Effects of Abdominal Wall Morphology on Ultrasonic Pulse Distortion
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Abstraci—Wavefront propagation through the abdominal wall was
investigated by measurements employing full-thickness specimens and
their individual fat and muscle layers. These measurements confirm
that both fat and muscle produce significant wavefront distortion and
focus degradation. However, the spatial characteristics of the distor-
tion produced by fat and muscle differ, and the total distortion pro-
duced by the abdominal wall is not the arithmetic sum of that pro-
duced by the individual layers. The interface between the muscle and
subcutaneous fat layers, which consists of a thin layer of connective
tissue, was found to be smooth or slightly curved. Distortion produced
by different tissues was further characterized by simulations using a
finite-difference time-domain implementation of the linearized wave
propagation equations for a lossless inhomogeneous fluid. Scanned
images of six human abdominal wall cross sections provided the data
for the propagation media in the simulation. The images were mapped
into regions of fat, muscle, and connective tissue, each of which was
assigned a uniform sound speed and density obtained from literature
values. The computed wavefronts contained arrival time, energy level,
and wave shape distortion similar te that in measurements. Visualiza-
tion of wave propagation within the tissue cross sections suggests that
most arrival time distortion is produced by acoustic path length dif-
ferences while amplitude and waveform variations are the result of
scattering from inhomogeneities. Many arrival time fluctuation and
energy level fluctuation features could be traced to specific anatomi-
cal structures. These results indicate that wavefront distertion, apart
from bulk attenvation effects, is primarily caused by tissue structures
and inhomogeneities rather than refraction at layer interfaces.

I. INTRODUCTION

Wavefront distortion is considered to be a significant ob-
stacle to improved ultrasonic image quality. Direct mea-
surements [1],{2] have yielded parameters describing wave-
front distortion produced by the abdominal wall, but have
provided little insight into the source of the distortion.
Greater knowledge of the mechanisms that cause wavefront
distortion would improve understanding of what is required
for success in adaptive abdominal ultrasonic imaging.

A few investigators have attempted to improve under-
standing of wavefront distortion through the use of sim-
ulations. However, most of these simulations have been
based on simple assumptions about the structure of the body
wall and the causes of wavefront distortion. For example,
in Ref. [3], ray-tracing techniques limited to refraction ef-
fects and simple tissue geometries were used. Berkhoff es
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al.[4] used a more complete computational technique (the
conjugate gradient Rayleigh method), but considered only
the effect of propagation through an irregular interface.

Recently, a simulation technique that includes all wave
effects was applied to tissue models based on images of ac-
tual human abdominal wall cross sections [5]. This finite-
difference time-domain simulation produced arrival time,
energy level, and wave shape distortion similar to that mea-
sured for the same abdominal wall specimens.

The study described here employs this simulation tech-
nique and new measurements to examine the causes of ul-
trasonic wavefront distortion in the abdominal wail. In par-
ticular, the relative contributions of the fat and muscle lay-
ers to distortion and the importance of the interface between
these layers are investigated.

II. METHOD
A. Measurements

Six fresh unfixed abdomina! wall specimens were ob-
tained from autopsy and stored at —20°C. Each specimen
was later thawed and reference lines for positioning were
ruled on its skin surface. The specimen was then pres-
surized to 500 p.s.i. for 30 min. to eliminate air bubbles
within the tissue. The wavefront distortion produced by the
whole specimen was then measured according to the pro-
cedure detailed in Ref. [2]). The specimen was suspended
between 7.5 pm thick polyimide membranes in a 37.0°C
water bath. Since the membranes held the specimens so
that their smooth outer surfaces (the skin and peritoneum)
were approximately parallel, refraction or scattering from
water-tissue boundaries did not contribute significantly to
the measured distortion. Ultrasonic pulses at anominal cen-
ter frequency of 3.75 MHz were emitted from a hemispheric
source placed about 165 mm below the specimen. Data
were recorded on each of the 128 elements of a 0.72 mm
pitch, 3.75 MHz linear array positioned 5-10 mm above
the specimen’s skin surface. A foam mask reduced the
active elevation of the array to 1.44 mm. The array was
translated 32 times in the elevation direction to synthesize a
92.16 x 46.08 mm? aperture. The position of each measure-
ment relative to the markings on the specimen was noted.

After the distortion measurement, the specimen was di-
vided at the septum between the subcutaneous fat and the
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muscle layer using a scalpel. In general, the distinction be-
tween those layers was quite well-defined. However, be-
cause the septurn is thin, it was not divided but remained
entirely with one of the layers. The “fat” section contained
the skin and subcutaneous fat. The remainder of the spec-
imen, bounded by the peritoneum, comprised the “mus-
cle” section, This section consisted mainly of muscle but
also included fatty intrusions, blood vessels, and tendons.
Boundaries of both muscle and fat layers remained smooth
after dissection. Markings corresponding to those on the
skin were added on the top of the muscle layer. Distortion
measurements were made for the individual layers using the
same protoco! as for the whole specimens, with the receiv-
ing aperture located as in the original measurement.

The measured wavefronts were characterized by com-
puting the arrival time fluctuations, energy level fluctua-
tions, and waveform similarity factor as in [6]. The arrival
time and energy level variations determined for each data
set were displayed as two-dimensional grayscale maps and
their magnitudes were described in terms of rms values.

B. Simulations

Propagation of ultrasonic pulses through the fat and mus-
cle layers of the abdominal wall was simulated using the tis-
sue modeling technique and finite-difference time-domain
(FDTD) algorithm discussed in Ref. [5]. The six tissue
maps of abdominal wall cross sections employed in the pre-
vious simulation study (not the specimens used in the mea-
surements reported above) were used as input to the FDTD
program, but in this case the tissue maps were divided into
fat and muscle layers along the center of the septum be-
tween these layers, and the propagation of an ultrasonic
pulse through each layer was calculated individually.

The tissue maps were made by processing scanned im-
ages of stained abdominal wall cross sections [7]. Regions
containing connective tissue (e.g. skin, tendon, and septa),
muscle, and fat were color coded. Density and sound speed
arrays for the finite-difference computation were created
from these images by mapping the various colors to rep-
resentative density and sound speed values obtained from
the literature for each tissue type. The values employed are
reported in Ref. [5]. Representative sectional tissue maps
are shown in Fig. 1.

In each case, the subcutaneous fat consists of lobules sep-
arated by thin connective tissue membranes (septa). Inho-
mogeneities, mainly consisting of fat, are present in all the
muscle sections. This general appearance is consistent with
descriptions from standard anatomical texts [8] and dissec-
tions of human specimens shown in Ref. [9]. The bound-
aries between muscle, fat, skin, and water (exterior to the
specimen) in the maps of Fig. 1 are not entirely smooth or
parallel. The roughness evident here is likely substantially
greater than that occurring in vive because the specimens
were frozen before being sliced, and then fixed in formalin.
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Fig. 1. Tissue maps for specimen 120fe. Black denotes connective tissue,
dark gray denotes muscle, and light gray denotes fat. The fat layer (above)
and the muscle layer (below) are obtained by dividing the map for the
whole specimen (not shown).

ATF ELF

Fig. 2. Distertion maps for specimen 65. Energy ievel fluctuations (ELF)
and arrival time fluctuations (ATF} are shown for the muscle layer (M), fat
layer (F), and whole specimen (W), ATEs are shown on a linear gray scale
with white indicating a delay of 150 ns and black indicatting an advance of
150 ns. ELFs are shown on a logarithmic gray scale with white indicating
an increase of 10 dB and black indicating a decrease of 10 dB.

Simulated waveform data was processed using a one-
dimensicnal version of the reference waveform method [5].

IT1. RESULTS

Measured arrival time and energy level fluctuation maps
for representative muscle, fat, and whole abdominal wall
sections are shown in Fig. 2. The distortion produced by the
fat and muscle layers has distinctly different spatial char-
acteristics. The muscle layers produce distortion patterns
having strong anisotropy associated with the fibrous mus-
cle structure. A white banded structure, corresponding to
a large-scale delay in the wavefront, is seen at the position
of a fatty aponeurosis that joins two muscle sections. The
arrival time and energy level fluctuation maps for the fal
layers, on the other hand, appear to consist almost entirely
of small speckle-like structures. In the distortion maps for
whole specimens, the striations and strong patterns of the
muscle fluctuation maps are blended with the speckle cre-
ated by the fat layer.

Statistics given in Table I summarize the measured dis-
tortion for all six specimens. These data indicate that the
muscle layers measured caused significanily more severe



TABLE 1. Distortion stafistics {mean % st. dev.) for the muscle layer
(M), tat layer {F}, and whole specimen (W) for measurements and FDTD
simulations, each using six abdominal wall specimens.

ATFE {ns) ELF (dB) WSF
M 4501178 2.79+0.48 0.940 +0.023
Meas. F 204+ 11.5 296+0.44 0922 =+0.061
W 5601164 3.15::0.20 0.883 +£0.048
M 31.34+ 181 1.70 £ 0.74 0,995 £ 0.005
FDTD F 3544112 3504045 0.982 1 0.010
W 5221141 3.62+055 0.968 £0.017
I L T
2001 FDTD, muscle — ]

FDTD, tat —-
FDTD, wholgs----

1 32 64 96 128
Element Numbar

Fig. 3. Amival time fluctuations (ATF) and energy level fluctvations (ELF)
for specimen 120fe and its muscle and fat layers.

arrival time fluctuations than did the fat layers. The fat
layers produced slightly more energy level distortion than
the muscle layers and exhibit slightly more wave shape dis-
tortion as well. The arrival time, energy level, and wave
shape distortion produced by whole specimens is generaily
greater than that produced by the individual layers, but is
less than the arithmetic sum of the individual distortions
combined.

Representative arrival time and energy level fluctuations
simulated using whole abdominal wall specimens, muscle
layers, and fal layers are shown in Fig. 3. The correspond-
ing waveforms are shown in Fig. 4. In both these figures,
large-scale arrival time fluctuations are seen that match well
between muscle layers and whole specimens. Likewise,
rapidly-varying energy level fluctuations seen for the fat
layer are similar to those for the whole specimen. Further-
more, the waveforms are qualitatively similar to measured
waveforms for abdominal wall specimens.

Statistics summarizing the distortion produced by the six
tissue maps using the FDTD simulation are also presented
in Table 1. Overall, the muscle sections produced distortion
of lower amplitude than did the corresponding fat layers.
As with the measurements, the whole specimens usually
produced more distortion than either of the layers but less

Fig. 4. Simulated waveforms for specimen 120fe {W) and its muscle (M)
and fat (F) layers. Waveforms are shown on a linear gray scale with time as
the vertical axis and element number as the horizontal axis. The temporal
range shown is 2.3 ys for 128 elements.

than the total distortion of the two component specimens
combined. Waveform similarity factors for simulations are
generally higher than those for measured data using the
same specimens,

Simulations of propagation through the abdominal wall
provide additional insight into the relationships between
specific tissue features and wavefront distortion character-
istics. Two examples are shown in Figs. 5 and 6. Fig. 5
shows four successive frames of the ultrasonic pulse prop-
agatling through a muscle layer including a fatty aponeu-
rosis, showing the development of a large-scale time-
shift aberration. Fig. 6 shows four frames of the same
pulse propagating through subcutaneous fat and septa af-
ter passing through the muscle layer. Here, scattering
from thin septa causes energy to be scattered outside the
main direction of propagation, resulting in significant am-
plitude dropouts. The processes by which distortion is pro-
duced are more easily observed in animations of the simu-
lated wavefront propagation. Animated visualizations sim-
ilar to Figs. 5 and 6 can be accessed from the web site
http://www.personal.psu.edu/tdm104.

IV. DISCUSSION

Measurements and simulations of distortion made us-
ing human abdominal wall specimens and their individual
fat and muscle jayers have shown that both fat and mus-
cle cause significant wavefront and focus distortion. The
spatial characieristics of the resulting distortion are directly

1997 IEEE ULTRASONICS SYMPOSIUM — 1495


http://www.personal.psu.edu/tdm104

Fig. 5. Propagation through an aponeurosis in cross section 120fe. The
area shown in each frame is 16.0 mm in height and 18.7 mm in width,
while the temporal interval between frames is 1.7 us. The tissue is rep-
resented by dark gray for connective tissue, medium gray for muscle,
and light gray for fat. The wavefronts are shown on a bipolar logarith-
mic scale with a 30 dB dynamic range with white representing maximum
positive pressure and black representing maximum negative pressure. A
cumulative delay of about 0.2 us, associated with propagation through the
aponeurosis, is indicated by the square bracket in panel (d).

a b ¢ d

Fig. 6. Propagation through fat and septa in cross section 120fe. Panels
a)-d) show the progression of the main wavefront through subcutaneous
fat, showing amplitude dropouts caused by scattering from septa. The
area shown in each frame is 22.9 mm in height and 14.4 mm in widih,
while the interval between frames is 3.8 us. The tissue and wavefronts are
represented as in Fig, 3.

related 1o the differences in internal tissue structure. The
results imply that distortion caused by ultrasonic propaga-
tion through the abdominal wall is due to a more complex
combination of effects than previously supposed by many
researchers and clinicians.

On the whole, measurements show that muscle layers
cause greater arrival time distortion but less energy level
and waveform distortion. The ordered, fibrous structure of
muscle causes greater anisotropy in ohserved distortion pat-
terns. Smaller arrival time distortion in simulated propaga-
tion through muscle layers is probably due to inaccurate
representation of fibrous microstructure.

Fat layers were found to cause less arrival time distortion
but greater energy level and waveform distortion than mus-
cle layers. These results, as well as the random anisotropic
appearance of distortion patterns measured for fat sections,
imply that scattering from septa is the primary cause of
wavefront distortion in the subcutaneous fat. This conclu-
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ston is supported by the high energy level fluctuations seen
in simulated propagation through fat layers,

Distortion caused by entire abdominal wall specimens
has been shown experimentally to be a combination, but not
a simple summation, of distortion effects caused by muscle
and fat layers. Since most features from the muscle and fat
distortion maps are clearly evident in the whole-specimen
distortion maps, it may be con¢luded that internal tissue
structures are more significant to ultrasonic wavefront dis-
tortion than any effects due to the muscle-fat boundary.

Simulation results support conclusions arrived at from
the measurements. Specifically, the finite-difference sim-
ulation results show that both fat and muscle layers cause
significant distortion. Comparable arrival time fluctuation
is caused by muscle and fat layers. Energy level fluctua-
tion caused by fat layers is greater in magnitude and more
highly correlated with tissue structure than that produced
by muscle layers.

Visualization of propagation through tissue, as seen in
Figs. 5 and 6 and the corresponding animated sequences,
has provided specific insight into the causes of ultrasonic
wavefront distortion in transabdominal imaging. Large in-
homogeneities, such as the aponeurosis of Fig. 5, cause sig-
nificant arrival-time distortion on length scales comparable
to the inhomogeneity size. Smaller features, such as septa
within the subcutaneous fat, cause strong scattering effects
that produce both waveform distortion and amplitude fluc-
tuations.
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