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Ultrasonic focusing in two dimensions has been investigated by calculating the propagation of
ultrasonic pulses through cross-sectional models of human abdominal wall and breast. Propagation
calculations used a full-wavespace method that accounts for spatial variations in density, sound
speed, and frequency-dependent absorption and includes perfectly matched layer absorbing
boundary conditions. To obtain a distorted receive wavefront, propagation from a point source
through the tissue path was computed. Receive focusing used an angular spectrum method. Transmit
focusing was accomplished by propagating a pressure wavefront from a virtual array through the
tissue path. As well as uncompensated focusing, focusing that employed time-shift compensation
and time-shift compensation after backpropagation was investigated in both transmit and receive
and time reversal was investigated for transmit focusing in addition. The results indicate, consistent
with measurements, that breast causes greater focus degradation than abdominal wall. The
investigated compensation methods corrected the receive focus better than the transmit focus.
Time-shift compensation after backpropagation improved the focus from that obtained using
time-shift compensation alone but the improvement was less in transmit focusing than in receive
focusing. Transmit focusing by time reversal resulted in lower sidelobes but larger mainlobes than
the other investigated transmit focus compensation methods20@3 Acoustical Society of
America. [DOI: 10.1121/1.1531986

PACS numbers: 43.80.Qf, 43.20.FrD]

I. INTRODUCTION tissue?°~22 Although tissue inhomogeneities are known to

Simulation of large-scale ultrasonic propagation throughcause wavefront distortion and, thus, focus degradation, the
realistic tissue structures has recently become feakible. relationship between specific tissue structures and focus
Computations of wavefront distortion produced by humanquality has not received much attention. Transmit focus cor-
abdominal walt* and breast tissdemodels have shown the rection, in particular, has received limited previous attention
tissue models produce propagation effects similar to thosi the literature, so that realistic computations of aberration-
measure®®and has provided insight about the way variouscorrected transmit focusing are needed to improve under-
structures in tissue produce aberratfon. standing of transmit focus correction.

Simulations of ultrasonic focus aberration by tissue have  This paper presents simulations of transmit and receive
previously employed models such as random phaséocusing through two-dimensional models of abdominal
screen®’~'? or homogeneous layet$-'> These models, wall**and breast tissue. Cylindrical wavefronts aberrated by
however, do not incorporate detailed anatomic structure. A|propagati0n through each tissue cross section are refocused
though wavefront distortion is known to limit focus and im- with and without correction. Focus quality is described by
age quality;****further investigation of focusing is needed metrics that quantify the focal width and the relative amount
with more realistic models that eXp|ICIt|y include anatomic of energy outside the focal region_ For receive focus correc-
structure of tissue to extend current understanding. tion, time-shift compensation in the receiving apert{ir&

Direct simulation of ultrasonic focusing through realistic gng after backpropagation from the apert&?é were em-
tissue structures can elucidate the physical processes iBioyed. For transmit focus correction, these methods as well
volved in ultrasonic image aberration. Of special interest iy time reversa! were used.
the effect of morphology on focus correction for synthetic  the results indicate that the quality of corrected and
(receive f;)_clléjsmg of the aberrated wavefronts in image ncorrected focus depends on tissue type as well as the
formatiort™** and for physicaltransmi} focusing through 1chod of correction. The relative performance of correction
methods for transmit and receive focusing has been shown

dPresent address: Ethicon Endo-Surgery, 4545 Creek Rd. ML 40, Cincinl-'mde_r dwectl_y com_parable conditions. In general, brefaSt tis-
nati, OH 45242, sue in the simulations caused greater focus aberration than
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48 mm TABLE I. Physical properties at 37 °C for each tissue type employed in the
simulations. “CT” denotes connective tissue including septa as well as con-

Array (0.6 mm x 80) nective structures within muscle layers.
|} . Physical parameter
Sound 7=33ns 7,=200ns
speed Density  Absorption (k1K) (ko !Ks)
Tissue  mm/us glcc  dB/cmxMHz)  Xx10° X 10°
E / Water 1524  0.993 s B
% / Reference 1.524 0.993 0.50 4.32 3.64
/ Fat 1.478 0.950 0.52 4.36 3.67
Muscle 1.547 1.050 0.91 7.98 6.72
PML— Skin/CT ~ 1.613  1.120 1.61 14.72 12.40
\
"""" Wi s = 2 29112 " ;
Focus where r=[(X—Xg)“+(y—VYo)“]"4 the source position is
(X0,Yo0), fo andb are the pulse center frequency ané dB

bandwidth, respectively, andy(-) is a zeroth-order Bessel

FIG. 1. Configuration for calculations of propagation. A virtual array, tissuefunction of the first kind. This specification of the initial

model (abdominal wall AO4g and focal point are situated as shown in a ;

65.03><(65.03 mn? region aro}?md which ispa perfectly matched layieML) yalues. corresponds to the Sum Of. an outgoing wave and an

absorbing boundary. incoming wave each band limited in temporal frequency and
centered atXy,Yyo). The starting pressure is continuous be-

_ ) _ cause the singularity in the temporal-frequency domain
abdominal wall tissue both before and after compensationgreen’s function associated with the outgoing wave and used
Examination of time-domain received, corrected, and fo, the superposition of temporal frequencies is canceled by a
cused wavefronts as well as pressure fields within tissue hf&)rresponding singularity associated with the incoming
provided insight into the physical basis, strengths, and limiyyayve. In all the simulationst, was 3 MHz andb was 1.8
tations of each correction method. Time-shift compensatiofHz. The array of receivers was located about 8 mm from
was more effective after backpropagation for both receivene skin surface in the tissue map. The straight-line tissue
and transmit focusing, although this difference was smallebath length from the focal or source point to the array aver-
in the case of transmit focusing. Time reversal produced Aged 30 mm. The source was centered in the lateral span of
good transmit focus due to the coherent point source eMne array and was at least 10 mm from the other surface of
ployed, but was limited by spatial and temporal windowingthe tissue map in each case. Element directivity and cross
of scattered signals as well as by frequency-dependent abyk were emulated by integrating the pressure field over the
sorption. span of each element using a trapezoidal weighting that con-

sisted of a 0.4 mm flat region at the center and 0.2 mm linear
transition that overlapped with adjacent elements on both

II. METHODS sides.

The maps of tissue were derived from cross-sectional
. ) . images that were sampled on a unifoxay grid at 0.084 67

All computations performed here used two-dimensionalmm intervals(300 pixels per in. The same grid interval was
maps of human abdominal wall and breast tissue cross segged for all the computations. Each map was used for mul-
tions. The abdominal wall maps were those used in Ref. Ljple simulations by choosing sections that filled the whole
The breast tissue maps were created using methods describgghputational window with a uniform thickness central por-
in Ref. 1. These breast tissue maps were derived from r&jon and included no more than 25% overlap between aper-
gions of the breast where little parenchymal tissue wagres.
present so that the sections consisted primarily of fat, skin,  The tissue properties employed in the simulations are
and connective tissue. The maps represented the tisSue ggmmarized in Table |. Sound speed and density values are
regions of a single tissue type: fat, muscle, or connectivghose employed in Ref. 1. Relaxation-process absorption was
tissue. implemented using two relaxation processes with compress-

The computations were performed using a virtual arrayjyjjity parametersc,, «, and time constants, and7,. The
tissue map, and focal point configured as in Fig. 1. To obtaisompressibility parameters and the time constants were cho-
a distorted receive wavefront, a cylindrical pressure waveen to approximate a linear dependence of absorption on fre-
pulse with a sinusoidal time variation and a Gaussian envégyency over the pulse bandwidth by using the formula for
lope was propagated from a point 55 mm away to an 80frequency-dependent absorption given in Ref. 25. The relax-

element virtual array of receivers that had a pitch of 0.60 MMytion time constants were defined by the relations
and spanned 48 mm. At the start of the computations, the

A. Wavefield simulations

particle velocity was defined to be zero everywhere and the 7= 1U(6fmay) (2a)
pressure distribution was defined to be and
P(x,y;0) =e (™21 )32 7rf or /), 6 72=Uf (2b)
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where f .« IS the nominal maximum frequency of interest. of the wavefront at each element in the simulated array. The
For a maximum nominal frequency that was 5.0 MHz in thearrival time fluctuations and their correlation length in the
simulations described here, the relaxation time constants areceiving aperture were calculated after subtracting a linear
7,=33ns andr,=200ns. Given this choice of relaxation fit from the geometrically corrected wavefront, to be compa-
time constants, a reference frequency-dependent absorptioable with the fit in previous studi&&”® that employed
of 0.50 dB(cm-MHz) is best approximatedin a least- specimens or cross sections also with nonparallel surfaces.
squares sense with an rms error of 0.02 dB/fon a refer-  Wavefronts were then aligned using the computed arrival
ence density of 0.993 g/cc and a reference sound speed tifne fluctuations, and the aligned wavefronts were employed
1524 mmfs in the frequency range k0f <5.0 MHz by the  to compute energy level fluctuations, waveform similarity
compressibility parametersk;=4.32<10 %«,, and «, factor, and correlation length of the energy level fluctuations.
=3.64x10 3k.,, wherexmzll(pocg) and is the compress- Energy level fluctuations were defined as the sum of the
ibility of water that was 4.338 10 °m-s?/kg in the simu-  squared amplitude of the waveform within the processing
lations. To obtain relaxation parameters for each tissue conwindow, in dB units, also after removal of a linear fit. Cor-
ponent, the coefficients were scaled using the ratio ofelation lengths were defined by the6 dB width of the
absorption in the tissue component and the reference valumrresponding autocorrelation function. The waveform simi-
and the corresponding ratio of sound speeds. larity factor® is a kind of generalized cross-correlation
Computations were performed using a full-wdwspace bounded by 0 and 1 and equal to unity when all the wave-
method based on coupled first-order differential equationg$orms are identical.
for linear acoustic propagatidfi. The method accounts for The received wavefront was synthetically focused for
spatially-varying sound speed, density, and relaxation abeach tissue path to obtain an image of the point source, i.e.,
sorption processes, and includes perfectly matched layehe point-spread function for the imaging configuration. The
(PML) absorbing boundary conditions. This method is tem-focus was obtained using a Fourier transform implementa-
porally exact for homogeneous media and is also accurate fdion of the Rayleigh-Sommerfeld diffraction formdfan two
general inhomogeneous med?£’ The low numerical dis- dimensions. The implementation for a wave traveling from
persion inherent to thk-space method allows the effects of yy to y may be expressét
frequency-dependent absorption and physical dispersion as- "
sociated with relaxation-process absorption to be accurately p(x,y;t)=FT‘1[ ei(2wf|y—yo\/00>f FTp(X",Yo:t)]
modeled over long paths. -

A grid of 768X768 points that spanned 65:085.03 V=Yl _
mm? was used in each computation. To avoid artifactual scat- X O mfl(cor e (2mfrico= i) dx’] ,
tering caused by boundaries between tissue types in the '
models?’?® the tissue maps were lowpass filtered using a 3

Gaussian shaped filter with aelfesponse at 67% of the

. ) X . where
spatial Nyquist frequency. Density maps were shifted one-
half sample in thec andy directions by shifting the phase of r=vV(x—x")%+(y—yop)?
their spatial spectra to obtain spatial values for the stagger
grid employed in the first-ordde-space metho® The time
step was 30 ns in all cases so that the Courant-Friedrich
Lewy (CFL) number?® defined aoAt/Ax, is 0.53 for wa-
ter. This choice of CFL number was sufficiently small to
maintain high accuracy for the soft-tissue propagation path
considered her#?’

& [-] is the temporal Fourier transform, amgy,| is the
distance of propagation. The first exponential term corre-
%’ponds to a time delay that centers the focused wavefront in
the same 2Zus time window as the received wavefront. To
ensure an acyclic temporal convolution, time sequences were
§ero-padded to double their size before the FFT. Use of the
real-space Green’'s function rather than its spatial Fourier
transform ensured that spatial wraparound artifacts were not
a problent?3 Prior to focusing, wavefronts were spatially
interpolated from the step size of the element pi@i6 mm
Waveforms received at the simulated array were corio the spatial step in the simulatiori§.084 67 mm. The
rected for geometric delay by using the known positions ofsame interpolation procedure was used for backpropagation
the point source and aperture and the assumed sound spaadeceive and transmit focusing along with appropriate inte-
in water. This removed the curvature produced by the propagration to obtain waveforms at the element positions after
gation geometry and facilitated subsequent analysis of wavésackpropagation.
front distortion as well as focusing. After geometric correc- The receive focus was computed for waveforms that
tion, waveforms were temporally windowed before furtherwere uncompensated, time-shift compensated in the receive
processing. The window was /2s long and had 0.s co-  aperture, and time-shift compensated after backpropagation a
sine tapers at each end to be comparable with the window idistance of 40 mm. The same distance was used for all the
previous simulatior’s' and measurement$. backpropagations because trials showed the waveform simi-
Wavefront distortion statistics were computed usinglarity maximum was broad, the maximum typically occurred
methods analogous to those described previdighar time-  at a distance in the neighborhood of 40 mm, and the perfor-
shift estimation, a one-dimensional version of the referencenance of the compensation method was not strongly depen-
waveform method was employed to calculate the arrival timadent on the precise value of the distadtén each case, a

B. Receive focusing
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Hamming window” was used to apodize the aperture before| (f k, ,c,)
focusing. Time-shift compensation employed a sinc function

multiplied by a 10-point Kaiser windot to interpolate am- _ [1-(keo/(2m)?I¥%if [keco/(2mf)]<1,
plitudes at shifts not equal to the original sampling interval. 0, otherwise.
The backpropagation was performed after geometric correc- ©)

tion, i.e., using a planar geomefyUse of essentially planar

wavefronts simplified the computation by eliminating the Wheref is temporal frequency arid, is the spatial frequency
need to resample a converging wavefront on a finer spatidh the x direction. The obliquity factor allows the pressure to
grid during backpropagation. Although this may seem differ-be used instead of the particle velocity in the Rayleigh
ent from physical backpropagation, a geometric acoustics aintegral®

gument shows that the effect of geometric correction can be ~ For transmit focusing that employed time-shift compen-
represented by a scalifgPropagation of a converging wave sation, time shifts the same as those used for receive focus
in a cylindrical geometry a distanag—r, from a cylinder ~ correction were applied to the wavefora(t). For transmit

of radiusr to a cylinder of radius (r,;>r,) is equivalent focusing that used backpropagation, the transmit wavefront
to propagation in a planar geometry a distancg ( to be apodized and have focusing delays included was ob-

—ro)r1/r, followed by a reduction of size of the result by a tained by backpropagating a distance of 40 mm the geometri-
factor ofrq/r. cally corrected received wavefront in awa temporal win-

dow, estimating time shifts, applying these shifts to the

waveforma(t), and backpropagating the wavefront from the
To examine the effect of propagation through a tissugplane of the time-shift estimation to the aperture. For trans-

path on the transmit focus, transmit focusing was also simumit focusing that employed time reversal, waveforms were

lated both with and without aberration correction. Theseobtained by reversing in time the waveform in a temporal 2

simulations started with the specification of a waveform onus window at each element.

the elements of the emulated array. The waveforms were

spatially apodized with a Hamming window and geometric _

delays were included in the wavefront to produce a focus ap- Focus evaluation

a distance of 55 mm from the array. Tkespace method was The focus was described as in Ref. 19 by an effective

used to propagate the wavefront. width in the array(x) and time(y) directions as a function of
For transmit focusing without compensation for distor- jevel below the peak amplitude, by a peripheral energy ratio,

tion, the unapodized waveform at the elements of the arraynd by an effective radius. Effective width, defined in a

was given direction as the width of the maximum amplitude pro-

) jection in that direction, was determined using the envelope
a(t)=e" (MY sin27rft). (4 of the analytic signal as the amplitude in the projection. The
temporal effective width was converted to a spatial width

. . "’Hsing the assumed sound speed for water. Peripheral energy
of the source given by Edd) in the homogeneous water ratio, defined as the ratio of the pulse energy outside a ref-

path region around the source. This provides a basis for COMsrance ellipse to the pulse energy inside the ellipse, was

parison of transmit focuses computed using the WaVEfronE:omputed at an amplitude level 10 dB below the peak. Like
defined by Eq(4) with those computed using time reversal

. the reference ellipsoid used in the three-dimensional focus
of received wavefro_nts. L N evaluation described in Ref. 19, the reference ellipse was
To repr_esent aline source extending in Hwirection at centered at the position of peak amplitude. The width of the
they coordinate of the array, the source term ellipse along each axis was thel0 dB effective width in the
p(X,t) + p(x,t+At) corresponding directign. The effective radiys was dgfined as
(5)  one-half the geometric mean of the effective width in ihe
2 and in they directions.

C. Transmit focusing

The temporal spectrum of this waveform is the same as th

CoAt
Ay

s(X,t+At/2)= 2(

was defined. In this expressign(x,t) is the temporal wave-
form a(t) after apodization and inclusion of focusing delays. . RESULTS
Equation(5) prescribes a pressure wavefront between tem-
poral time steps as required by tlkespace method using A wavefront at an instant of time during propagation
coupled first-order equatior8 Part of this wave propagates through a representative breast tissue rt@@3b) from the
upward(in the —y direction) and part propagates downward point source is shown in Fig. 2. Visible in the wavefield are
(in the +y direction from the line source. The up-going the primary cylindrical wavefront, secondary wavefronts re-
wavefront is absorbed by the PML boundary. This specificaflected from the water-tissue boundary, and complicated scat-
tion of the source is convenient for the processing describetkring caused by the network of septa around lobules of sub-
below because the wavefield is observed as a pressure. cutaneous fat in the breast. Also apparent are local time shifts
To compensate for changes in the apparent source anm the main wavefront caused by propagation along septa
plitude for the off-axis portion of the wavefront(x,t) was aligned with the direction of propagation. These time shifts
multiplied by the following obliquity factoi (f,k,,cg) inthe  lead to interference that causes amplitude fluctuations in the
spatial-temporal frequency domain: received wavefront.
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high waveform distortion. The wavefronts suggest that ab-
dominal wall produces wavefront distortion with more small-
scale spatial variation than breast, while breast produces dis-
tortion with more large-scale spatial variations than
abdominal wall. The amplitude fluctuations apparent in the
figure are the result of interference between distorted wave-
fronts as they propagate.
Statistics that describe the received wavefronts are pre-
sented in Fig. 4. The average root-mean-squams) arrival
time fluctuation(ATF), energy level fluctuatiodELF), and
ATF correlation length are about the same for both tissue
paths (avg+std dev: 42.515.4 ns, 3.%0.5 dB, and 4.4
+2.7 mm, respectively, for abdominal wall and 43%6.2
ns, 3.30.8 dB, and 3.81.2 mm, respectively, for breast
Also for both abdominal wall and breast tissue paths, back-
propagation resulted in little change of the arrival time fluc-
20 0 20 tuation, energy level fluctuation, and ATF correlation length.
(mm) However, the geometric scale factor discussed above is 0.58
HG. 2. A pul ¢ . . . . and indicates that the true correlation lengths are much
. 2. A pulse wavefront at an instant of time during propagation from a .
point source through a representative breast tissue ®@gh). The wave- ~ smaller(2.5 mm and 2.2 mm for abdominal wall and breast,
front is superimposed on the map and displayed on a 60 dB bipolar logarespectively, before backpropagatiofihe average apparent
rithm?c gray scale. In the map, dark gray denotes connective tissue or skiE| £ correlation Iength was decreased by backpropagation
and light gray denotes fat. (from 2.3+0.4 mm to 2.:0.3 mm for abdominal wall and
from 3.3x1.5 mm to 2.721.0 mm for breagtbut the geo-
Received wavefronts are shown in Fig. 3 for a represenmetric scale factor as in the case of ATF correlation lengths
tative selection of abdominal wall and breast tissue mapseduces the true lengitto 1.2 mm and 1.6 mm for abdomi-
The wavefronts in the left column exhibit low arrival time nal wall and breast, respectivélyThe values of waveform
and energy level fluctuations and low waveform distortion.similarity factor(WSF) were appreciably increased and their
The wavefronts in the center column have moderate arrivadtandard deviations were decreased by backpropagation
time and energy level fluctuations as well as moderate wavgfrom 0.952+0.019 to 0.978:0.008 for abdominal wall and
form shape distortion. The wavefronts in the right columnfrom 0.940-0.028 to 0.975:0.014 for breast
show hlgh arrival time and energy level fluctuations and also Wavefronts in the aperture with and without compensa-
tion and the corresponding receive focuses are illustrated in
AO5b AO4a AO6a Fig. 5 for a representative highly aberrating abdominal wall

i path and for a representative highly aberrating breast tissue
!
!

path. The wavefronts are more alike after backpropagation,
B04b B03a B0O6¢c

(mm)

as quantified by the WSF statistics plotted in the previous

figure, so that backpropagation processing improves receive
focusing. The focus improvement that results from back-

propagation followed by time-shift compensation is greater

than the improvement from time-shift compensation alone

but the focus still is not ideal.

The focus improvement visible in Fig. 5 is quantified by
the effective radii and peripheral energy ratios in Fig. 6 and
by other receive focus statistics in Table Il. The statistics for
the uncompensated focus are substantially improved by time-
shift compensatiofTSC) and improved still further by the
use of backpropagation followed by time-shift compensation
(BP+TSC). For example, the mean20 dB effective radius
for breast tissue improves from 2:9.8 mm before compen-
sation to 1.4-0.4 mm after time-shift compensation and to
1.2+0.4 mm after backpropagation followed by time-shift
compensation. The correspondir@0 dB radius for the wa-
ter path(ideal case is 0.9 mm. In general, the statistics in-
FIG. 3. Wavefronts after propagation through representative tissue maps ardicate breast causes somewhat greater receive focus degra-
geometric correction. The upper row is for abdominal wall pattem left  dation than abdominal wall. The breast-tissue wavefronts

to right: low, moderate, and high aberrafipavhile the lower row is for [
breast tissue patifrom left to right: low, moderate, and high aberratiolm also focus more poorly after compensatior, nevertheless, use

each panel, the vertical axis spans 48 mm and the horizontal axis spans 2 Of Packpropagation processing appreciably improves the fo-
The amplitude gray scale is linear. cus for the breast paths.
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rms ATF (ns) CL-ATF (mm) rms ELF (dB) CL-ELF (mm) WSF

80 8 5 5 1
o0 . 4 4 0.98 I
T T 3 JT_ T 3 0.96 T
40 l l 4 1 T T
2 2t L 71094 J
20 2t L
1 1 0.92

0 0 0 0.9
TSC BP+TSC TSC BP+TSC TSC BP+TSC TSC BP+TSC TSC BP+TSC

rms ATF (ns) CL-ATF (mm) rms ELF (dB) CL-ELF (mm) WSF
80 8 5 5 1

0.98

X T T 6 3 I I 3 1 0.96

—t—t
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40114

20 2

0.94

s

1 1 0.92

0 0 0 0.9
TSC BP+TSC TSC BP+TSC TSC BP+TSC TSC BP+TSC TSC BP+TSC

FIG. 4. Statistics of wavefronts received by a virtual array after propagation from a point source through a tissue path. The upper row shows tiredaverag
standard deviation for 12 abdominal wall paths and lower row shows the average and standard deviation for 14 breast paths. From left to right: root-mea
square(rms) arrival time fluctuatio ATF), correlation lengtCL) of ATF, rms energy level fluctuatiofELF), correlation lengtfCL) of ELF, and waveform
similarity factor (WSF). Each panel shows the results after time-shift compens&li6g) and after backpropagation followed by time-shift compensation
(BP+TSO).

The mainlobe widths of the receive focus using TSC andaperture. (When propagation was simulated without
using BR-TSC are broader than those for the water pathfrequency-dependent absorption, main-lobe widths for com-
case. This difference arises from frequency-dependent apensated receive focusing were close to those for the ideal
tenuation through the tissue path. The attenuation decreasease)
the center frequency of the received waveforms, particularly A converging uncompensated wavefront and secondary
at the ends of the array and results in a smaller effectivescattered wavefronts at an instant of time during propagation

BP+TSC Ideal Uncomp BP+TSC Ideal

FIG. 5. Uncompensated and compensated receive wavefronts and corresponding focuses. The top row is for a representative highly aberratinghbdomina
path(A06a), while the bottom row is for a representative highly aberrating breast tissuéB@@io). The wavefrontgfrom left to right are: uncompensated
(Uncomp, time-shift compensatedSC), backpropagated and time-shift compensaifeH-TSC), and water patiildeal), respectively, and the corresponding

focused wavefronts. The vertical axis spans 48 mm for wavefronts in the aperture and 16 mm for the focused wavefronts, while the horizontal axis spans 2
us in each case. The amplitude gray scale is linear.

Uncomp
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through a representative breast tissue map from the virtuant. Compared to time-shift compensation with and without
array is shown in Fig. 7. The relatively large element sizebackpropagation, the focus resulting from time-reversal has a
(0.6 mm, 1.2 times the wavelength at the 3 MHz center frebroader mainlobe as a consequence of the apodization and
guency results in grating-lobe wavefronts that appear ashas lower sidelobes as a consequence of the relatively weak
curved lines at the sides of the converging wavefront. Howinhomogeneity of the attenuation and the invariance of loss-
ever, these wavefronts dissipate as the main wavefront apess propagation to the direction of time.
proaches the focus. As in the case of propagation from a In contrast to receive focus correction that removes dis-
point source, scattering occurs as the wavefront strikesortion from the wavefront, transmit focus correction predis-
boundaries between different tissue components. torts or modifies the wavefront to include a kind of distortion
Transmit wavefronts without and with compensationin the transmitted wavefront. Although the focus resulting
(before the addition of geometric delay in each gaseghe  from time-shift compensation of the backpropagation is im-
emulated aperture and the corresponding transmit focuses giroved over the focus resulting from time-shift compensation
ter propagation through a representative highly aberratinglone, the improvement is smaller than in receive focusing.
abdominal wall and a representative highly aberrating breasks in receive focusing, breast caused greater degradation
tissue path are shown in Fig. 8. The uncompensated transntlian abdominal wall. This is expected from the greater am-

focuses show aberration similar to the uncompensated reglitude fluctuations in the BPTSC and time reversed wave-
ceive focuses even though the focusing processes are diffdronts.

TABLE Il. —10 dB and—20 dB effective radii(ER) in mm and—10 dB peripheral energy ratid®ER for
simulated focusing. Effective widths and peripheral energy ratios are shown for breast and abdominal wall
tissue simulations of transmiffX) and receive(RX) focusing with wavefronts that were uncompensated
(Uncomp, time-shift compensate(TSC), time-shift compensated after backpropagatiB®+TSC), or time
reversed TR). Each statistic is shown using the format mearandard deviation.

Statistic Focus Tissue Uncomp TSC BPSC TR
—10 dB RX Abdomen 0.8f20.18 0.64£0.02 0.64-0.01
ER Breast 0.920.30 0.66:0.03 0.64-0.02
TX Abdomen 0.7&0.15 0.62:0.01 0.63-0.01 0.65-0.02
Breast 0.930.35 0.65:0.07 0.64:0.04 0.65-0.03
—20 dB RX Abdomen 2.330.80 1.29-0.33 1.01-0.22
ER Breast 2.510.80 1.43-0.43 1.20-0.36
X Abdomen 2.340.79 1.32-0.44 1.24-0.40 0.98-0.08
Breast 4.322.75 2.40-151 2.09-1.33 1.57-0.93
—10 dB RX Abdomen 0.6820.25 0.34£0.11 0.22:0.05
PER Breast 0.580.17 0.36:0.12 0.24-0.07
X Abdomen 0.76:0.22 0.48-0.16 0.410.11 0.27-0.06
Breast 0.780.29 0.63:0.27 0.53:0.22 0.36:0.14
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cusing is wider than for TSC and BPA'SC correction. This
occurs for two main reasons. First, the received wavefront
has undergone frequency-dependent absorption during
propagation through the tissue and, consequently, the wave-
form is lengthened and the wavefront amplitude is further
reduced by a longer attenuating path to the edges of the
aperture. Second, the spatial weighting of the time-reversed
wavefront by the product of the cylindrical spreading factor
1/\r and the Hamming window reduces the effective size of
the aperture. Nevertheless, the time reversal procedure yields
a good focus, at least for the case in which a wavefront from
a point source is available. Once again, the degradation
caused by the breast tissue is larger than that from abdominal
wall tissue, both before and after compensation. These dif-
ferences are larger for transmit focusing than for receive fo-
cusing.

(mm)

-20 0 20
(mm) IV. DISCUSSION

FIG. 7. A converging uncompensated pulse wavefront and secondary scat- The ATF values in the current simulations are about 20%
tered wavefronts at an inst_ant of time_during propagation from a \{irtualsmaner than those in previous simulati&ﬁshat employed
array through a representative breast tissue (B&38b). The wavefront is . . . . .
superimposed on the map and displayed on a 60 dB bipolar logarithmic graplane_ wave pro_pagaﬂon. This decrease_ls attributed mamly to
scale. In the map, dark gray denotes connective tissue or skin and light grdfie difference in geometry between point-source and plane-
denotes fat. wave propagation. During propagation from the point source,
the wavefronts pass through a region that is narrow near the
Statistics of the transmit focuses are shown in Fig. 9 asource and widens toward the array so the wavefront encoun-
well as in Table Il. The transmit focus quality is generally ters fewer different inhomogeneities while passing through
similar to that for receive focusing in the case of abdominalhe tissue. The values of ATF in simulations of propagation
wall. However, the size of the focus as quantified by ##20  through tissue are much smaller than the corresponding val-
dB effective radii shown in Table Il is much larger for trans- ues in measurements because, as previously disctiésed,
mit focusing through breast tissue than for receive focusingissue maps are less complicated than tissue and propagation
(e.g., 4.3-2.8 mm vs 2.50.8 mm uncompensated and 2.4 is physically different in two and three dimensions.
+1.5 mm vs 1.40.4 mm using time-shift compensatjon The ELF values are about the same as those in previous
As expected from the representative focuses shown in Fig. &mulationd* and measuremeritsising abdominal wall and
BP+TSC produces a smaller improvement over TSC, inabout 1 dB less than measureméntsing breast. The simi-
contrast to receive focusing where significant improvementarity of values is attributed mostly to the local nature of the
is evident. Also, as seen from comparison of th&0 dB  energy level fluctuations. The short-range correlation is not
effective radii in Table Il, the mainlobe for time-reversal fo- greatly affected by the fitting process that employed a linear
TSC TR

Uncomp Uncomp TSC BP+TSC TR

BP+TSC

FIG. 8. Uncompensated and compensated transmit wavefronts and corresponding focuses. The top row is for a representative highly aberratlng abdomin
wall path (AO6a), while the bottom row is for a representative highly aberrating breast tissue(B8ft). The wavefronts(from left to righ are:
uncompensatedUncomp, time-shift compensater'SC), backpropagated and time-shift compensdt@#@+TSC), and time reversedlR), and the corre-

sponding focused wavefronts. The vertical axis spans 48 mm for wavefronts in the aperture and 16 mm for the focused wavefronts, while the herizontal ax
spans 2us in each case. The amplitude gray scale is linear.
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FIG. 9. Effective beam width and peripheral energy réaB&R) for transmit focusing. The upper panels show the average for 12 model abdominal wall paths
and lower panels show the average for 14 model breast tissue paths. The line convention is the same as in Fig. 6 excefinthaeVe&rsal.

fit in the referencedtwo-dimensiongl simulations of plane- pensation alone than in receive focus correction. This obser-
wave propagation through tissue cross sections and a fourthration agrees with a corresponding observation in an experi-
order, two-dimensional polynomial fit in the referenced mea-mental stud§? that employed a two-dimensional array.
surements of point-sourcéhree-dimensional propagation The difference between receive and transmit focus im-
through tissue specimens. provement is attributed primarily to the difference of the es-
The statistics of receive focus metrics agree, howevertimation process using homogeneous medium and physical
qualitatively with those obtained from measurements ofpropagation through distributed inhomogeneities. In com-
breast and abdominal wall tissu,although the skirts of the pensation during reception, the homogeneous path assumed
receive focus effective-radius curves are higher in the preseim estimation is also used in focusing. In compensation dur-
study. A major reason for this is that sidelobes decay moréng transmission, however, the path used for estimation is
slowly in a two-dimensional focus compared to those in adifferent from the physical path used for transmission. Al-
three-dimensional focus. However, waveform similarity fac-though this process works well for a phase screen or a very
tors and energy level fluctuations have similar values tahin layer of aberration, the performance is degraded as the
those in Ref. 23 and improvement before and after backthickness of aberrating medium increases.
propagation processing is similar to that in Ref. 23 as well.  Focus compensation employing backpropagation pro-
These observations indicate that the distortion simulated herduces edge waves that merit comment. These edge waves
is similar to that measured in human tissue Refs. 8 and 23ffect the estimation of time-shifts at the boundary of the
even though the arrival-time and energy-level fluctuationsaperture. In receive focusing, apodization reduces the influ-
differ due to differences in geometry. ence of any time-shift errors and the receive focus improve-
The investigated compensation methods performed betnent that results from inclusion of the backpropagation step
ter for receive focusing than for transmit focusing. Althoughbefore time-shift estimation is appreciable. In transmit focus-
effective radii for uncompensated focusing are almost idening, the edge waves depend on the way the compensation is
tical down to—17 dB for abdominal wall paths and12 dB  implemented. For example, instead of time-shifting a specific
for breast tissue paths, effective radii at lower levels argulse waveform to obtain the wavefront that is backpropa-
wider for the transmit case. Peripheral energy ratios are alsgated from the position of the time-shift screen to the posi-
substantially higher for uncompensated transmit focusingtion of the aperture and then apodizing the resulting wave-
The values of these two metrics indicate higher sidelobe levfront in the aperture as in the studies described here, the
els compared to receive focusing. Furthermore, backpropawvavefront that is time-shifted can be obtained by backpropa-
gation followed by time-shift compensation in transmit focusgation of an already apodized wavefront from the transmit
correction showed less improvement over time-shift com-aperture as in Ref. 22. This latter procedure reduces the edge
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waves in the backpropagation from the position of the phaseal pulse-echo medical imaging applications. Nevertheless, if
screen but residual edge effects remain along the inner boaccurate tissue models are available, simulations like those
der of the transmit aperture. Since trials showed the transmjiresented here may be useful in the development of new
focus is about the same using each implementation and singeethods for transmit focus correction.
shifting a given pulse at the position of the phase screen is  Notable is that the present simulations, which employed
straightforward and requires less computation, that methotivo-dimensional cross-sectional models of breast and ab-
was used here. dominal wall tissue, may somewhat underestimate the focus
A comparison of time reversal and backpropagation fol-degradation caused by human tissue. As generally
lowed by time-shift compensation provides insight about theunderstoo® and recently shown for human breast-tissue
limited improvement in transmit focusing provided by back- simulations; propagation through three-dimensional inho-
propagation followed by time-shift compensation. While mogeneous media causes greater distortion than propagation
time reversal implicitly incorporates distortion effects alongthrough two-dimensional models of the same media. Thus,
the entire propagation path, the backpropagation processirfg/o-dimensional simulations are expected to result in less
employed here effectively concentrates distributed aberratiofpcus degradation. However, as discussed above, a two-
in a single phase screen at the backpropagation distance. Adimensional focus has higher sidelobe levels than a three-
though wavefronts compensated using backpropagation prélimensional focus so that this difference may be diminished.
cessing appear similar to time-reversed wavefronts as seen in In general, breast tissue causes larger aberration than
Fig. 8, the time-reversed wavefronts contain larger amplitud@bdominal tissue. However, the aberration appears at rela-
fluctuations. The smaller amplitude fluctuations produced byively lower spatial frequencies. This may explain why com-
backpropagation are insufficient to compensate fully for ammercial scanners operating at a higher frequency and using a
plitude variations caused by the distributed inhomogeneitiedligherf-number than employed in this study are more effec-
The time-reversal method for transmit focusing throughtive in breast imaging than in abdominal imaging. In addi-
the realistic tissue paths used in this study did not approachon, the adverse effects of aberration on high-frequency
an ideal diffraction-limited focus. The performance of time- breastimaging may be partially compensated by use of tissue
reversal compensation is affected by irreversible processé®mpression and selection of transducer position for optimal
that exist in practice. Important among these are absorptionage quality.
element directivity, finite time window, and scattering loss. ~ Overall, despite simplifications associated with the tis-
Also, propagation of a prefocused wavefront serves bettefue€ model and with propagation in two dimensions, the
than the point source because less energy is lost outside te&alitative agreement of results in this study with results
receive aperture. Although all effects other than scatterin?rom measurements and the realistic appearance of the wave-
loss may be removed in simulations to improve the perforfront distortion apd f.ocus aberratl_on in this study show the
mance of time-reverse compensation significantly, this ha§mployed combination of the tissue maps akdpace
not been done because changes were not used with oth@ethod of calculation is useful for investigation of focusing
methods and a fair comparison of methods under similafnd aberration correction in ultrasonic applications through a
practical circumstances is the goal here. tissue path.
One may ask how well time-reversal processing can per-
form in practice with finite apertures and temporal windows.V- CONCLUSIONS
The answer is apparently that as long as a point source is  Simulations employing cross-sectional models of human
available at the focus, time-reversal compensation is superiegibdominal wall and breast tissue have provided new infor-
to the investigated compensation methods in sidelobe supnation about the effects of tissue structure and compensation
pression though the difference may be reduced depending ash receive and transmit focusing in medical ultrasound. The
physical constraints. This good performance is likely becausgeceive and transmit focus degradation caused by breast tis-
the time-reversed wavefront still contains some informationsue were greater than those caused by abdominal wall before
associated with secondarily scattered and refracted wavend after compensation. The quality of the transmit focus
fronts. However, in most practical cases, point sources arebtained through breast tissue was particularly low. This is
not available. attributed to the large amplitude fluctuations caused by large-
The backpropagation method has the advantage of naicale connective tissue structures in breast tissue.
requiring a point source. The time-reversal method, however,  Aberration correction for receive focusing was effective
requires at least a pointlike source. Although the difficulty ofboth for abdominal wall and breast tissue paths, although
time-shift estimation from diffuse scattering may slightly in- focus quality remained lower for breast after compensation.
crease due to reduced coherence, time-shift estimation in thiime-shift compensation significantly improved focusing but
setting is not a significant problefa. time-shift compensation after backpropagation was substan-
In the realistic situations, further improvement of trans-tially better. Since the receive focus can be considered a
mit focus quality is also possible using a spatio-temporapoint-spread function of an analogous imaging system, these
inverse filter®® This has been shown to provide a better focusresults indicate that aberration correction can, in principle,
than time reversal in an inhomogeneous medium withgreatly improve the quality of images obtained through tis-
attenuatior?® However, the inverse filtering in this method sue paths with large-scale distributed inhomogeneities, pro-
requires received wavefronts for multiple, well-definedvided a satisfactory estimate of the aberration can be ob-
source locations, a configuration not possible in most practitained.
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