of echo decorrelation images from simulated B-scans

• Comparison with ablation effects from in vitro radiofrequency ablation

Overview

The slides included here comprise an entire invited presentation given at the 159th meeting of
the Acoustical Society of America. The presentation reviews a convolution-based approach
to analysis and simulation of B-scan ultrasound imaging (Mast 2010). This model is then
employed to simulate and analyze echo decorrelation imaging (Mast 2008), an approach to
real-time ultrasound monitoring of thermal ablation for cancer treatment.
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• Linear array performs pulse-echo imaging of a 3D, linear, weakly
scattering, lossy medium

• Array transmits focused pulses along multiple lines

• System synthetically focuses scattered signals at multiple depths

• A-lines: beamformed echo signals for each line

• B-scan: echo brightness vs. position in medium

B-scan imaging

The present model for pulse-echo ultrasound imaging applies to scattering media similar to
soft tissues, which can be modeled as weakly scattering (Waag 1993). When a transient
incident wave is transmitted from a portion of an ultrasound array, the resulting scattered
field ps(r, t) is approximated by the above equation (Morse 1968; Jansson 1998), in which
ω is the center radial frequency of the transmitted pulse a(t) e−iωt, k is the corresponding
acoustic wave number, γ is the medium’s position-dependent reflectivity, and pE is the single-
frequency beam pattern of the transmit aperture at the radial frequency ω. The integral is
performed over the entire scattering volume V0.

For B-scan (brightness mode) imaging, an ultrasound array transmits short, focused
pulses into the medium. The scattered field is then received by a number of array elements
and the resulting signals are synthetically focused by delay-and-sum operations. The result-
ing position-dependent signal amplitude is displayed as the local B-scan image brightness.
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• B-scan model: scattered signals integrated over effective (depth-
dependent focus) detector surface

• A-lines u(t) depend on medium reflectivity γ, pulse envelope a,
emitter/detector beams pE, pD:

• Diffraction effects summarized by “system function” Λ:

• Complex B-scan image I(y,z) written in convolutional form:

B-scan image model

To model this image-formation process, the scattered field ps(r, t) is integrated over effective
(position-dependent) receiving apertures with size and focal characteristics equivalent to the
receiving array subapertures of the imaging system simulated, including depth-dependent
electronic focusing. The result of this model is an analytic expression for a complex A-line
signal u(t), in which ρcv0 is the nominal surface pressure amplitude and pD is the single-
frequency beam pattern of the effective receiving aperture.

Transmit and receive aperture effects can be compactly represented by a “system func-
tion” Λ (Waag 1993; Jansson 1998), defined here as a product of the single-frequency, com-
plex transmit and receive beams. A complex B-scan image I(y, z) is then expressed by the
third equation above as a series of one-dimensional convolution and integration operations
performed on the 3D medium reflectivity, the 3D system function, and the temporal transmit
pulse envelope.
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• Scattering medium mimicking ATS 539 ultrasound phantom
• Parameters matching 7 MHz, 192-element linear array system with

dynamic receive focusing
• System function Λ computed by Fresnel approximation for focused,

depth-dependent, rectangularly symmetric apertures
• Model includes frequency-dependent attenuation, sound speed

mismatch, electronic noise, time-gain compensation

Model-experiment comparison

    Experiment                     Simulation

Here, 7 MHz B-scan images of a standard ultrasound quality-assurance phantom (Model 539,
ATS Laboratories) is simulated and compared with corresponding measured B-scans for the
modeled transducer and imaging system (L7 and Iris 2, Ardent Sound). The scattering
medium was modeled by defining a reflectivity function on a 3D grid. Transmit and receive
beams were computed using a Fresnel approximation for focused rectangular apertures with
error-function apodization (Mast 2007). Finally, the above equation for the complex B-scan
image I(y, z) was solved numerically (MATLAB, The Mathworks), with one-dimensional
convolutions computed by fast Fourier transforms and integration performed by discrete
summation. Before display, synthetic electronic noise was added and exponentially depth-
dependent gain was applied to compensate for attenuation in the scattering medium.

The simulated image, which displays |I(y, z)| on a logarithmic gray scale with 60 dB
dynamic range, is comparable to the measured B-scan in depth-dependent speckle texture,
resolution, and contrast. Successfully simulated effects include focus aberration caused by the
discrepancy between the system-assumed sound speed (1.54 mm/µs) and the sound speed
of the polyurethane phantom material (1.45 mm/µs). The main feature not accurately
simulated is asymmetry of the wire targets in the depth direction.
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• Speckle amplitude follows Rayleigh distribution

• Azimuthal autocorrelation function agrees with experiment

• Diffraction effects realistically modeled by convolutional approach

Speckle statistics

For a check on the accuracy of the simulation, image statistics were compared between
simulation and experiment. The plots above compare statistics for speckle amplitude within
the region of interest marked by dashed lines on the previous slide.

The image amplitude follows a Rayleigh probability density function, as expected for
fully-developed speckle from incoherently scattering media (Burckhardt 1978). The lateral
autocorrelation function, which provides a measure of the dominant speckle length scale in
the azimuthal direction, is similar between the simulation (correlation length 0.40 mm) and
the measurement (correlation length 0.43 mm).
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Echo decorrelation imaging
• Goal: quantitatively image severe tissue heating in thermal ablation

• Approach: map temporal decorrelation of complex image frames on
short time scales (∆t ~ 20 ms)

 Frame cross-correlation:      Integrated backscatter:

Echo decorrelation:

A second pulse-echo imaging method, based on the same beamformed signals usually dis-
played as B-scan images, is echo decorrelation imaging (Mast 2008). In this approach, a
position-dependent decorrelation function is computed between adjacent pulse-echo image
frames acquired at the system frame rate (about 50 Hz for the system employed here).

The echo decorrelation map σ(r, t) is computed using a temporal cross-correlation be-
tween two adjacent frames as defined above, where ∆t is the inverse of the system frame rate
and the angular brackets represent spatial integration over a window centered at position r.
The resulting echo decorrelation is near zero for positions and times where the medium is
unaffected by heating, and is substantially greater than zero where the medium is undergoing
rapid changes due to thermal ablation.
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Quantifying tissue changes
• Power spectra of tissue reflectivity:

• Relations to measured backscatter:

• σ (r,t) ≈ decoherence of reflectivity power spectrum for lag ∆t

Echo decorrelation images can be related to intrinsic structural changes in the tissue medium
using known relationships between the scattered field and tissue microstructure (Morse 1968;
Waag 1993). Tissue structure is characterized by a spatial power spectrum S00, defined in
terms of the 3D spatial Fourier transform Γ of the medium reflectivity γ. Similarly, a cross
spectrum S01 can be formed between the medium reflectivities at times t and t +∆t.

Under the weak scattering approximation employed here, the echo decorrelation map σ
then approximates the position-dependent decoherence of the spatial power spectrum of the
medium reflectivity γ. Fractional decorrelation corresponds to the fractional decoherence of
this power spectrum for the temporal lag ∆t. Thus, the echo decorrelation parameter can be
interpreted directly as a measure of local, heat-induced changes within the scattering tissue
medium.
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Simulating echo decorrelation imaging
• B-scans computed for 3D random media, γ (r, t +∆t) = γ (r, t) + ξ (r)n(r)
• Echo decorrelation computed directly from simulated A-line signals

     
       ξ(r)

 

log10 [σ (r,t)]
  (analytic)

log10 [σ (r,t)]
 (simulated)

To test this interpretation of echo decorrelation imaging, simulations were performed using an
imaging configuration equivalent to the B-scan simulations shown above. Spatial decoherence
of a 3D random medium γ at time t +∆t was introduced by adding Gaussian random noise
n(r), modulated by a Gaussian spatial envelope ξ(r) (cylindrically symmetric in the out-of-
plane direction).

Each column above shows simulation results for the medium variation ξ(r) plotted on a
linear scale in the first row. The second row shows the decoherence spectrum

σ(r, t) (analytic) ≡ 1 − S01(2k0, r, t)√
S00(2k0, r, t) S11(2k0, r, t)

and the third row shows simulated echo decorrelation images. Both decoherence spectra and
echo decorrelation maps are logarithmically scaled and superimposed on simulated B-scans,
according to the color scale shown (Mast 2008).

These simulated echo decorrelation images agree well with the theoretical position de-
pendent decoherence of the reflectivity power spectrum. The only substantial discrepancy
seen is some decorrelation due to electronic noise at greater image depths.
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In vitro radiofrequency ablation experiments
• Ex vivo bovine liver, radiofrequency ablation, 500 kHz, 94.8 Vpp

• Exposures performed until tissue impedance rise (2-13 min)
• B-scan imaging by 7 MHz linear array, 51 Hz frame rate

• Echo decorrelation imaging from A-lines sampled at 33.3 MHz

Tests of echo decorrelation imaging were performed for radiofrequency ablation of ex vivo
bovine liver tissue. Experimental methods were similar to a previous study (Mast 2008),
except for use of a custom radiofrequency ablation needle, allowing application of a constant
voltage. A total of 5 ablation exposures were performed under the above conditions. Echo
decorrelation images were computed from sampled A-line data in a manner similar to the
previous study (Mast 2008).
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Quantifying ablative tissue changes
• σmax(r) = temporal maximum of running-average σmax(r,t)
• Mean(σmax) = 0.048 s-1 at needle tip
• Mean(σmax) = 0.00018 s-1 at (10 mm, 5 mm), >15 mm from tip

Local echo decorrelation in these experiments was computed using a temporal running av-
erage (Mast 2008). The temporal maximum of this running average is representative of
the overall echo decorrelation incurred at an image location r during tissue ablation, and
thus also representative of the overall decoherence of the medium reflectivity during the
treatment.

Above, the left-column images show this position-dependent maximum echo decorrela-
tion, logarithmically scaled and superimposed on post-treatment B-scan images computed
from the same echo data. The right-column images show corresponding gross sections of
treated tissue in the ultrasound image plane, registered precisely to the B-scan and echo
decorrelation images. As in the previous study (Mast 2008), spatial correspondence is seen
between echo decorrelation and successful tissue ablation.

Mean values of this maximum echo decorrelation across the 5 experiments was higher at
the tip of the RF ablation needle (4.8 · 10−2 ± 3.1 · 10−2 s−1) by more than two orders of
magnitude than at a location outside the ablation region (1.8 · 10−4 ± 1.6 · 10−4 s−1) . This
difference is statistically significant (Student t-test, t = 3.41, p = 0.027). Thus, in these
experiments, the temporal decoherence of the medium reflectivity was significantly greater
for tissue undergoing thermal ablation.
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• Convolutional model for pulse-echo imaging captures principal
diffraction effects

• B-scans of 3D media computed efficiently using Fresnel approximation

• Echo decorrelation maps temporal decoherence of tissue power
spectra, in agreement with theory

• Tissue ablation detectable from ~102 increase in decoherence

Conclusions

In conclusion, the analytic and numerical methods presented here are capable of modeling
pulse-echo imaging, including B-scan and echo decorrelation imaging. With small modifica-
tions, the same methods can be applied to other ultrasound imaging methods such as passive
cavitation imaging (Salgaonkar 2009). In either case, computation of the system function Λ
by numerical methods such as the Fresnel approximation (Mast 2007) is useful for efficient
computations. Alternate efficient approaches to computing the system function, such as
fast-nearfield and angular-spectrum methods (Zeng 2009), are also feasible.

Applied to echo decorrelation imaging, this analytic approach has demonstrated the
approximate equivalence between local echo decorrelation and local decoherence of the spatial
power spectrum for the medium reflectivity. A large increase in echo decorrelation (or
equivalently, decoherence of tissue reflectivity) is useful for detecting local tissue ablation,
with potential applications to guidance and control of radiofrequency ablation and other
thermal therapies for cancer treatment.
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