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A finite-difference time-domain model for ultrasonic pulse propagation through soft tissue has been
extended to incorporate absorption effects as well as longitudinal-wave propagation in cartilage and
bone. This extended model has been used to simulate ultrasonic propagation through anatomically
detailed representations of chest wall structure. The inhomogeneous chest wall tissue is represented
by two-dimensional maps determined by staining chest wall cross sections to distinguish between
tissue types, digitally scanning the stained cross sections, and mapping each pixel of the scanned
images to fat, muscle, connective tissue, cartilage, or bone. Each pixel of the tissue map is then
assigned a sound speed, density, and absorption value determined from published measurements and
assumed to be representative of the local tissue type. Computational results for energy level
fluctuations and arrival time fluctuations show qualitative agreement with measurements performed
on the same specimens, but show significantly less waveform distortion than measurements.
Visualization of simulated tissue—ultrasound interactions in the chest wall shows possible
mechanisms for image aberration in echocardiography, including effects associated with reflection
and diffraction caused by rib structures. A comparison of distortion effects for varying pulse center
frequencies shows that, for soft tissue paths through the chest wall, energy level and waveform
distortion increase markedly with rising ultrasonic frequency and that arrival-time fluctuations
increase to a lesser degree. 1®99 Acoustical Society of Amerid&0001-496€09)03212-9

PACS numbers: 43.80.0f, 43.80.Cs, 43.58.Ta, 43.206]

INTRODUCTION ity, resulting in high diagnostic sensitivity and specificity,
the invasiveness of the procedure is accompanied by in-
- ) i : 5 - creased risk-® For this reason, improvements in the nonin-
cgrdlac diseases |_nclud|ng vaIyu_Ia_rgdefects, pericardial effuy,,<ive transthoracic approach are desirable, for example, by
sion, and wall motion abnormaliti€és®> Commonly, echocar- the development of methods to compensate for image degra-

diography is performed noninvasively through the ChEStdation caused by the chest wall.

(transthoracit using an external probe placed on the chest . . .
i . An understanding of ultrasonic aberration produced by
wall. The chest wall, however, can considerably degrade im- L .
Be chest wall is important to the development of appropriate

age quality because acoustic paths between the skin afk , i v )
heart may contain ribs and cartilage as well as inhomogec_:ompensatlon methods for transthoracic ultrasonic imaging.

neous muscle and fatty tissue. The result is that as many &4rect measurements of ultrasonic distortion produced by
10-30% of patients cannot be successfully imaged wittfFhest wall specimen$ have been helpful. Results reported
present transthoracic techniqueBhis limitation of transtho-  In Ref. 7 show that propagation through the chest wall causes
racic echocardiography has led to the development of trans&ubstantial beam distortion. However, that study did not dis-
sophageal echocardiography, in which the heart is imaged btgnguish the effect of soft tissue from effects caused by rib
a transducer inserted into the esophalgd#lthough transe-  structures. In Ref. 8, a detailed study of distortion caused by
sophageal echocardiography provides superior image quasoft tissue paths indicates that soft tissue distortion in the
chest wall is substantially less than the corresponding distor-
dPresent address: Department of Meteorology, The Pennsylvania State Ur{ii-On in the human abdominal wall. However, distortion
versity, University Park, PA 16802. caused by ribs was only treated qualitatively in the latter

Echocardiography is widely employed for diagnosis of
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study because the physical mechanisms of rib-induced dis-  gp(x,y,t)

tortion could not be adequately described by the method re-  ——— T p(X.y) c(X,y)? V-v(x,y,t)

ported there. Although a model of ultrasound propagation in

the chest wall has previously been describédat model is =—a(Xy) p(x.y,t), D
based on coarse depictions of chest wall morphology includ- NXYL)

ing homogeneous tissue layers and evenly-spaced, p(X,Y) Y +Vp(x,y,t)=0. )

uniformly-shaped ribs. These previous experiments and ’ dt

simulations, therefore_:, have left gaps in the_ current knOW_IHere,p(x,y,t) is the acoustic perturbation in fluid pressure,
edge about the physical causes of ultrasonic wavefront d'%i(x,y,t) is the vector acoustic particle velocity(x,y) is the
tortion caused by the chest wall. ambient densityc(x,y) is the ambient sound speed, and

Rece.”%oﬁg’”‘ on th? smula_mon of ultrasonic pulse a(X,y) is an absorption coefficient that is equivalent to the
propagatio has provided insight about the wavefront inverse of a spatially-dependent relaxation tinfa,y).

distortion gaused by the. human a_b_dolminal wall. Although 14 absorption coefficient, defined as a real quantity,
these studies have provided specific information about thf-,S related to the energy lost per unit length as follows. The
relationships between soft tissue morphology and ”Itrasoniﬁropagation equationsl) and (2) lead, for plane-wave

wavefront distortion, the work is not fully applicable to dis- ropagation of the formp=e'*~«V  to the dispersion rela-
tortion caused by the human chest wall. The morphology Oﬁon ’

chest wall soft tissue is different from that of the abdominal

wall in ways that can affect ultrasonic wavefront distortfon. o | ia

Furthermore, imaging through the chest wall is complicated k=—\1+ '

by ribs that limit the usable acoustic window size and cause

scattering and reflection. wherek is the complex wavenumbeg is the (real) radial
The study reported here applies quantitative simulatiorfrequency 2rf, andc is the (rea) sound speed. The imagi-

methods, similar to those presented in Refs. 10 and 12, tBary part of the wavenumbéris the absorption in nepers per

anatomically detailed chest wall models that include the ribsunit length. Thus, the absorption parametercan be ob-

Accurate depiction of rib—ultrasound interactions requiredained by a numerical solution of the equation

not only representation of the strong reflections associated .

with sound speed and density contrast between ribs and soft mikl= loss (dB/length _ Im{ﬂW /1+ '_a

tissue (already accurately modeled by the finite difference 20 logio(e) c 0]

method of Ref. 10 but also modeling of the strong losses . . .
olution of Eq.(4) results in wavenumbers having a real part

associated with propagation through bone and cartilage. F ) ) o .
this reason, the finite-difference method described in Ref. 183! differs frome/c. Since this discrepancy is less than 1%
' ver the range of tissue properties employed in the present

has been extended to include tissue-dependent absorptio(ﬁ.

Quantitative descriptions of the distortion caused by soft tis—StUdy' use of absorption coefficients computed from @j.

sues are obtained by statistical analysis of simulated dist0|qoes not significantly affect propagation characteristics ex-

tion. Visualizations of wavefronts propagating through mapscept by addmg the specified absorption. . .

of chest cross sections provide evidence about physical rela- . Equanns(l) f';md(Z) were solved numerically using the
tionships between wavefront distortion and the morpholog Inite-difference tlme-QOmalmFDTD) method described in

of ribs and soft tissue structures in the chest wall. FurtheBefS: 10 and 17. This ”_‘ethOd IS a two-step MacCorma(_:k
insight about wavefront distortion mechanisms is proVideopred|ctor—corrector algorithm that is fourth-order accurate in

by a comparison of distortion results for incident pulses ofSPace and second—order apcurate n t!me. The computations
different center frequencies. employed a spatial step size of 15 points per wavelength at

the pulse center frequency of 2.3 MHz. Time step sizes were
computed using a Courant—Friedrichs—Lewy number of

|. THEORY 0.25. Further details on this class of finite difference algo-
rithms can be found in Refs. 18-20.

Ultrasonic pulse propagation through the human chest  The initial condition was chosen to model the experi-
wall is modeled here using the equations of motion for amental configuration in Ref. 8, in which a spatially broad,
fluid of variable sound speed, density, and absorption. Th@early planar wavefront was emitted from a wideband,
tissue is assumed motionless except for small acoustic pepulsed, unfocused source far from the tissue layer. The initial

turbations. Absorption is included using an adaptation of thgyavefront was represented in the present simulation as a
Maxwell solid modef® in which all absorption effects are plane wave pulse propagating in they direction:

represented by a single relaxation time. This assumption re-

sults in frequency-independent absorption characteristics. p(X,Y,0)= —sinKo(Y—Yo)] e~ (V-y0/(20%)
Equivalent treatments of tissue-dependent absorption have

been employed by a number of previous models for ultra-  U(x:¥,0=0,

sonic propagation in biological tissu¥s®For such a fluid, gng (5)
the linearized equations of mass conservation, momentum

conservation, and state can be combined to obtain the first- V(X,y.,0)= p(x,y,0)

order, two-dimensional, coupled propagation equations, e pc '’

©)

- 4
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where the wavenumbdy, is equal to 2rfy/c for a center The nomenclature employed here for the cross sections
frequency offy, o is the Gaussian parameter of the pulsecorresponds to that of Ref. 8 for the whole specimens from
temporal envelope, andandv are thex andy components which the cross sections were taken; each cross section is
of the vector acoustic particle velocity The spatial Gauss- identified by a donor number together with “L” or “R” to
ian parameter was chosen to simulate the bandwidth of theindicate whether the corresponding specimen was taken from
pulse used in the experiments, as discussed below in th@e left or right side of the breastplate. Additional numbers
Method section. were used in Ref. 8 to indicate the intercostal space used in
The computational configuration is analogous to that deeach measurement; here, lower-case letters are used to indi-
scribed in Ref. 10. The domain of computation is two-cate independent acoustic paths. Wavefront distortion mea-
dimensional, with they direction taken to be parallel to the surement results from four of the specimens employed here
direction of propagation and the direction parallel to the (4L, 5L, 7L, and 7R were reported in Ref. 8. Distortion
initial wavefront. As in Ref. 10, periodic boundary condi- statistics for specimens 8L and 8R were not presented in Ref.
tions were applied on the domain edges that were parallel t8 because of limited acoustic windows. No new measure-
the direction of propagation, while radiation boundary con-ments were made for the present study; statistics describing
ditions were applied on the edges perpendicular to the direameasured distortion are taken directly from Ref. 8.
tion of propagation. The six segmented tissue maps are shown in Fig. 1. All
of the cross sections contain a layer of septated subcutaneous
fat below the skin. Most of the cross sections also include a
Il. METHOD layer composed primarily of the major pectoral muscles and
This study employed six chest wall specimens obtainedh€ir connective fasciae above the ribs. Between the ribs are

during the autopsies of four different donors between 79 andegions of muscléginternal intercostal and external intercos-
85 years of age at death. One specintéh) was from a tal groups interlaced with fat. In some cases, additional thin
white female, while the others were from white males. Afterlayers of fat between muscle layers are apparent. Cross sec-
the specimens were obtained, they were stored unfixed &#0ns 4L and 7R are cut along the intercostal spaces parallel
—20°C and thawed when needed for study. Wavefront disto the ribs, so that in each a wide cross section of soft tissue
tortion measurements were made on these and other speéiPpears. Cross sections 5L, 7L, and 8L are cut perpendicular
mens as part of a study described in Ref. 8. In those med? the ribs, so that each contains soft-tissue acoustic paths
surements, 2.3 MHz ultrasonic pulses generated by a 0.5-iwvith width equal to the width of the corresponding intercos-
piston transducer propagated through individual chest waflal spaces. Cross section 8R is cut perpendicular to the ster-
specimens immersed in a 37 °C water bath and the transmifiim at a location of large curvature in the ribs, so that the
ted pulses were measured by a 96-element broadband cardidies are diagonally sectioned. Several blood vessels appear in
array scanned to synthesize a two-dimensional aperture. Stgross sections 4L, 7L, 7R, and 8R; the largest of these is the
tistics describing wavefront distortion, including arrival time internal mammary artery.
fluctuations, energy level fluctuations, and wave shape dis- The basic structure of the cross sections is consistent
tortion, were computed for the measured pulses. with standard descriptions of chest wall anato%i"@/g. Ribs

For the present study, six of the previously measuredppear in each cross section; each rib is composed of a “cos-
specimens were cut inte-7-mm thick cross sections using tal cartilage” near the sternurgshown in most of the cross
the technique described in Ref. 10. The slices were thefections considered herattached to a “true rib’(composed
fixed and stained with a modified Gomori's trichrome stainprimarily of cancellous boneat the edge farther from the
according to the procedure detailed in Ref. 21, so that tissugternum. In the cross sections considered here, the costal
types could be distinguished. This stain colored muscle tiscartilages are primarily composed of calcified cartilage, sur-
sue red and connective tissue blue while leaving the fat itsounded by a thin layer of cortical bor{golid, dense bone
natural color. Calcified tissue, including bone and cartilagewith microscopic porous structyrewhich in turn is sur-
in the current specimens, was not differentially stained byrounded by the periosteum, a thin membrane of connective
this technique, but the natural contrast between bone, cartiissue. Cross sections 7L and 7R also appear to contain a
lage, and marrow was sufficient to allow tissue mappingsmall amount of cortical bone in the central portion of the
Full-color 300 d.p.i. images of the cross sections were crefibs. This phenomenon may be associated with advanced cal-
ated by placing each stained tissue cross section directly ontiification known to occur in aging humaffs.Cancellous
the surface of a flatbed digital scanner. Image editing packbone, composed of thin trabeculae that form macroscopic
ages(Adobe Photoshop, Version 3.0, and the Gnu Imagecells filled with marrow, is seen in all the ribs of cross sec-
Manipulation Program, Version 1.@vere used to manually tion 5L, which was taken at a distance farther from the ster-
segment the cross sectional images, i.e., to map the imagesm so that the true ribs, rather than the costal cartilages,
into regions that corresponded to one of six media. The mewere included in this cross section. Some cancellous bone is
dia were wateilrepresenting water external to specimens oralso apparent within portions of the ribs of cross sections 4L
blood inside blood vessglsfat (including subcutaneous fat, and 8R. In each case, the cancellous bone is surrounded by a
fat interlaced within muscle layers, and marpounuscle, thin layer of cortical bone and by the periosteum. A portion
connective tissugincluding skin, septa, and fascjaearti-  of the sternum, composed of cancellous bone surrounded by
lage, and bonéncluding cortical bone and trabeculae within cortical bone, is visible at the left side of cross section 4L.
cancellous bone The density and sound speed grids needed for the finite-
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FIG. 1. Chest tissue maps used in simulations. In each map, blue denotes skin and connective tissue, cyan denotes fat, purple denotes musciesorange de
bone, and green denotes cartilage. Blood vessels appear as small watéwfiiteyl regions. Simulated apertures are indicated using lower-case letters for
each cross section; the letters correspond to the acoustic path labels used throughout, while the length of the arrow beneath each lettetactireesyptends

of the simulated aperture. Smaller arrows indicate 55-elerfin60-mm apertures while large arrows indicate 68-elem@dt28-mm apertures.

difference computation were created by mapping regions ofor various human soft tissué$.The absorption for water
the segmented tissue images to reference density and soumwds estimated by extrapolating frequency- and temperature-
speed values for the five tissue types and water. The watelependent absorption values summarized in Ref. 35 to 2.3
sound speed and density employed are those of pure wateriHz and 37.0 °C. The values of tissue parameters employed
body temperaturg37.0 °0.2>?® Sound speeds for muscle in the present study are given in Table I.

and fat were obtained by averaging valut_es for human tissues The finite-difference program was emp|0yed to compute
given In Refs. 27 and 28. A representatlve sound Speed f%ropagation of a p|ane wave pu|se through each scanned
connective tissue was determined using an empirical formulgross section from the skin to the peritoneal membrane,
re]atmg collagen content to ultrasonic sound spetmether mimicking the propagation path employed in the distortion
with 2 measured value for the collagen content of humanneasyrements of Ref. 8. The spatial step size of the finite-
skin" The sound speed employed for bone was obtainegitterence grid was chosen to be 0.0442 mm, or 1/15 wave-
from an average of values reported in Ref. 31 forIength in water at the center frequency of 2.3 MHz. The

longitudinal-wave propagation in human cortical bone. Thetemporal step size was chosen to be 0.00Z&5for an op-
sound speed used here for cartilage is that given in Ref. 32 fnal Courant—Friedrichs—Lewy numbeat/Ax of 0.252°

quoted in Ref. 27. Density values for soft tissues were deter.i.he Gaussian parameterof the source pulse was chosen to

r_nined from Ref. 33 by averaging values reported for_ adipos%e 0.4766 mm in accordance with the experimentally mea-

tissue, skeletal muscle, and skin, respectively. Density valuessured pulse bandwidtfor pulses transmitted through a wa-

employed for bone and cartilage are average values fro . . !

Refp 331/ g 9 rPer path of 1.2 MHz. A visual comparison confirmed that the
Absorption values were determined from attenuation

measurements SummarIZEdom Ref. 27 for .human f?t at37 q’ABLE I. Assumed physical properties for each tissue type employed in the

human bicep muscle at 37 °C, human skin at 40 °C, humag,, jations.

and bovine cartilage at 23 °C, and human skt@mperature

not reportegl Attenuation values reported at other ultrasonic Tissue Sound speed Density Absorption
frequencies were interpolatédr, for the skull data, extrapo- type (mm/us) (g/co (dB/mm)
lated to obtain values for 2.3 MHZcorresponding to the Water 1.524 0.993 0.0007
pulse center frequency employed here and in ReAs8um- Fat 1.478 0.950 0.12
ing a linear dependence of attenuation on frequency. This ’(\Jﬂgsﬁfctive 11564173 11-0152% %—2317
a_lssumed linear dependence is a S|mpl|fy|.ng app_rOX|mat|on;. Cartilage 1665 1008 0.97
tissue measurements show that attenuation varies approxi- ggne 3540 1990 437

mately asa>f?, wherep is typically between 0.9 and 1.5
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simulated pulse closely matched the measured pulses iFABLE Il Statistics of simulated wavefront distortion caused by thirteen
shape and Iength soft tissue paths within chest wall cross sections. The “Path” column shows

. . . .., the cross section label and aperture letter for each path; these labels corre-
Each simulation was performed Or_] a qukStat'on W_lthspond to those shown in Fig. 1. The statistics shown include the average
128 MB of random-access memory. Finite-difference gridsspecimen thickness for the tissue path considered, rms values and correla-
on the order of 15081000 points were employed. At each tion lengths(CL) of the arrival time fluctuationATF) and the energy level
time step, the wave field was updated on a grid subset Chosélnctuqtions(ELF), the waveform similarity facto(WSF), and the total at-
to include the entire support of the acoustic wave but tg®"4aton:
exclude quiescent regions. The entire pressure field was ATE ELF

saved as a raster image at intervals of 0.g&bfor later

visualization. The computation time for each simulation was . Th(';%ess E?; (nC"Ln) (rdrg (anan) WSk Atte(gg?t'on
on the order of five hour®
Signals were recorded for 8.62s at a sampling fre- Z‘t'; 13‘7‘ i(z)-g g-gg (1)-22 i-gg 8-38; i-gg
qguency of 138 MHz by S|m_ulated apertures with dlmen§|_ons P 160 100 137 161 174 0998 5 26
close to those in the experimental study of Ref. 8. Positions , ¢ 170 173 248 092 161 0999 533
of all simulated apertures employed are sketched in Fig. 1. 5L-a 11.0 116 095 151 113 0.991 4.29
The simulation of receiving elements was performed by in- 5L-c 150 148 103 115 119 0.996 5.01
tegrating the locally-computed pressure over the element /L2 162 168 264 095 123 0999 546
i ! : 7L-b 149 225 266 119 161 0.998 4.91
p|tch.of 0.21 mm. For cross sgctlons cut parallel to the ribs, - 177 174 177 252 207 0997 583
the simulated apertures contained 68 elements for an aperture;g_g 21.0 83 1.10 085 1.79 0.999 7.07
width of 14.28 mm. For cross sections cut perpendicular to 7R-e 247 137 137 106 1.62 0.997 8.69
the ribs, 55 simulated elements were used to form 11.55 mm 8R-a 238 266 178 258 140 0.992 7.76
apertures. Element directivity effects were implicitly incor-  8R-? 222 299 144 195 111 0989  6.09
porated by the integration of acoustic fields over the width of Mean 175 178 167 144 150 0.995 5.80
each element; the resulting directivity functions correspond St Pev. 42 78 071 066 030 0005 133

to those for an idealized line element of width 0.21 mm.
A one-dimensional version of the reference waveform
method®* was used to calculate the arrival time of the pulse!l- RESULTS

at each receiving position in the simulation data. In this  Simulated wavefront distortion results for 13 soft tissue
methOd, the relative arrival time of each received Waveforn'baths(i‘e_, paths in which wavefront distortion was not Sig_
is computed by cross-correlation with a reference waveformpificantly influenced by the ribsare shown in Table II.
The arrival time fluctuations across the receiving aperture arg¢hese results indicate that soft tissue paths cause a wide
then calculated by subtracting a linear fit from these calcurange of wavefront distortion effects depending on the spe-
lated arrival times, and the root-mean-square value of thesgific morphology of each path. For instance, path 7R-c
fluctuations is computed. Energy level fluctuations in thecauses arrival time and energy level fluctuations that are
data were calculated by summing the squared amplitudes @fore than twice the magnitude of those caused by the adja-
each waveform over a 2 4s window that isolated the main cent path 7R-d. This difference is thought to arise from mor-
pulse, converting to decibel units, and subtracting the besshological features, including muscle tissue with interlaced
linear fit from the resulting values. As for polynomial fits fat and a large amount of connective tissue, of the tissue
previously employed in wavefront distortion measureménts,within path 7R-c. Also notable is that the specimen thickness
the purpose of the linear fit removal in each case was teloes not closely correspond to variations in distortion. The
compensate for gross changes in tissue thickness across tlaggest rms arrival time fluctuation and lowest waveform
array. Variations in pulse shape across the aperture wersimilarity factor, for example, are caused by path 4L-c,
evaluated using the waveform similarity facf®rthis quan-  which has an average thickness less than the mean for all the
tity, which can be considered a generalized cross-correlatiotissue paths.
coefficient, has a maximum of unity when all received wave-  Wavefront distortion statistics for the 13 soft tissue
forms are identically shaped. paths are graphically summarized in Fig. 2 together with
To test the frequency dependence of chest wall waveeorresponding statistics for all of the soft tissue measure-
front distortion, propagation through eight portions of speci-ments reported in Ref. 8. This comparison indicates that
mens, each containing only soft tissue, was also computedlavefront distortion caused by soft tissues in the chest wall
for wavefronts having center frequencies of 1.6 and 3.Gsimulations is comparable to measured distortion. Arrival
MHz. In each case, the initial wavefront was chosen to havéime fluctuations and energy level fluctuations for simulated
the same temporal envelope as above. The absorption coefistortion are slightly less than measured values, but mean
ficient at these frequencies for each tissue type was extrapoalues of both fluctuations for the simulations fall well
lated from the value employed at 2.3 MHz using the assumpwithin one standard deviation of the corresponding mean
tion that absorption depended linearly on the centefluctuation for the measurements. The waveform similarity
frequency. The spatial and temporal sampling rates were aldactor, however, is substantially higher for simulations than
varied in inverse proportion to the pulse center frequencymeasurements, indicating that simulated waveforms were
All runs were otherwise identical in configuration and pro- distorted considerably less than measured waveforms. Corre-
cessing to those described above. lation lengths for the simulated distortions are somewhat less
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rms ATF (ns) rms ELF (dB)

30F

1.5 ‘
20

0.5

5 1 FIG. 2. Summary of distortion statistics for soft tissue
paths. The bar chart shows mean values of the rms ar-
0 Sim. Moas. 0 Sim. Moas. rival time fluctuationgATF), rms energy level fluctua-

tions (ELF), correlation lengthgCL) of these fluctua-
tions, and waveform similarity factordVSF for the

CL-ATF (mm) CL-ELF (mm) WSF simulations performed in the present paper and the ex-
. s 1f ' periments reported in Ref. 8. Error bars indicate a range
{ I of plus or minus one standard deviation from the mean.
25 25 L 0.98 | I
27 { ‘ 2 } 1 096 | l
151 1.5 I 1
[ 0.4
1 1
0.92
05 05
0 . . 0 . . 09
Sim. Meas. Sim. Meas. Sim. Meas.

than measured values. However, consistent with measure
ments, the mean correlation length of the simulated arrival
time fluctuations is greater than that for the simulated energy
level fluctuations.

As in Ref. 8, rib structures were found to cause much ,
more distortion than soft tissue alone. The varied nature of
distortion caused by rib effects is illustrated in Fig. 3, which
shows three representative sets of measured signals for spec
men 8L. These measurements were made during the stud
reported in Ref. 8. The first panel shows 96 adjacent mea-
sured signals, along the array directi@pproximately par-
allel to the ribg for propagation through a tissue path within
an intercostal space. The signals are not severely distortec
secondary arrivals are discernible, but are of lower amplitude
than the main arrival. The second panel shows 96 measure
signals for an elevation over a rib. Here, all signals are se-
verely distorted. Multiple arrivals, as well as high-amplitude
spatially-random fluctuations, are seen. The third panel
shows 50 measured signals along the elevation directior
(perpendicular to the ribscentered over the soft tissue be-
tween the ribs. Here, the main wavefront is curved rather
than straight, an additional arrival behind the main wavefront
is seen, and portions of the signals from over the (#doth
edges of the panehre advanced relative to the signals from
the central soft tissue region. c

The present simulations allow more detailed qualitative
and quantitative investigation of rib effects than were pos-
sible from the previous measurements. Propagation throug!
two rib-influenced paths is illustrated in Figs. 4 and 5, in
which computed ultrasonic pulses are superimposed on por-
tions of the tissue maps from Fig. (Similar visualizations FIG. 3. Measured waveforms for three propagation paths in specimen 8L.
of propagation through soft human body wall tissue weregach panel shows received waveforms on a bipolar logarithmic gray scale
shown in Ref. 10. with a dynamic range of 40 dB. The horizontal range shown in each panel is

; : T _20 mm and the vertical range shown is @.d. (a) Tissue path between two
Figure 4 shows propagation through a thin rib, com ribs, in azimuth directioriparallel to ribs. (b) Path including a rib, azimuth

pOSEd'Chieﬂy of (j‘ancellous bone, in cross SeCtior(CEd”'e' direction. (c) Tissue path including intercostal space between two ribs, el-
sponding approximately to path 50-bA strong reflection evation directionperpendicular to ribs

o
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FIG. 4. Simulated propagation through the central rib in cross sectidpdth 5L-0. Panelga)—(d) show instantaneous acoustic pressure fields at successive
intervals of 2.17us. Each panel shows an area that spans 20.32 mm horizontally and 14.58 mm vertically. Logarithmically compressed wavefronts are shown
on a bipolar scale with black representing minimum pressure, white representing maximum pressure, and a dynamic range of 57 dB.

FIG. 5. Simulated propagation through an intercostal space in cross sectiqraBlL8L-0). Panels(a)—(d) show instantaneous wavefields at successive
intervals of 3.62us. Each panel shows an area that spans 28.27 mm horizontally and 21.20 mm vertically. Wavefronts are shown using the same format as
in Fig. 4.
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occurs at the first interface between bone and soft tissudABLE lll. Statistics of simulated wavefront distortion caused by fourteen

removing a substantial amount of energy from the maintissue paths including rib structures. The footnotes associated with the label
for each path indicate morphological features and physical phenomena that

wavefront. The small, h'gh'comraSt trabeculae within the rIben‘fected the wavefront distortion computed for that path. The format is

cause considerable scattering, as can be observed in(panel anaiogous to that in Table II.
of Fig. 4. The scattering causes random fluctuations behind

the main wavefront; these fluctuations somewhat resemble ATF ELF
those seen in the measured data of Fidp).3After passing Thickness rms CL rmms CL Attenuation
through the rib, as seen in panét and (d) of Fig. 4, the Path (mm)  (ng (mm) (dB) (mm) WSF (dB)
central portion of the wavefront shows substantial attenua- 4 _abcd 519 2603 300 258 272 0968 1533
tion and distortion. However, the average arrival time of the 4 -pbc 17.6  161.9 190 4.16 149 0641  43.35
wavefront is not greatly changed by propagation through the 5L-b° 14.2 925 0.69 3.06 1.92 0775  26.87
rib, but is advanced by only about one-half period. This phe- ;E‘;’ "y ég-i 1‘;2-? ;ii g-zg i-gg g-ggg iz-g‘;
nomenon apparently occurs because the |anuenc¢ of the7R_bc,e 243 1656 271 688 207 0274 4306
“slow” marrow (modeled here as fatounteracts the influ- Lo 253 1139 118 7.75 2.29 0907  32.44
ence of the “fast” trabeculae. Noteworthy is that the pre- gL-p*¢ 228 109.7 205 3.43 1.22 0974 1028
dominant ultrasonic wavelength has increased after propaga- 8L-c* 288 1340 275 3.04 157 0944 4047
tion through the rib, so that the effective center frequency of 8- 2365 /8.9 1064 5.06 1.550.950 = 6.78
the wavefront has been lowered. Since the absorption model 8L'ecd 264 2088 191 362 150 0810 4427
X ) 8L-f 285 1699 179 502 1.95 0916  10.70
used in the present study includes only frequency- g g 276 2108 140 3.36 1.35 0892  44.92
independent absorption, the loss of short-wavelength compo- 8r-&¢ 24.9 81.4 208 276 125 0.962  44.32

nents in this simulation results only from frequency- :

d dent scattering caused by the trabeculae comall intercostal spaces.

epende g ng y Hav : bCancellous bone.
Propagation within path 8L-b, which includes two larger ccortical bone and cartilage.

ribs and the corresponding intercostal space, is illustrated igﬁtrong rib reflections.

Fig. 5. At the position of the cross section, these ribs areortical bone within cartilage.

composed primarily of cartilage and surrounded by a thin

layer of cortical bone. Since the cartilage and bone of these

ribs are modeled as homogeneous structures, small-scdige fluctuation values although the wavefronts generglly ap-
scattering within these tissues did not occur in this simulaP€@r to be locally smooth. Interference between directly-

tion. Instead, the wavefront is reflected from interfaces belransmitted and rib-reflected wavefrorigaths 4L-a, 8L-b,
tween cartilage, bone, and soft tissue. 8L-d, 8L-f, and 7R-aintroduces arrival time, energy level,
The visualization shown in Fig. 5 provides physical rea-and v_vaveform distqrtion sgbstantially gr_eater than that for
sons for all the rib-related distortion phenomena seen in th&0ft tissue paths without ribs. Propagation through cancel-
measured data of Fig.(§. The wavefronts propagating '0US bone(paths 4L-a, 4L-b, 5L-b, and 8R-eesults in con-
through the ribs show greater attenuation than that in Fig. 4§|derable attenuation and large waveform distortion, while
both because of the high absorption of the ribs and becausdopagation through cortical bone and cartildgaths 4L-a,
of the reflections noted above. These wavefronts are alsbL-b. 8L-a, 8L-c, 8L-e, 8L-g, 7L-c, 7R-a, 7R-b, and 8R-c
advanced relative to the wavefront propagating through théesults in even larger attenuation but smaller distortion.
intercostal space, because of the higher sound speed of bofhere bone is embedded within cartilageaths 7L-c and
bone and cartilage. The wavefront propagating through thé R-b), additional scattering also occurs. For the path includ-
intercostal space is distorted somewhat by the inhomogdDld @ large bone inclusiopath 7R-b, this scattering results
neous soft tissue path, as can be observed in pabebnd in an extremely high energy level and waveform distortion.
(c). However, much greater distortion results from interac- ~ Computed frequency-dependent wavefront distortion
tion between the wavefront and the ribs. A rightward-statistics are summarized in Fig. 6. Tissue paths used for
propagating reflection, seen in panéi and(c), combines these computations, none of which include rib structures, are
with the main wavefront in panét)) to result in severe dis- those labeled 4L-d, 4L-f, 5L-a, 5L-c, 8R-a, 8R-b, 7L-a, and
tortion at the right side of the central wavefront. A leftward- 7L-b in Fig. 1. The results shown in Fig. 6 indicate that
propagating reflection from the other rib is also apparentarrival time fluctuations, energy level fluctuations, and wave-
Furthermore, diffraction from the edges of the ribs results inform distortion all become more severe with increasing pulse
large curvature of the soft tissue wavefront. frequency. The most dramatic change is in the energy level
Distortion and attenuation statistics for a variety of distortion; on average, the rms energy level fluctuations for
simulations employing rib-influenced paths are shown inthe 3.0-MHz signals are 2.3 times those for the 1.6-MHz
Table Ill. Footnotes in Table Il indicate physical causes ofsignals. Correlation lengths of both arrival time and energy
distortion present within each path. A variety of distortion level fluctuations decrease with frequency, so that the pre-
and attenuation mechanisms are illustrated. Propagatioiominant length scales of ultrasonic wavefront distortion are
through small intercostal spacgsaths 4L-a, 8L-b, 8L-f, and seen to decrease with the ultrasonic wavelength. As with the
7R-g causes diffraction effects that introduce substantiarms distortion statistics, the most dramatic frequency-
curvature into the wavefront, as seen in Fig. 5. This largedependent change is in the energy level fluctuations. Still,
scale wavefront curvature is associated with large arrivakven the high-frequency pulses here show substantially
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smaller distortion than that previously observed in experisity assumed here. Since sound speed in calcified tissue has
ments and simulations for the human abdominal Wat>*®  been empirically shown to be directly related to den&it{f*

this small change in density suggests that the acoustic prop-
IV. DISCUSSION erties of the calcified cartilage in our specimens is close to

A ith i imulati f tion th h that for normal cartilage.
?0 g' earlier. simufations ofpropagation throug The computations reported here model the chest wall as
“ the current study shows qualitative agreement

tissue, . : . Qo

: . ; .~ a fluid of variable sound speed, density, and compressibility.
with measured wavefront distortion results for similar_ . Lo .
._This model implicitly neglects shear wave propagation. The

imens.However, th r f the present model i - . . . S
specimens. However, the accuracy of the present mode Sneglect of shear waves in soft tissues is believed to be justi-

limited by simplifications of true tissue structure. In particu-f. db the ab i fsh . ft .
lar, the computational model here does not account for prop-Ie ecause the absorption of snear waves In Sott ISSUes 15
uch greater than absorption of longitudinal wa{&¥ In

erty variations within tissue types, tissue microstructure, oM

three-dimensional tissue structure. Each of these simplifica(EaICIercj tissues, however, significant shear waves are known

48 ; : ;
tions limits the ability of the present model to precisely to be g;:nerateﬂ? n thﬁ( clurrent scat;cjerlr;]g conﬂgzratl_gn,
mimic experimentally measured ultrasonic wavefront distor-S0Me Shear waves are likely generated wherever the rib sur-

tion. These limitations are discussed, with respect to soff?c€ IS far from parallel to the wavefront. However, since
tissues. in Ref. 10. shear wave absorption has been found to be somewhat larger

The modeling of ribs adds additional complication. In than '0'1971““di”_a| wave absorption for ultrasonic propagation
the current study, individual trabeculae were assumed to b Pone;” the significance of shear-wave propagation within
composed of tissue having properties identical to corticaPon€ on transmitted ultrasonic wavefronts is questionable.
bone, an assumption known as Wolff's hypothégighe For this reason, omission of nonlongltudlnal waves in the_
validity of this hypothesis has been questiofi&&:however, present study, as in another computational study of ultrasonic
measured elastic properties of individual trabeculae vargcattering from bon&) is believed to be justified; however,
widely”®*! and recent work has provided support for further study would be required to confirm this assumption.
Wolff's hypothesis. Thus, the properties employed here for ~ The absence of frequency-dependent absorption is a pos-
trabecular bone can be regarded as reasonable order-&ible source of error in the present estimates of total tissue
magnitude estimates. Likewise, the modeling of marrow ag@ttenuation, energy level fluctuations, and waveform distor-
fat tissue is a simplifying assumption that may have limitedtion. However, since absorption in tissue increases approxi-
validity, although available data suggest that the density anghately linearly with frequency, lower absorption for fre-
sound speed of marrow are close to those for other adipog#iency components below the pulse center frequency would
tissues’ In addition, the present model for cartilage is basednearly cancel higher absorption for frequency components
on measurements of normal cartilage, while the cartilag@bove the center frequency, so that the average absorption
present in the specimens employed here was calcified due tocurred by a wideband pulse should still be computed with
the age of the donors. However, density measurements madir accuracy. For this reason, the absence of frequency-
on eight representative samples of calcified cartildgeo ~ dependent absorption in the calculations reported here is not
from specimen 7R, four from specimen $Rnd two from  considered to be a significant source of error in the computed
an unused specimgrresulted in an average density of attenuation or energy level fluctuation curves. Still, the in-
0.00111 kg/m, which is different by only 1% from the den- clusion of frequency-dependent absorption would result in
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additional waveform distortion effects. The lack of this effect studies'®'? For the simulations, this difference may be par-
is a likely reason for the lower waveform distortighigher  tially explained by the fact that the chest wall specimens
waveform similarity factors obtained from simulations as employed here are thinner on averdgeean thickness 17.5
compared to measurements. However, the absence aim) than the abdominal wall cross sections employed in
frequency-dependent absorption effects allowed frequencyRefs. 10 and 12mean thickness 26.7 mmAnother possible
dependent scattering effects to be clearly quantified sepaartial explanation is that the pulse center frequency em-
rately from absorption effects. ployed in abdominal wall measurements and simulations was
Although the simulations were planned to match the3.75 MHz, significantly higher than the center frequency of
measurements of Ref. 8 closely, a number of differences rez 3 MHz for the chest wall measurements and simulations.
main. The most important of these, as discussed in Ref. 10, Bifferences in pulse frequency and specimen thickness may
that the simulations were performed using a two-dimensionaéxplain the discrepancy in energy level distortion between
tissue model while the measurements were inherently threghe abdominal wall and chest wall, but do not fully explain
dimensional. Other differences include details of the SOUrcCgne discrepancy in arrival time distortion results. For in-
waveform and wavefront shape, variations in the specimegtance, the mean arrival time and energy level fluctuations
orientations and the regions interrogated, and variations iRer ynit length are 1.02 ns/mm and 0.083 dB/mm for the
the distance between the specimen and the real or simulateflesent study vs 1.96 ns/mm and 0.105 dB/mm for the ab-

receiving aperture. All of these differences could contributeyominal wall cross sections of Ref. 10 and 12. Arrival time
to discrepancies between measurements and simulations. gistortion was shown here to increase only subtly with in-

In general, most of the simplifying assumptions in the reasing pulse frequency, so that this discrepancy in arrival
present tlssge mpdel are likely to result in underestimation ofine fluctuations is not fully explained by pulse frequency
wavefront distortion produced by the human chest wall. Theyitterences. However, energy level fluctuations increase
incorporation of tissue microstructure, spatlally—dependenpnarked|y with frequency for chest wall tissue. Thus, for

acoustic properties for each tissue type, shear wave propagaga| ultrasonic pulse frequencies, chest wall tissue should

tion in bone and cartilage, three-dimensional propagation,, se energy level distortion per unit length comparable to
and frequency-dependent absorption could all

, o ) result Mhat caused by abdominal wall tissue.

greater spatial and temporal variations in the propaga_tmg It was suggested in Ref. 8 that chest wall morphology
Lt’ﬁay differ from abdominal morphology in a manner that
. . . - ) Yesults in smaller ultrasonic wavefront distortion. The cross
For this reason, distortion statistics computed using the

. . s Sections employed here can be compared with those em-
present tissue model should be interpreted as lower limits for ploy P

the statistics of distortion occurring in real chest wall tissue.ploye<j n _Refs._ 10 and 12 to evaluate the |mportance_ of
Additionally, some of the discrepancy between Simu_morpholog|cal differences between chest wall and abdominal

lated and measured distortion may be explained by the nor¥yall tissue. One difference between the two groups of cross

uniform characteristics of the receiving transducer employe(i Egt(')?‘:];; v:[/gi Qfgggesgintgre,sSu:ﬁg:;?e%lfn t::] It?i/giz.r ::;e
in the measuremenfsThe water-path measurements re- g y

ported in Ref. 8 show arrival time fluctuatiorisiean 2.21 layers, containing many more lobular structures than the

ns and energy level fluctuatiorinean 0.36 dB although chest wall cross sections. Sipce the high contrqst bgtween
small, these fluctuations are comparable to the difference pEePa and fat causes substantial ultrasonic scattétifigthis

tween the average measured and simulated quctuation@orphOIOQical difference is likely to result in lower overall

Thus, compensation for arrival time and energy level fluc-Energy level and waveform distortion for chest wall tissue

tuations due to transducer irregularities could reduce mee{-athOUQh' as'discussed above, the energy level distortion per
sured distortion to levels closer to the simulations. Also, theNit Propagation length should be comparabhéso, the ab-
waveform similarity factor for water path measurements wagiominal wall and chest wall cross sections have a markedly
0.9918 which indicates greater waveform distortion than thedifferent structure within the muscle layers that occur below
average value of 0.995 computed here for soft tissue pathg?e subcutaneous fat. The abdominal wall cross sections have
Thus, compensation of the measured data for transduc&f@ny large-scale features due to aponeurdsgsrfaces be-
impulse-response variations could raise the measured wavBYeen muscle groups, composed of connective tissue and fat
form similarity factor to a value in closer agreement with @nd large fatty regions. These large-scale features cause large
simulations. wavefront fluctuations that are associated with large rms ar-
Previous experimenta| measurements of wavefront dis[ival time fluctuati0n§.0’12 In contrast, muscle |ayer3 of the
tortion caused by the human chest \R]ddave Suggested that chest wall cross sections considered here contain primarily
distortion caused by chest wall soft tissues is less severe th&faller-scale structures associated with small islands of in-
that caused by the human abdominal waf® This differ-  terlaced fatty tissue. This morphological difference may re-
ence has been observed to occur even though average speﬁiﬂt in lower large-scale arrival time fluctuations but signifi-
men thicknesses were comparable in chestealtl abdomi- cant energy level fluctuations associated with scattering,
nal wall*%® measurements. The present results provideonsistent with the differences between distortion caused by
support for these results; arrival time and energy level dissoft tissues in the abdominal wall and the chest wall.
tortion by the chest wall was found here to be smaller than  The present results for the frequency dependence of dis-
that produced by the abdominal wall in previous simulationtortion provide further insight into the importance of scatter-
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ing effects relative to large-scale structure in wavefront dissscreen models is likely to provide little improvement in the
tortion caused by soft tissues. If wavefront distortion in thepresence of strong rib-induced effects.

chest wall were caused only by large-scale tissue structures, Other correction models that incorporate rib structures
the distortion would be roughly independent of frequency,may provide greater image improvements for the distortions
since propagation effects are independent of frequency in theost important to echocardiography. Processing wavefronts
geometric acoustics limit. However, distortion caused bywith techniques such as angular spectrum filtering can re-
scattering effects should increase with the pulse frequenc§iove some spurious arrivai$ although such computations
for inhomogeneities of size comparable to the wavelengthmay be difficult to incorporate into a general correction al-
Previous simulation and experimental stuffie¥ on distor- ~ gorithm. Other possible methods include those incorporating
tion caused by the human abdominal wall have suggestegiodels of tissue structure. Models incorporating ray
that energy level fluctuations and waveform distortion areAcoustic may provide improvement, but implicitly neglect
generally associated with scattering effects, while arri\,agiffraction and_scattering effec;s, so that aberraFion correc-
time fluctuations are predominantly caused by large-scallon would be incomplete, particularly for small intercostal
path length differences. The present results, while consister#Pac€s: A more complete aberration correction method could

with those conclusions, indicate that scattering plays a role ifMPI0y synthetic focusing using full-wave numerical com-
all types of distortion considered here. Since energy levebutation of acoustic fields within sufficiently accurate models

fluctuations and waveform similarity factors exhibit more of tissue structure. This method has been implemented,

dramatic increases in distortion with increasing pulse fre-W'thln the context of a quantitative frequency-domain in-
erse scattering method, in Ref. 51. However, the results

uency, the present results suggest that scattering is of N . . . )
?nary i)r/nportapnce in causing eng?gy level and wavegform diF; presented here indicate that distortion caused by soft tissue
tortion and of secondary importance in causing arrival timeand. r_|b structures varies vy|d(_—:-ly-b-ased on morphological
distortion. variations betweeriand within individuals. Thus, for any

eneral correction method employing models of tissue struc-

These results can be (_employed to evalugte the _po_tentlﬁljre, separate models of tissue structure must be constructed
of various approaches to improve echocardiographic IMage, - aach region of interest

ing. Available acoustic windows for transthoracic imaging

are s_,everely limited .by Fhe presence of the ribs, so thatimag® concCLUSIONS

quality cannot be significantly improved by an increase of

aperture size. The present results also indicate that use of A computational study of ultrasonic propagation through
higher-frequency probes may provide less benefit than exthe chest wall, including tissue-dependent absorption as well
pected because of frequency-dependent scattering in tH$ detailed anatomical cross sections, has been presented. For
chest wall. soft tissue paths, computational results for arrival time dis-

For these reasons, aberration correction methods are pgqrtion, energy level distortion, and correlation lengths of

tentially important in transthoracic echocardiography, par_thesehdlstortlﬁns are comparabBIe :‘0 t.hosie .reportegl In previ-
ticularly for higher-frequency imaging. The frequency- ous chest wall measurements. Both simulations and measure-

dependent distortion results reported here suggest th ents indicate that arrival time distortion and energy level
ﬁstortion caused by soft tissues in the human chest wall is

distortion models employing single phase screens may be smaller than that caused by the human abdominal wall. Dif-

some benefit for aberration correction in echocardiograph . )
. . rences in morphology between the abdominal wall and the

through soft tissue paths. The relatively weak dependence g . . .
chest wall provide a probable explanation for this difference.

arrival tim_e ﬂuctuat_ions_on puls_e _frequency suggests t_hat 2 Distortion caused by rib structures is much more severe
large portion of arrival ime variations are caused by tISSUEfhan that caused by soft tissues. Reflections and diffraction

structures too large to cause significant frequency-depende%m rib structures complicate wavefronts that travel through

scattering effects. Similar conclusions regarding the IMpory st tissue paths adjacent to ribs and can cause arrival time

tance of large-scale structures to arrival time fluctuations, energy level fluctuations much greater than those in-
have also been drawn from results presented in Refs. 10 ang, o4 by soft tissue structures. Wavefronts propagating di-
12. ] ) ~rectly through rib structures are attenuated by both internal
-Smlb 1t2h e present results, like those from earlier gpsorption and reflection at interfaces between bone, carti-
studies,’~* suggest that single phase screens will not projage, and soft tissue. Internal scattering within rib structures
vide complete correction for distortion caused by soft tissuescayses distortion phenomena that include severe waveform
In particular, methods employing single phase screens wilhng energy level distortion, additional attenuation, and low-
not completely remove distortion caused by scattering. Thering of the effective frequency for the transmitted pulse.
sharp increase of amplitude and waveform distortion withThe strong dependence of distortion on the morphological
frequency, as well as the moderate increase of arrival tim@etails of rib structures presents a major challenge for aber-
distortion with frequency, indicate that scattering effects beration correction in echocardiography.
come much more important to ultrasonic aberration as imag-  Simulation of propagation through soft tissue paths us-
ing frequencies increase. Furthermore, phase screen modéig) three different pulse frequencies has indicated that the
do not inherently account for distortion caused by rib struc-distortion types investigated here have different frequency
tures, shown here to produce diffraction, reflection, and scaependence. Arrival time fluctuations increase subtly with
tering. Thus, any attempted correction using only phasdrequency, while energy level and waveform distortion in-
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large-scale tissue variations, but some arrival time distorti0@7(1
and most energy level and waveform distortion apparently

result from scattering. Thus, correction of wavefront distor-
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