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Abstract

The degradation of ultrasonic image quality is typically attributed to aberration and reverberation.
Although the sources and impact of aberration are well understood, very little is known about the
source and impact of image degradation caused by reverberation. Reverberation is typically
associated with multiple reflections at two interfaces along the same propagation path, as with the
arterial wall or a metal sphere. However, the reverberation that results in image degradation
includes more complex interaction between the propagating wave and the tissue. Simulations of
wave propagation in realistic and simplified models of the abdominal wall are used to illustrate the
characteristics of coherent and diffuse clutter generated by reverberation. In the realistic models,
diffuse reverberation clutter is divided into that originating from the tissue interfaces and that
originating from sub-resolution diffuse scatterers. In the simplified models, the magnitude of the
reverberation clutter is observed as angle and density of the connective tissue are altered. The
results suggest that multi-path scattering from the connective tissue/fat interfaces is a dominant
component of reverberation clutter. Diffuse reverberation clutter is maximal when the connective
tissue is near normal to the beam direction and increases with the density of connective tissue
layers at these large angles. The presence of a thick fascial or fibrous layer at the distal boundary
of the abdominal wall magnifies the amount of reverberation clutter. The simulations also
illustrate that compression of the abdominal layer, a technique often used to mitigate clutter in
overweight and obese patients, increases the decay of reverberation clutter with depth. In addition,
rotation of the transducer or steering of the beam with respect to highly reflecting boundaries can
reduce coherent clutter and transform it to diffuse clutter, which can be further reduced using
coherence-based beamforming techniques. In vivo images of the human bladder illustrate some of
the reverberation effects observed in simulation. (E-mail: jjd@duke.edu) © 2014 World
Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

The degradation of ultrasonic image quality has typically been attributed to two primary
sources, aberration and reverberation (Pinton et al. 2011). Aberration occurs when the
ultrasonic wavefronts are distorted as a result of local changes in the speed of sound.
Aberration can distort the beam shape, which reduces resolution, and alter the steering

direction of the beam. In addition, aberration can increase beam side lobes, which increases
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scattering from off-axis locations, thereby introducing unwanted fill-in or obfuscation of
tissue structures and reducing contrast. Reverberation occurs when the acoustical wave is
reflected two or more times between tissue interfaces. The unwanted, multiple-reflected
signal will then arrive at the transducer at the same time as the desired acoustical echo from
deeper within tissue and obscure the targeted structures. The undesired echoes that cause
fill-in and loss of contrast, resulting from either aberration or reverberation, are referred to
as clutter.

In the case of aberration, the complexities of tissue structure that result in image degradation
are often replaced by far simpler models, such as a thin phase screen. Aberration is typically
associated with the thickness or local inhomogeneities of the fat in the subcutaneous layer.
In the case of reverberation, the tissue layers or structures that cause multiple reflections are
not well defined. The identification of the offending layers in reverberation is often
unspecified, except in the most basic or obvious cases.

Numerous models of aberration and methods to correct for aberration have been proposed
(Fink 1992; Lin and Waag 2002; Liu and Waag 1994; Ng et al. 1994; Varslot et al. 2004). In
a more sophisticated method, Salahura et al. (2010) created a tissue model from magnetic
resonance scans of breast tissue and used the model to compare simulated distortion of the
transmitted beam caused by fat and connective tissue with experimental measurements.
Although they did not introduce a specific model of aberration, they found that the
aberration predicted by finite-difference time-domain solutions to the wave equation could
be used to illustrate accurate modeling of aberration in tissue.

There are few studies regarding the sources of clutter from reverberation. Rau et al. (2013)
describe some basic models of reverberation between a limited number of reflections. In an
experimental study by Robinson et al. (1994), the effect of the abdominal wall on image
quality was observed in an animal model. In this study, the abdominal wall of a pig was
reduced, layer by layer, and image quality was found to increase as each layer was removed.
The authors concluded that the abdominal wall was largely responsible for the aberrations
and reverberation that degraded the image quality. In Pinton et al. (2011), aberration-
induced image degradation was isolated from reverberation-induced degradation, and each
mechanism’s impact on fundamental and harmonic imaging was observed. It was concluded
that the contribution of reverberation clutter to image degradation at the fundamental
frequency was, on average, equal to the degradation cause by aberration. In addition, the
magnitude of in vivo clutter has been measured in human bladders and found to have
magnitudes 10 to 15 dB less than those of the proximal bladder wall (Lediju et al. 2008).

Despite the few studies analyzing reverberation clutter, there are several proposed methods
to mitigate clutter, including tissue harmonic imaging (Averkiou et al. 1997; Christopher
1997), second-order ultrasound field imaging (Nasholm et al. 2009), short-lag spatial
coherence (SLSC) imaging (Dahl et al. 2012; Lediju et al. 2011) and filtering techniques
(Lediju et al. 2009; Mauldin et al. 2011). Tissue harmonic imaging largely suppresses
reverberation clutter originating from tissue layers in close proximity to the transducer
because a sufficient propagation distance is required for generation of the harmonic signals.
This is useful if harmonics are generated beyond these tissue layers; however, it can be
susceptible to the larger subcutaneous tissue layers of overweight and obese individuals and
is more susceptible to degradation by aberration than the fundamental frequency (Pinton et
al. 2011).

The abdominal wall is structurally divided into several layers. At the top is a layer of skin,

followed by the superficial adipose layer, also called Camper’ s fascia. This layer contains
pockets of adipose tissue (fat) surrounded by connective tissue that provide support to the
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adipose tissue. Beneath this layer is the deep adipose layer, called Scarpa’s fascia, which is
separated from the superficial adipose layer by a thick band of connective tissue. The deep
adipose layer contains the same tissue types found in the superficial adipose layer, but tends
to have a different density and structure of connective tissue networks (Markman and Barton
1987). The deep adipose layer has connective tissue that is less organized and layered at
angles near parallel to the skin surface. Beneath the deep adipose layer are the abdominal
muscles, separated from the adipose layer by another thick connective tissue band known as
muscle fascia. Figure 1 is a high-frequency ultrasound image of the abdominal layers in a
34-y-old man, illustrating the two adipose layers and the connective tissue networks in them.
The visible connective tissue is located at large angles relative to the skin surface and has
the criss-cross pattern common in male subcutaneous tissue (Mirrashed et al. 2004;
Querleux et al. 2002; Rosenbaum et al. 1998).

We hypothesize that complex geometry or networks of tissues having a high impedance
mismatch between the tissue types can trap some of the propagating acoustical waves and
return unwanted echoes back to the transducer. For example, the pockets of fat and
supporting connective tissue (also called fascial septa) in the two adipose layers have
markedly different characteristic impedances and may cause an acoustical wave to be
reflected several times within these pockets. These reflections, however, ultimately depend
on the organization of the connective tissue network, which depends on its location
(superficial vs. deep) and the gender of the individual (Markman and Barton 1987;
Mirrashed et al. 2004; Querleux et al. 2002; Rosenbaum et al. 1998). Women, for example,
tend to have well-organized connective tissue networks in the superficial adipose layer,
where the connective tissue layers are approximately normal to the skin surface. Men tend to
have fascial layers that criss-cross at large angles relative to the skin surface (Mirrashed et
al. 2004; Querleux et al. 2002; Rosenbaum et al. 1998). These models tend to be simplistic
in comparison to actual human anatomy (Querleux et al. 2002), and not all males and
females conform to these models. However, they serve to illustrate differences in connective
tissue networks and the possible factors affecting clutter and its magnitude. The objective of
this study was to determine the factors and characteristics of subcutaneous tissue that
contribute to reverberation and the image degradation it generates.

In the following, we define two types of reverberation clutter: coherent and diffuse.
Conherent reverberation clutter, or coherent clutter, originates from strong specular reflectors,
such as bladder walls, arterial walls and thick fascial layers, where the layer is normal to the
beam direction. The acoustic waves in this situation are typically reflected along or close to
the same path as the incident wave, as illustrated in Figure 2. The multiply reflected waves
can yield a moderate to strong specular-like artifact in the image, or they may form replicas
of the anatomy if the intermediate scattering (i.e., scattering from structures between the
major reflections) between the two reflecting boundaries is weak. A common example of a
coherent reverberation artifact is the so-called ghost vessel artifact (Buttery and Davison
1984; Middleton and Melson 1990). A “ghost” vessel is formed when there is reverberation
of the ultrasonic pulse between the proximal and distal walls of an artery. This vessel artifact
appears distal to the artery, complete with a Doppler signal. Diffuse reverberation clutter, or
diffuse clutter, has a speckle-like appearance in ultrasonic images, and may look no different
than tissue. There are currently no models of diffuse clutter; however, we hypothesize that
diffuse clutter originates from multi-path or multiple scattering of structures. We
hypothesize that this may occur during a round-trip path from a specular surface or from
propagation through a network of strong specular reflectors (see Fig. 2).

Ultrasound Med Biol. Author manuscript; available in PMC 2015 April 01.
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In vivo examples of commonly observed image clutter were obtained to illustrate the
characteristics of image clutter and to relate them to controlled simulations. The simulations
employed a full-wave, non-linear acoustic (FWNA) propagation method, which is a finite-
difference time- domain implementation of the Westerveldt equation (Pinton et al. 2009).
The FWNA simulator is capable of simulating realistic ultrasound images and includes the
effects of scattering, aberration, attenuation and harmonic signal generation. The method is
able to simulate wave propagation through complex tissue structure and is capable of
illustrating clutter resulting from reverberation, aberration and off-axis scattering. The
simulation tool is used to evaluate the impact of subcutaneous tissue structure on ultrasonic
image clutter, including the effect of compression of tissue layers, the angle and density of
the connective tissue network and the angle of the tissue layers relative to the transducer.

In vivo human bladder

Simulations

The full bladder is a useful target for observing clutter originating from abdominal layers

because the bladder is a large anechoic void in close proximity to the abdominal wall. No

signal is expected within the bladder, and therefore, any signal detected by the transducer

originating from the bladder cavity should be directly related to reverberation artifact, off-
axis scatterers or electronic noise.

Example images of in vivo human bladder demonstrating reverberation clutter were obtained
to compare with simulations. All volunteers were recruited under an institutional review
board-approved protocol (Registry No. Pro00032003), and informed consent was obtained
for each volunteer before imaging. A 4 C1 transducer (Siemens Medical Solutions USA,
Issaquah, WA, USA) was placed over the full bladder of the volunteer, and the beamformed
radiofrequency (RF) signals were acquired with a Siemens Acuson S2000 ultrasound
scanner using the Axius Direct Ultrasound Research Interface (Brunke et al. 2007). The RF
signals were converted to baseband, scan converted and compressed using a logarithmic
scale. The dynamic range chosen to display the in vivo images were selected so that the
reconstructed images were matched closely with the display of the scanner.

Six 2-D models of human abdominal wall were obtained courtesy of the Diagnostic
Ultrasound Research Laboratory at the University of Rochester (Hinkelman et al. 1996;
Mast et al. 1997; Tabei et al. 2003). These models were created from segmentation of
histological samples of human cadaveric abdominal walls. The acoustical properties for
skin, fat, muscle and connective tissue were assigned to their associated regions in the
model, and ideal acoustic properties were assigned to a homogeneous, non-scattering region
beneath the abdominal tissue. The acoustic properties used for these tissues are summarized
in Table 1. The values for speed of sound, density and attenuation were obtained from the
compiled tables in Goss et al. (1978, 1980). The values for the non-linear parameter, B/A,
were obtained from the compiled table in Hamilton and Blackstock (2008).

The imaging medium was described by a 2-D grid with a spatial resolution of 30.8 ;m in
both dimensions, and encompassed an area 2.75 cm in width and 5.5 cm in depth. Scattering
in the subcutaneous tissues was produced using point scatterers having a spatial density of
12 scatterers per resolution cell. The scatterers had a random spatial position and uniform
random amplitude. Amplitude was defined by the difference in speed of sound from the
surrounding medium. The mean variation in the speed of sound of the scatterers was 77 m/s,
corresponding to a £5% variation about the average tissue velocity of 1540 m/s. No
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scattering was included in the homogeneous tissue below the subcutaneous layer so that any
signal received by the transducer would be a direct result of reverberation artifact.

Ultrasound pulses, with an F/2 focus at 5 cm, were simulated from a 128-element, 2.5-MHz
linear array. The RF element signals for 51 image lines were obtained for each of the six
abdominal layers. Images containing 51 lines were formed by sampling the pressure field at
41.7 MHz at the transducer surface and beamforming the sampled signals using
conventional delay-and-sum beamforming. The RF signals were converted to baseband, and
logarithmic compression was applied to generate B-mode images. Clutter magnitude was
determined from the average of the uncompressed image lines in the area beneath the
subcutaneous tissue and normalized to the magnitude of the distal wall (the bottom muscular
fascial layer) of the subcutaneous tissue.

A second and third group of simulations were performed having the same parameters as
previously described but using only the abdominal tissue (without the scatterers) and using
only the scatterers (without the abdominal tissue). For each of these groups of simulations
(complete layer, abdominal tissue only and scatterers only), the abdominal layers were
compressed to 80%, 60%, 40% and 20% of their original thicknesses, under the assumption
that the abdominal wall is a perfectly incompressible medium. The abdominal layer was
assumed to deform as a single entity (meaning the tissue types did not act independently)
and was compressed using a non-rigid transform where the decrease in thickness was
matched by an equivalent increase in width. In addition, the compression was uniform
throughout the abdominal layer. The medium below the abdominal tissues was not deformed
during compression. Deformations were interpolated to the discrete grid spacing describing
the imaging medium.

Simplified models of the superficial adipose layer were created to observe the effects of
connective tissue angle and density on the magnitude of incoherent clutter. Connective
tissue networks with varying angles and densities of connective tissue layers in the network
were superimposed on fatty tissue for these simplified models. The angle of the connective
tissue was varied from 1° to 85° relative to the transducer normal, and the density of the
connective tissue networks was varied from 1 connective tissue layer per square centimeter
(ctl/cm?) to 9 ctl/cm?2. The connective tissue septa were modeled with a thickness of 0.251.
A layer of skin, 2 mm thick, was added to the surface boundary. Models were simulated
with and without a larger connective tissue layer placed at the distal boundary. The
acoustical properties in Table 1 were used for the corresponding tissue types. A
homogeneous region of ideal tissue was placed beneath the simplified connective tissue
network. No scatterers were used with the simplified models, and all simulation parameters
and signal processing methods were identical to those used with the histologic model, with
the exception that only 31 image lines were obtained. Examples of the simplified models
with connective tissue angles of 5° and 75° are provided in Figure 3.

Simulations were performed in two experiments to determine the impact of connective
tissue angle on reverberation clutter. In the first experiment, one of the abdominal wall
samples was rotated by 5°, 10° and 15° relative to its initial position. In the other
experiment, the aperture was divided into four distinct apertures (left, center left, center right
and right), as is done is spatial compounding. Images of the abdominal wall sample and its
reverberation clutter were generated from each of the four subapertures and compared with
the image generated from the full aperture.

Ultrasound Med Biol. Author manuscript; available in PMC 2015 April 01.
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A B-mode image of an in vivo healthy human bladder of a 37-y-old man with a body mass
index of 25.9 is provided in Figure 4. The image shows 50-dB of dynamic range with
logarithmic compression. There are few scatterers within the urine, and therefore, the
bladder cavity should normally appear black. In this image, a well-defined band of clutter is
present in the top portion of the bladder. The thickness of this band is approximately equal
to the distance between the transducer and the fascial/bladder interface, indicating that the
thicker fascial or fibrous layers, which are often perpendicular to the direction of the beam,
have a significant impact on the reverberation clutter. In addition, this band of clutter
exhibits a combination of both coherent and diffuse reverberation clutter. Coherent clutter is
easily visible in the upper left portion of the bladder cavity as several discrete, bright lines.
More subtle, coherent clutter is visible at the bottom center of the clutter band, where it
appears as long lines of lower magnitude. Diffuse clutter is observed by the appearance of
speckle in the majority of the clutter band. This speckle texture is much like the texture
observed from tissue containing sub-resolution, diffuse scatterers and is an indication that
the diffuse reverberation clutter has no or partial spatial coherence in its sampled
wavefronts.

Figure 5 is a B-mode image from a FWNA simulation with abdominal wall sample 1 and an
anechoic region below the abdominal layer. The B-mode image has logarithmic
compression of the gray-scale values and exhibits 60 dB of dynamic range. The dynamic
range of the FWNA simulation is slightly larger than that of a clinical scanner (by
approximately 15-20 dB) and, therefore, requires a slightly larger display range than the
clinical image in Figure 4. This abdominal wall’s thickness was approximately 2 cm, with
the last fascial layer of the abdominal model appearing at a depth of 2 cm. The connective
tissue is visible as the bright bands in the upper portion of the image. Because no scatterers
are present in the region beneath the abdominal wall, there should be no reflections from
that region, and the observed texture appearing from 2 to 4 cm in the image in Figure 5 is
therefore a product of reverberation. This clutter band consists largely of diffuse clutter, with
subtle coherent clutter appearing near the bottom of the band like that observed in the in vivo
example.

In Figure 6, the size of this clutter band for all of the abdominal wall simulations is plotted
as a function of the abdominal thickness. The size of the clutter band was measured
manually from the average magnitude of the lines in each image. Size was measured as the
distance from the known location of the distal boundary of the abdominal wall (plus or
minus a wavelength because of the slight variations in thickness across the wall) to the point
where the magnitude of the band dropped precipitously. The known thicknesses of the
uncompressed abdominal walls are listed in Table 2. Additional wall thicknesses were
obtained by compressing the models to 80%, 60%, 40% and 20% of their initial thickness.
The thickness of the clutter band is highly correlated (r = 0.999) with the thickness of the
abdominal layer, where the slope of the regression line in Figure 6 is 0.98. This is consistent
with the observations of the size of the clutter bands seen in the in vivo bladder and
simulated images.

In Figure 7 are three images of the same bladder seen in Figure 4, where increasing amounts
of compression are applied to the abdominal wall above the bladder, from top to bottom,
respectively. All three images exhibit 50 dB of dynamic range. The top image displays
diffuse reverberation artifact over the entire bladder cavity. As increasing compression is
applied to the abdominal layers, clutter within the bladder cavity decreases, with only the
aforementioned band of clutter still present in the upper portion of the bladder. The sizes of

Ultrasound Med Biol. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DAHL and SHETH

Page 7

the clutter bands present in the middle and bottom images of Figure 7 are 2.50 and 2.04 c¢cm,
respectively.

In Figure 8, the image clutter beneath the simulated abdominal wall for sample 1 is averaged
over all image lines and plotted as a function of depth from the distal boundary of the
abdominal wall (labeled “No Compression”). The 0-dB point on the y-axis of the graph is
associated with the average magnitude of the signal within the abdominal wall. The clutter
shows the distinct step observed previously, and as the wall is compressed, additional steps
can be observed. These additional steps appear to have the same size and are related to the
abdominal wall thickness. As the steps become shorter, the effective decay rate of the clutter
increases.

The decay of image clutter with depth for each of the six abdominal walls is summarized
concisely in Figure 9(a). The magnitude of the image clutter was computed as a function of
depth, as in Figure 8, and its decay is described by the slope, m, of the regression line y = mx
+ b fit to the logarithm of the clutter magnitude. The regression line was computed in the
range from 0.2 cm beyond the abdominal wall (or scatter region in the case of only
scatterers) to the last data sample, or where the magnitude reached the limit of the dynamic
range of the FWNA simulator. In Figure 9, the decay values are plotted as a function of
abdominal wall thickness for the complete layer, abdominal tissue only and scatterers only,
and include the different thicknesses obtained by compression of the walls. Although the
decay of the clutter resembles a staircase pattern (see Fig. 8) and is not necessarily linear on
a logarithmic scale, this measure serves as a general and simple description of the clutter
decay.

Figure 9(b) is an example of the average clutter from one of the abdominal layers, where the
magnitude of the clutter is separated into its constitutive scattering components. The clutter
resulting from the tissue layers is nearly identical to the clutter generated by the complete
layer. The scatterers exhibit a significantly different reverberation pattern that decays much
more quickly than the tissue layers, indicating that the dominant source of the reverberation
originated from multiple or multi-path scattering from the tissue interfaces. The same
behavior is observed in all abdominal wall samples, where the decay values from the
abdominal tissue without scatterers are virtually identical to those for the complete layers
(Fig. 9c). The decay rates from the scatterers (Fig. 9d) exhibit much greater decay than both
the complete layers and the abdominal tissue without scatterers. In addition, Figure 9 (c, d)
illustrates that the clutter decay values are approximately linear with abdominal thickness,
regardless of the constituent scattering component. The coefficients of determination for the
regression lines in Figure 9(a, ¢ and d) are 0.80, 0.79 and 0.89, respectively.

The attenuation of the fat was modified for sample 1 to determine the effects of fat
attenuation on reverberation clutter. The attenuation values of the fat in these simulations
were 0.2 and 0.6 dB/cm-MHz. The clutter decay values and magnitude at 1.5-cm depth were
computed and are listed in Table 3, where they are compared with the nominal attenuation
value of 0.4 dB/cm MHz. The impact of attenuation on the decay and magnitude of clutter is
minimal, even for relatively large changes in attenuation. The difference in clutter decay
from a change in attenuation from 0.2 to 0.6 dB/cm MHz is approximately 1 dB/cm.

To estimate the potential impact of the connective tissue network on the diffuse clutter
observed in vivo, the angle and density of connective tissue in an idealized abdominal wall
model were varied. Figure 10 illustrates the changes in diffuse clutter magnitude as
connective tissue angle and density are increased. Graphs are provided for these ideal
models both with and without a thick fascial layer at the distal boundary of the abdominal
wall. In human anatomy, thick fascial layers separate the deep from the superficial adipose
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layer, and the muscle from the deep adipose layer. Removal of the layer in simulation
illustrates the impact of the layer on diffuse clutter. In Figure 10(a), clutter magnitude
increases with the angle of the connective tissue relative to the direction of the beam
propagation. There is a local maximum at approximately 45°, although this local maximum
is attributed to the regularized structure of the connective tissue. There is a second local
maximum at approximately 80°. This maximum occurs because the echoes tend toward
discrete coherent reverberations as the angles approach beam normal, and the diffuse clutter
between these coherent reverberations decreases significantly.

In Figure 10(b, c), the magnitude of the image clutter as a function of density is seen to be
dependent on the angle of the connective tissue layers. At a 5° angle, the density of layers
does not affect the magnitude of the image clutter. At larger angles, such as 75° (Fig. 10c),
increasing density generates significantly more clutter. The presence of a thick fascial layer
normal to the direction of beam propagation has a large impact on the amount of diffuse
clutter. This fascial layer can increase the overall amount of diffuse clutter by as much as 20
dB, regardless of connective tissue angle or density.

The impact of the angle between the abdominal wall and the transducer is illustrated in
Figures 11 and 12. Here, the transducer was placed flat on abdominal wall sample 1 (as is
done in conventional imaging) and then increasingly angled in 5° increments. Figure 11
illustrates that the average clutter magnitude below the abdominal layer changes from a step-
like function to a relatively smooth decay over depth as the angle increases. The B-mode
images, exhibiting 60 dB of dynamic range, corresponding to these plots are provided in
Figure 12. The image generated at 0° is identical to that in Figure 5 and is displayed here for
reference. There is clutter associated with coherent reverberation shown by the echoes with
little variance in brightness across the azimuthal dimension, particularly at a depth of 4 cm.
As the angle between the transducer and abdominal wall is increased, the coherent
reverberation echoes disappear, and the clutter changes to a more diffuse form that has the
appearance of speckle. The thickness of the clutter band broadens with increasing angle, but
its magnitude decreases as the overall angle between the connective tissue layers and the
direction of beam propagation decreases.

On the left of Figure 13 is an image of abdominal sample 4 and the reverberation clutter
generated beneath it created with the full aperture (labeled “Original”). In the four sub-
aperture images, the beams interrogate the same tissue at different angles, where the outer
apertures interrogate the tissue at larger angles relative to the skin surface than the center
apertures. In the images from the center sub-apertures (“Center-Left” and “Center-Right”),
both coherent and diffuse reverberation clutter is visible, much like that observed in the
original image. In the images of the outer apertures (“Left” and “Right”), the clutter is
mostly diffuse reverberation artifact. There are differences between the sub-aperture and
original images caused by the loss in resolution from the division of the aperture.

DISCUSSION

The reverberation clutter illustrated in Figure 4 commonly occurs in bladder images, but can
appear in other areas such as the heart, amniotic fluid and fetal structures, or large

vasculature. This band of clutter is a combination of both coherent and diffuse reverberation
clutter and yields characteristics similar to those of the simulations, as illustrated in Figure 5.

One potential mechanism that generates strong reverberation clutter is the presence of a
planar fascial or fibrous layer, such as a thick connective tissue band or bladder wall, that is
normal to the direction of beam propagation. The planar layer can reflect a significant
amount of the wavefront’s energy back to the transducer, which also acts as a reflector of
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acoustic energy. The wave reflected from the transducer is large enough in amplitude to
generate scattering from tissue as it propagates back into the medium. This results in a
second “abdominal layer” appearing below the true layer, much like the ghost vessel artifact,
although the structure of this second “abdominal layer” does not bear any resemblance to the
original abdominal wall, with exception to a few coherent parts of the artifact. The simulated
images exhibit high correlation between the thickness of this abdominal wall artifact and the
thickness of the true abdominal wall (Fig. 6), much like the observed thickness of the in vivo
artifact. These observations suggest that strong scattering from both the distal fascial layer
and the connective tissue interfaces is the major source of reverberation.

The bladder in the top image of Figure 7 exhibits considerable diffuse clutter within its
cavity. The clinical practice to avoid or reduce image clutter is to apply compression to the
abdominal wall, as is illustrated by the middle and bottom images in Figure 7. The
compression reduces the thickness of the abdominal wall and thereby decreases the path
lengths of the reverberating waves. The compression also flattens the connective tissue
planes, forces their angles toward 90° to the beam direction and increases the density of the
connective tissue network, all of which can increase the magnitude of diffuse clutter. The
effect is observed in Figure 6, where although compression at 40% has reduced the thickness
of the primary band of image clutter, the magnitude has slightly increased. In addition, as
the abdominal wall is compressed, additional steps of the same thickness at increasingly
lower magnitude are observed, and illustrate the slight increase in magnitude compared with
their corresponding steps in the uncompressed abdominal wall. The linear relationship
between the decay of the clutter and the thickness of the abdominal wall is a result of the
staircase pattern, where the step width is dependent on the thickness of the abdominal wall
(Fig. 6). The step height does not change as rapidly as the thickness, resulting in a linear or
near-linear change in decay with thickness of the abdominal layer. The changes in clutter in
the in vivo experiments do not exactly match that observed in the FWNA simulations, but
this is probably the result of differences in tissue compression between the in vivo
experiments and simulations.

At 80% compression, the step thickness is very small and the clutter decays rapidly. The
magnitude of the step has not increased relative to the 40% compressed wall, but it is not
clear whether this is a result of the connective tissue organization approaching 90°, which
was illustrated in Figure 10 to moderately diminish the magnitude of the diffuse clutter, or is
due to limitations in our ability to accurately model compression of real tissue. The increase
in brightness of the image clutter band and rapidly decreasing clutter decay in the bladder
cavity, however, are observed in the clinical images (Fig. 7).

The most interesting result of the simulation analysis is observed in Figure 9. Here, it is
observed that the dominant mechanism contributing to the coherent and diffuse clutter is the
scattering from the tissue interfaces, rather than scattering from the diffuse, sub-resolution
particles. This is an important observation, because multiple or multi-path scattering would
be required to generate diffuse clutter, although this may not be surprising because of the
relatively weak scattering of diffuse, sub-resolution particles in tissue. If reverberation
between the distal fascial layer and the transducer occurs once (i.e., reflection from layer,
transducer, then layer again) and the other connective tissue interfaces cause weak
scattering, then a replica of the connective tissue network would be expected. This is not the
case in the in vivo or simulated images.

Our simulations indicate that attenuation does not affect clutter significantly, whereas the
angle and density of the connective tissue have a moderate impact on the magnitude of the
diffuse clutter, with magnitude increasing as much as 10-15 dB from low angles and
densities to large angles and densities (Fig. 10). Querleux et al. (2002) describe the
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distribution of the angle of connective tissue layers in men and women in three bins: 0-15°,
15-75° and 75-90°. The majority of connective tissue is angled in the range of 75°-90°
relative to the skin, with the proportion of connective tissue at these angles being 45% for
women and 75% for men. In comparison, the proportions of connective tissue angled in the
range 0-15° relative to the skin surface were 20% in women and 5% in men. Given that a
large percentage of connective tissue in human subcutaneous tissue is angled >75° to beam
normal, the occurrence of large clutter magnitude is probably significant, particularly in
those with thicker subcutaneous layers. The density at low angles has very little, if any,
impact on the magnitude of diffuse clutter largely, because the connective tissue at these
angles acts as perfectly reflecting surfaces that direct the acoustic wave further into the
medium. Although these reflections at low angles may not affect clutter resulting from
reverberation directed back to the transducer, they will result in a distortion of the imaging
beam and will degrade images from reverberation directed into the imaging medium, which
is known as trailing clutter (Pinton et al. 2011).

The thicker fascial layer that typically defines the distal border of the abdominal wall
amplifies diffuse clutter by the same mechanism described previously for layers normal to
the beam direction. The diffuse clutter is approximately 20 dB lower without this fascial
layer than with it. The absence of the fascial layer is not observed in human anatomy, but the
experiment serves to quantify the impact of this layer on image clutter. The roll-off in clutter
magnitude at the larger angles in Figure 10(a) may seem to conflict with this observation,
but consider that in the idealized connective tissue network at 90°, there are no diffuse
scatterers and all of the connective tissue septa are at 90° and are equally spaced apart. This
structure generates discrete coherent clutter and regularly spaced intervals and drives the
diffuse clutter between these intervals very low. There is neither scattering from diffuse
targets on the round-trip path nor multi-path scattering within the connective tissue in this
configuration.

As illustrated in Figures 11, 12 and 13, the impact of the distal fascial layer can be mitigated
by rotating the transducer about the x- or y-axis or by changing the angle of the transmit
beam. Rotating the transducer or electronically steering the beam decreases the angle
between the beam and the fascial layers and connective tissue, and mitigates the image
clutter in two ways. First, coherent reverberation is reduced, because the incident acoustic
waves are no longer perpendicular to the thicker fascial layers and are therefore reflected
away from the incident path. This transforms the clutter signal from coherent to diffuse
reverberation. This is observed in Figure 12, where the coherent clutter, more evident near a
depth of 4 cm, is diminished as the rotation angle increases. Clutter is still present as the
angle increases; however, diffuse reverberation is the only apparent clutter at 15°. It is also
observed in Figure 13, where the outer sub-apertures yield images with more diffuse clutter
than the inner sub-apertures. An interesting effect, however, is observed in the image created
by the right sub-aperture of Figure 13. In this image, a specular reflector is observed in the
abdominal layer at a 1.5-cm depth. Because of the natural orientation and configuration of
the fascial septa, this connective tissue branch becomes more perpendicular to the
propagation direction and is therefore brighter in the right image. This could lead to coherent
reverberation artifacts, although given the lower percentages of connective tissue in the 0°-
15° and 15°-75° bins (Querleux et al. 2002), these potential coherent artifacts are expected
to be minimal.

Second, the magnitude of the clutter decreases as the transducer is rotated or beam angle is
increased, although this is more apparent in Figure 12 than in Figure 13. The reduction in
clutter magnitude can be inferred from Figure 10(a) because the angle of the beam with
respect to the connective tissue and the distal fascial layers decreases. The axial thickness of
the clutter band increases because the thickness of the abdominal wall along the propagation
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axis increases during rotation or steering; however, the decrease in clutter magnitude caused
by the angling of the layer or beam mitigates the detrimental effects caused by the increase
in thickness.

The significance of this result is that beamforming methods that rely on the coherence of the
ultrasonic wavefronts, such as SLSC imaging, will yield improved suppression of clutter.
The coherence imaging methods are superior to conventional delay-and-sum beamforming
in reducing diffuse clutter because they specifically target the similarity (or dissimilarity) of
an echo’s wavefront. However, coherence imaging methods cannot eliminate coherent
clutter. By slight rotation of the transducer, SLSC or other coherence imaging techniques
may yield improved results.

These simulations and experimental methods did not analyze the impact of transducer
geometry on clutter. The flat geometry of the array used in the simulations may contribute
more to reverberation clutter than the convex shape of the 4 C1 transducer used in the in
vivo experiments because of the more acute angles of reflection introduced by the flat
geometry. There are also some limitations to the FWNA simulation method. First, the
acoustical properties used in the simulations are an estimate of the actual acoustical
properties, which may vary on a person-to-person basis and alter the potential magnitude of
clutter. Second, many of the exercises performed with the FWNA simulation cannot be
replicated in vivo. Although these exercises provide useful examination of the aspects of
clutter, some of these simulations have no means of verification by a physical or in vivo
experiment, such as the separation of scatterers from tissue layers experiment. Lastly,
although the simulation method is performed on a discrete 2-D grid, ultrasonic wave
propagation is 3-D in nature. Therefore, these simulations lack the potential interaction of
out-of-plane structures that contribute to reverberation artifact. The FWNA simulation
method can be performed in three dimensions, but currently there are a lack of 3-D models
of human abdominal wall anatomy with the resolution required by the simulations.

CONCLUSIONS

The major source of reverberation in abdominal imaging has been reported here to be a
product of the connective tissue and fat structure of the subcutaneous layer in the abdominal
wall. The potential of poor-quality ultrasound images is thus increased for obese and
overweight patients because of the large layers of fat that accompany these individuals. A
thick layer of fat produces aberrations in the wavefront and can refract the beam, which
causes the beam’s focal location to shift from the desired position. In addition, an obese
individual requires more connective tissue to support the additional adipose tissue, thereby
increasing the potential of ultrasonic clutter. However, not all obese patients make bad
images, and not all thin individuals make good images. This would seem to indicate that
there are further determinants of abdominal image degradation than simply the thickness of
the abdominal fat. We have found that the structure of the connective tissue is a significant
factor in the generation of image clutter, and that a favorable configuration of the connective
tissue may mitigate the impact of a larger abdominal wall.

Our results suggest that there are two major mechanisms to reverberation clutter. First, the
presence of a large reflecting boundary, such as a thick fascial layer or a fibrous band from
an organ, will cause reverberation with the transducer surface and amplify any diffuse
clutter. Second, multi-path scattering from the fat/connective tissue interfaces creates diffuse
clutter, with the diffuse sub-resolution scatterers of tissue playing a minimal role in acoustic
reverberation. The organization of the connective tissue, however, affects the amount of
diffuse clutter. Coherent clutter, largely a result of the first mechanism, can be transformed
into diffuse clutter by altering the orientation of the transducer with respect to the large
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reflecting boundary or by beam steering. Converting coherent clutter to diffuse clutter can
vastly improve the performance of coherence-based beamforming techniques.
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Fig. 1.

Subcutaneous tissue layers in the abdomen of a 34-y old male. The subcutaneous tissue is
divided into two major layers: the superficial adipose layer and the deep adipose layer.
These layers are separated and bounded by large continuous sheets of connective tissue. The
image is acquired from a Siemens S2000 system with a 14 L5 transducer in tissue harmonic
imaging mode (transmit frequency = 7 MHz) and exhibits 70 dB of dynamic range with the
default settings of the system.
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Diagram of the possible paths for reverberation echoes. The dashed line on the left
represents the path of a wavefront as it reflects back and forth off a thick fascial layer and
the transducer face. If the scattering from the connective tissue is weak, then a replica of the
abdominal wall will appear below, with blurring caused by focusing errors. If the scattering
from the connective tissues is strong, then a wavefront may reflect many times off the
connective tissue layers, either along the same path or along multiple paths, as shown by the
dashed-dotted line on the right. A combination of both types of scattering is also possible.
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Fig. 3.

Example models of the simplified subcutaneous tissue models used in the non-linear, full-
wave simulation method illustrating (top) shallow (5°) and (bottom) steep (75°) angles
relative to the direction of beam propagation. The full simulation field has been cropped to
better illustrate the models of the subcutaneous anatomy.
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Fig. 4.

In vivo image of a human bladder demonstrating a band of clutter in the proximal region of
the bladder. The image exhibits 50 dB of dynamic range. Coherent clutter is visible in the
upper left of the bladder cavity and more subtly at the bottom of the clutter band. Diffuse
clutter is present throughout the band.
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Fig. 5.

Simulated ultrasound image of an abdominal wall with an anechoic region beneath it,
exhibiting 60 dB of dynamic range. The abdominal wall generates diffuse and coherent
acoustic noise in the region beneath it. The acoustic noise here is similar in composition to
that observed in the in vivo bladder.
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Fig. 6.

The thickness of the clutter band is highly correlated with the thickness of the abdominal
wall. The equation of the regression line is y = 0.98x — 0.11, indicating that the thickness of
the clutter band is nearly equal to the thickness of the abdominal wall.
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Fig. 7.

In vivo images illustrating the compression of the abdominal wall above the bladder. The
images exhibit 50 dB of dynamic range and illustrate increasing compression from top to
bottom. Diffuse clutter within the bladder cavity decreases with increasing compression. The
sizes of the visible clutter bands in the middle and bottom images are 2.50 and 2.04 cm,
respectively.
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Fig. 8.

Average magnitude of acoustical noise observed beneath the abdominal wall in Figure 5.
The clutter exhibits a distinct staircase pattern associated with the thickness of the
abdominal wall, with the step width decreasing as the wall is compressed. The standard
deviation from the mean is represented by the shaded error bars.
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Fig. 9.

(a) Average decay in the magnitude of the clutter as a function of the thickness of the
complete (tissue plus scatterers) abdominal wall. (b) By separating the sources of scattering
into constituent parts, it is apparent that multi-path scattering between connective and other
tissue is the dominant source of the clutter. (c) Average decay for tissue layers only. (d)
Average decay for diffuse sub-resolution scatterers only.
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(a) Magnitude of diffuse clutter beneath the abdominal wall as a function of connective

tissue angle with a connective tissue density of 2 connective tissue layers (ctl)/cm?. (b)

Magnitude of diffuse clutter as a function of connective tissue density at an angle of 5°. (c)
Magnitude as a function of connective tissue density at an angle of 75°.
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Fig. 11.

Average magnitude of reverberation clutter observed beneath an abdominal wall as the angle
between the transducer and the wall is increased. The stepping pattern of the clutter
gradually disappears with increasing angle. The composition of the clutter exhibits a greater
amount of coherent clutter at low angles and changes to more diffuse clutter at the larger
angles. The standard deviation from the mean is represented by the shaded error bars in the
15° plot. The standard deviations of the other plots are omitted for clarity.
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Fig. 12.

Images illustrating the change in reverberation clutter as the angle between the transducer
and abdominal wall is increased. The images exhibit 60 dB of dynamic range. The coherent
clutter visible at 0° rotation becomes increasingly diffuse with increasing angle, while the
diffuse clutter decreases in magnitude.
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Fig. 13.

Simulated images illustrating the impact of the angle between the transmit beam and the
connective tissue layers. From left to right are the original image of the abdominal layer and
the resulting clutter using the full aperture, followed by images from each of the four sub-
apertures. All images exhibit 60 dB of dynamic range. Coherent clutter is more visible from
the two center sub-apertures than from the two outer apertures, which have smaller beam
angles relative to the connective tissue.
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Acoustic parameters used in the subcutaneous tissue models with the FWNA simulations tool

Table 1

Speed of Density ~ Attenuation Non-linear
Tissue sound (m/s)  (¢/mL) (dB/cm/MHZz) parameter, B/A
Skin 1498 1000 2.1 8.0
Fat 1479 950 0.4 9.6
Connective tissue 1600 1070 0.5 8.0
Muscle 1566 1070 0.15 9.0
Ideal tissue 1540 1000 0.5 9.0
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Table 2

Thickness of the abdominal wall models

Wall sample  Thickness (cm)

1
2
3
4
5
6

2.00
2.93
2.90
243
3.05
3.22
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Table 3

Clutter decay and magnitude as a function of fat attenuation

Attenuation (dB/cm MHz)  Decay (dB/cm) Magnitude (dB)

0.2 -10.2 -18.5
0.4 -10.7 -19.9
0.6 -115 -21.3
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