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Abmacl- A quantitative  ultrasonic  imaging  method  employing 
timedomain  scattering  data is prerented.  This  method  provides to- 

eontmst;  them  images are equivalent to multiple-frequenq f i l led-  
mographic  images of medium  properties such as the  sound speed 

backpmpagatiao  rreonstnrctions  using dl frequencies  within the 

performed dirertly  in the time  domain nsing coherent  combination of 
bandwidth of the  incident  pulse  employed.  However,  image  synthesis is 

rally  focus on the unknown medium.  The  time-domain  method is more 
fafield scatted  pmure waveforms, delayed  and  summed to oumeri- 

eflirienl  than  multiple-frequency  diffraction  tomography  methods, and 
can, in some cases, be more  efficient  than  single.frequency dfirac- 
tion  lomography.  Example  rreonstruetions,  obtained  using  synthetic 
data bor two-dimensional and three-dimensional scattering of  wide- 
band  pulses PS well as measured scattering  data  fmm B 2048slemeat 
ring transducer,  show  that  the  time-domain reconstruction melhod 
pmvides  image  quality superior lo singlefrequency mosVuctions for 
objects of sizo and  contrast  relevant to medical imaging pmhlems such 
as ultrasonic  mammography.  The  present  method is closely related lo 
existing  synthetic-aperture imaging methods  such as those  employed 
in  clinical  ultrasound  scanners. Thus, the new method can be extended 
to incorporate  available image-enhamment techniques  such as time- 

eorreetian methods to d u c e  ermr  associated  with weak scattering up- 
gain  compensation to mrmcl for medium  absorption  and  aberration 

pmximations. 

I. INTRODUCTION 
Quantitative  imaging  of  tissue  properties  is a potentially 

useful  technique for diagnosis of  cancer  and other  disease. 

can  provide  quantitative  reconstruction  of  tissue  properties 
Inverse  scattering  methods  such as diffraction  tomography 

although  previous  inverse  scattering  methods  have  achieved 
including  sound  speed,  density,  and  absorption.  However, 

have  not  yet  been  incorporated  into  commercially  successful 
high  resolution  and  quantitative  accuracy,  such  methods 

diffraction  tomography  have  usually  been  based on single- 
medical  ultrasound  imaging  systems.  Previous  methods  of 

scanners  employ  wideband  time-domain  signals.  The  use 
frequency  scattering,  while  current  diagnostic  ultrasound 

of  wideband  information  in  image  reconstruction  is  known 
to  provide  increased  point  and  contrast  resolution,  both  of 
which  are  important  for  medical  diagnosis. 

use  of  wideband  scatterin  data for inverse  scattering  meth- 
Relatively  few  previous  workers  have  investigated  direct 

ods  analogous to single-  re  uency  diffraction  tomography. 
A review of several approacles is  given in Ref. [l], includ- 

ing  scattering  data  for  a  number  of  discrete  frequencies [21- 
ing  linear  and  nonlinear  diffraction  tomography  methods us- 

construction  algorithm [ 5 ] ,  and  an  extension  of  the  eigen- 
[4],  a  direct  (but  not  completely  general)  time-domain  re- 

function  method  from  Ref. 141 to  use  the  full  bandwidth  of 
the  incident  pulse  waveform [6].  

Recently, a new  approach to wideband  quantitative  imag- 
ing  has  been  offered: a time-domain  inverse  scattering 
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method  that  overcomes  some  of  the  limitations of previ- 
ous frequency-domain  and  time-domain  quantitative  imag- 
ing methods [ l ] .  In this  paper,  the  new  time-domain  diffrac- 
tion  tomography  algorithm  is  briefly  reviewed.  The  capabil- 
ities  of  the  method are demonstrated  using  simulated  recon- 
structions  of  two-dimensional  and  three-dimensional  scat- 
terers.  The  practical  capability  of  the  method  for  ultra- 
sonic  mammography  is  then  illustrated  by  reconstructions of 
tissue-mimicking  phantoms  from  scattering  data  measured 
by a 2.5 MHz,  2048-element  ring  transducer. 

11. THEORY 
A  new  time-domain  inverse  scattering  algorithm,  appli- 

cable to quantitative  imaging  of  tissue  and  other  inhomoge- 
neous  media,  is  derived  in  Ref. [ l]  and  summarized  briefly 
below. The  medium is modeled as a fluid  medium  defined 

where Q is a background  sound  speed  and c(r) is the 
by  the  sound  speed  contrast  function r(r) = 4 / c ( r ) *  - 1, 

t e scope  of  the  present  paper, the medium  is  assumed  to 
S atially-dependent  sound  speed  defined at all points r. For 

have  constant  density, no absorption,  and  weak  scattering 
characteristics;  extensions  to  the  reconstruction  algorithm 
that  overcome  these  limiting  assumptions  are  discussed in 
Ref. [l]. 

form p i"Jr ,a , , t )  ,= f i t  - r a/q,), where a is a unit 
The  medium  is  subjected  to a pulsatile  plane  wave  of  the 

vector in t e  dlrectlon o propagation, f is  the  time-domain 

tered  wavefield p ,  ( B ,  a, t )  is  measured at a fixed  radius R in 
waveform,  and c. is  the  background  sound  speed.  The  scat- 

the  farfield,  where 0 corresponds  to the  direction  unit  vector 
of  a  receiving  transducer  element.  (Alternatively,  if  scat- 
tering  measurements  are  made  in  the  nearfield, h e  farfield 
acoustic  pressure  can be computed  using  exact  transforms 
that  re  resent  propagation  through a homogeneous  medium 
121.) $he farfield  scattered  pressure,  when  specified for all 

times t ,  comprises  the  data  set to be  used for reconstruction 
incident-wave  directions a, measurement  directions 0, and 

to reconstruct  the  unknown  medium  contrast r(r) using the 
of the  unknown  medium.  The  inverse  scattering  problem is 

scattered  field &(0, a, W )  measured  at a fixed  radius R. 

scattering  method  is  single-frequency  filtered  backpropaga- 
The  starting  point  for the present  time-domain  inverse 

tion [2] ,  [7], [8]. Under  the  assum  tion of weak  scattering, 
such  that  the  Born  approximation R olds, the  solution to the 
single-frequency  inverse  scattering  problem is given  by  the 
formula 

R 
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b ( W )  = - k R  
4x3 ' Q(8,a) = If3 - a( in 3D. ( 2 )  

tire  measurement  circle for  the 2D case  and  over the entire 
Each  surface  integral in Eq. ( 1 )  is performed over the  en- 

measurement  sphere  for  the 3 9  case.  Equatlon (1) provides 
an exact solution to  the  linearized Inverse scattering  prob- 
lem  for a single  frequency  component of the scattered  wave- 

8, a, t). The  resulting  reconstruction, rB(r, W ) ,  has 
content limited by  the "Ewald sphere" of 

radius  2k in wavespace [g]. 
To improve upon the single-frequency formulas specified 

by Eq. ( l ) ,  one  can  extend  the  spatlal-frequency  content of 

tion. The  method  outlined  here synthesizes a "multiple- 
reconstructions by exploiting  wideband scattering informa- 

frequency" reconstruction y ~ ( r )  by formally  integrating 
single-frequency reconstructions y ~ ( r ,  W )  over a range of 
frequencies W .  A general  formula  for this approach is 

where j ( w )  is an appropriate  frequency-dependent weight- 
ing  function. In practice, the weighting  function @(W)  is cho- 
sen to  be  bandlimited  because  (for a  given set of physical 
scattering  measurements)  the  frequency-dependent  contrast 
yB(r, W )  can  only  be reliably reconstructed  for a  finite range 

waves employed.  Thus,  the  integrands in Eq. (3) are  nonzero 
of frequencies W associated with the  spectra  of  the  incident 

only  over  the  support of @ ( W )  and the corresponding  inte- 
grals  are finite. 

If the  frequency  weighting  function is now specified 
to  incorporate  the  incident-pulse  spectrum  as well as  the 
frequency-  and  dimension-dependent coefficient f i(w). such 
that g(w)  = f ( w ) / f i ( w ) ,  Eq. (3) reduces  to the form [ l ]  

and H-' is  the inverse Hilbert  transform,  also known as a 
quadrature filter. 

vides a linearized  reconstruction that employs scattering in- 
Equation  (4)  is  notable in several  respects.  First, it  pro- 

formation  from  the  entire signal bandwidth  without any fre- 
quency  decomposition of the  scattered wavefield. Second, 
the delay  term r corresponds  exactly  to  the  delay  required 
to construct a focus at the point r by  delaying  and  sum- 
ming  the scattered  wavefield p , ( O , a ,  t) for all measure- 

time-domain  reconstruction formu!a given by Q. ( 4 )  can be 
ment  directions 8 and incident-wave directions a. Thus, the 

domain  synthetic  aperture Imaging (48.. the "gold standard" 
regarded as a quantitative  generahzation of confocal  time- 

beamformer of Re  [lo]), In whlch slgnals  are synthetically 
delayed  and  summed  for  each transmiUreceive pair to focus 
at the  image  point of interest. 

I 2 

Redla Olsanre (WBIIBngtlli)  
4 5  0 5  

Fig. 1. Paint-spread function for three-dimensional time-domin and 
single-frequency diffraction tomography methods. The vertical scale cor- 
responds to the relativc amplitude of  the  reconstructed contrasl r(r). while 
the horizontal scale corresponds to  number of wavelengths 8t the center 
frequency. 

111. SIMULATIONS 

of Ref. [ I ]  is illustrated using  results  of simulation  tests 
Below,  the time-domain diffraction tomography  method 

with 2D and 3D synthetic  data.  The  synthetic  scattering 
data  employed  were  obtained  using a Born  approximation 
method  for point scatterers  and 3D slabs,  and a k-space 

ditional results, presented in Ref. [l], show reconstructions 
method [ I  I]  for arbitrary 2D inhomogeneous  media. Ad- 

performed using  using  exact  time-domain  solutions  for scat- 
tering from  compressible  cylinders  as well as  reconstruc- 
tions  from  limited-aperture  data.  The  tune-domain wave- 
form  emuloved  for all the  simulations reDorted here was 

. I  

f ( t )  = co~(2?rf~fot)e-"/('"~), with fo = 2.5 MHz and 
D = 0.25 us. so that  the -6 dB  bandwldth of the signal 
was I .5 MHz. These  parameters  correspond  closely to t6ose 
of the  ring  transducer used in the  measurements  reported in 
the next section. 

The  time-domain  imaging  method was  directly imple- 
mented  using Eq. (4), evaluated using straightforward  nu- 

directions  employed.  The  synthetic  data  employed was sam- 
merical  integration over all incident-wave  and  measurement 

pled at rates slightly  larger  than  the  Nyqulst frequency.  Be- 
fore evaluation of the  argument T for  each  signal,  the  time- 
domain  waveforms  were  Fourier  interpolated  at a sampling 
rate of 16 times  the  original  rate.  This resampling, as well as 
the inverse Hilbert  transform  from Eq. (4), were performed 
by FFT. Values of the  pressure  signals  at the time r were 

of the resampled waveforms. 
then determined using  linear  interpolation between samples 

A three-dimensional  point-spread  function ( P S 0  for the 
present  time-domain diffraction tomography  method  is il- 
lustrated in Fig. l. The PSF was determined by,  recon- 
structing an ideal point  scatterer  located  at the origm.  The 
time-domain  reconstruction  shows a dramatic  improvement 
over  the  single-frequency  reconstruction, with significant 

maximum  reduced  by 27%) and  contrast resolution (first 
increases in both  the  point  resolution (PSF width at half- 

sidelobe  reduced  by 13 dB and second  sidelobe  reduced by 
18 dB). 

shown in Fig. 2. All of these  reconstructions were  performed 
Reconstructions  for several arbitrary  scattering  objects  are 

using  synthetic  data  produced by the  k-space  method  de- 
scribed in Ref. [ l l ] .  Synthetic  scattering  data  were  com- 
puted for '64  incident-wave  directions  and 256 measure- 
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Fig. 3. Three-dimensional reconstructions of a uniform slab with conmast 
7 = 0.01. Each reconstruction shows an isosurface  rendering of the surface 
YM = 0.0025. Left:  single-frequency reconsmction. Right:  time-domain 
reconstmctian. 

Fig. 2. Time-domain reconstructions fmm full-wave  synthetic data for 
three  arbitrary  scattering objects.  The upper row shows the canmast func- 
tion 7 for  each  object,  while the lower mw shows the real pan of the 
reconstructed contrast 7 ~ .  Each panel shows a reconstruction m a  of 
5 mm x 5 nrm using a linear  bipolar  gray scale. Left to right: (a) Cylinder, 
radius 2.5 mm,  with an intcrnal cylinder of radius 0.2 mm. (h) Cylinder. Fig. 4. Reconslmctions of three phantoms From measured  scattering data. 
radius 2.5 mm.  with random internal stmcture. (c) Tissue stmcture, with  Each panel shows an area of 9 mm x 9 mm  using a hipolar  logarithmic 
variable  sound speed and density.  from a chest wall cross section. scale with a 30 dB dynamic  range.  Left to right: (a) Homogeneous agar 

ment directions in each  case.  The  first oanel shows a re- nylon fihments. 
cylinder. (b) Agar with glass spheres. (c) Agar with glass spheres and lhree 

construction of a cylinder  of  radius  2.5‘mm and contrast 
y = -0.0295  with an internal cylinder of radius 0.2 mm 
and  contrasty = 0.0632. These  contrast values correspond, 
based on tissue parameters given in Ref. [L?], to the sound- 
speed  contrasts of human skeletal muscle  for the outer  cylin- 
der  and of human fat for  the  inner cylinder. The  second  panel 
shows a reconstruction of a 2.5 mm-radius  cylinderwith ran- 
dom  internal structure. The  third  reconstruction  shown  em- 
ployed a portion  of a chest wall tissue map  from Ref. [ 131. 
In this case,  the  synthetic  data was obtained using a tissue 
model that incorporates both sound  speed  and  density vari- 

different  from y~ [I]. In Fig. 2(c),  black denotes  connec- 
ations, so that  the  actual  reconstructed quantity is slightly 

live tissue, dark  gray  denotes  muscle,  and  light gray denotes 
fat. 

The real part  of  each  reconstruction in Fig. 2 shows  good 
image  quality, with high  resolution  and very little  evidence 
of artifacts. Particularly  notable  is the accurately  detailed 
imaging  of internal structure  for the random  cylinder  and the 
chest wall cross  section. As discussed in Ref. [l], the  den- 
sity  variations present in the chest wall cross section  have 
not greatly affected the  image  appearance; there is, however, 
a slight  edge  enhancement at boundaries  between  tissue re- 

artifacts  outside the scatterer in each case; this result indi- 
gions. Also notable is the  nearly-complete  absence of any 

cates that  high contrast  resolution has  been achieved. 

slab with sound  speed  contrast y = 0.01 and dimensions 
Three-dimensional  reconstructions of a homogeneous 

was computed  using a  weak scattering  approximation for 
I mm x 2 mm x 3 mm,  are  shown in  Fig. 3.  Synthetic  data 

288 incident-wave directions  and 1152 measurement direc- 
tions, each evenly spaced in the  angles @ and Q. Isosurface 
renderings of the real part  of the  reconstructed y M  are  shown 
for the surfaces yh, = 0.0025. Consistent with the  point- 
spread  function  shown in Fig. 1, the  time-domain  recon- 

reconstruction.  While the single-frequency reconstruction 
struction is much  more accurate  than the single-frequency 

shows an erroneously rippled surface,  the  time-domain re- 
construction is smooth.  The  time-domain reconstruction is 
nearly  identical to the original  object  except  for  some  round- 

ing of the  sharp  edges  due  to the limited  high-frequencycon- 

edges is on  the  order of one-half  the wavelength of the  high- 
tent of the signal employed.  The  length  scale  of the rounded 

est  frequency in the pulse, i.e., about  0.2  mm  for  the -6 dB 
cutoff  of 3.25 M H z .  Notable  is that  the  time-domain  method 
was more efficient than  the  single-frequency  method in this 
case: the  total CPU time  required on a 233 MHz Pentium I1 
processor was 100.0 CPU min for  the time-domain method 
and 233.4  CPU  min  for the single-frequency  method (both 
computations  included  solution  of  the  applicable linearized 
forward  problem as well as the inverse problem).  This gain 
in  efficiency  was possible  because the greatest  computa- 
tional expense  occurred in the  “backpropagation”of  the  sig- 
nals,  which required  evaluation of complex  exponentials  for 
the single-frequency method, but  only  linear interpolation of 
the  oversampled farfield pressure  waveforms  for  the time- 
domain  method. 

IV. MEASUREMENTS 

mography  method  to  image tissue-like media has been tested 
The practical capability of the  time-domain diffraction to- 

using  measured  scattering  data  for three  tissue-mimicking 
phantoms,  each of diameter 6 mm.  Details of the phan- 
tom  construction  and  measurement  procedure  are given in 
Ref. 161 and briefly summarized here. The  phantoms  are pri- 
marily composed of agar  (nominal  sound  speed 1510 m / ~ ) ;  
one  is  homogeneous,  another  contains tiny (subresolution), 
randomly  distributed glass beads,  and a third  contains  three 
nylon filaments as well as glass beads. Measurements were 
made  using a ring  transducer  system [l41 that  consists of 
2048  elements,  each of which  can  be used independently 
as a transmitter or receiver. This fixed  transducer  config- 

cessive scanning  time  associated  with  moving transducers. 
uration avoids signal degradation  from  phase  jitter and ex- 

provide  the  capability  to  program  arbitrary transmit wave- 
The  control  electronics  associated with the ring transducer 

forms.  The  element  pitch  is 0.23 mm,  less  than  one half of 
the wavelength at the nominal  center  frequency of 2.5 M H z .  

Spatially-limited plane wave pulses were  transmitted 

1999 IEEE ULTRASONICS SYMPOSIUM - 1619 



from 128 positions  equally  spaced  around  the  ring.  To  con- 
struct  the  spatially-limited  plane  waves,  a 4 mm-width  co- 
sine  rolloff  was  added to each  side  of  a 10 mm-width m!- 
tude  and  reduce  wavefront  spreading. A backpropagation 
form central  region to provide a smooth  transition  in  amph- 

that  produced  the  desired  incident  wave. 
method [ 151 was  then  used to obtain  the  transmit  waveforms 

total  field  (with  the  scattering  object)  were  measured  around 
The  incident  field  (without  the  scattering  object)  and  the 

the  ring  for  each  incident  view. To compensate  for  sound 
speed  changes due to water  temperature  variations,  the  back- 
ground  sound  speed  was  tracked  using a probe  beam  during 
the  measurement  of  both  the  incident  and  total  fields.  The 
sound  speed  in  the  background  was  estimated  from  knowl- 
edge  of  the  arrival  time  and  the  travel  distance  of  the  probe 

to the  side of the  phantom.  The  resulting  speed  estimate 
beam,  which  was a spatially  limited  plane  wave  directed 

temperature-compensatedincident field pi(@, a, t )  was  sub- 
was  used  to  equalize  the  time  scale of all waveforms. A 

tracted  from  the  total  field p ( @ ,  a, t )  to obtain the scattered 
field p.(a,O,t). Finally,  wavefields  were  extrapolated to 
128 measurement  positions  at a radius  of 7500 mm  by  an 
exact  spatio-temporal  transformation [2], [6] .  

Far-field  scattered  waveforms  for  each  incident-wave  di- 
rection  were  further  processed  by a deconvolution  opera- 
tion [l] that  compensated for transducer-dependent  varia- 
tions in the  incident  pulse.  The  result for each  incident- 
wave  direction  was  an  estimate of the  scattered  farfield  pres- 
sure  associated  with  an  ideal  incident  pulse  of  the  form 
f ( t )  = cos(27~fot) with fo = 2.25 MHz and 
o = 0.25 P S .  The  preprocessed  data p,(O,a, t )  were  then 
inverted  using  numerical  integration of Q. (4). The  inver- 
sion  procedure  was  the  same as for the  simulations  described 
above,  except  that  the  initial  sampling  rate  was 20 MHz and 
that  signals  were  oversampled  to 80 MHz by Fourier  inter- 
polation. 

Fig. 4. Each  panel  shows  good  reconstruction  quality  with 
Reconstructions  for  the  three  phantoms  are  shown in 

a uniform  background  and  high  point  and  contrast  resolu- 

tions,  obtained  using  an  eigenfunction-based  inverse  scat- 
tion as well as quantitative  accuracy  (similar  reconstruc- 

glass  spheres do not  cause  speckle as in  pulse-echo  B-scan 
tering  method,  are  presented in Ref. R). The  subresolution 

imaging,  but  instead  appear as slight  local  variations  in  con- 
trast  consistent  with  weak  point  scatterers.  Both  nylon fila- 
ments  and  glass  spheres  appear  dark  because  higher  sound 
speed  corresponds to negative  contrast y as defined  above. 
In panel  (c),  reconstructions  of  the  nylon  wires  show  slight 
sidelobe  artifacts:  these  artifacts  could  be  removed by care- 
ful  choice of an optimal  pulse f ( t )  in the  preprocessing  of 
the  scattered  field [6] .  

V. CONCLUSIONS 
A new  method  for  time-domain  ultrasound  diffraction  to- 

mography  has  been  presented  and  validated  using  synthetic 

tative  images  of  sound  speed  variations  in  unknown  medla. 
and  measured  scattering  data.  The  method  provides quan!i- 

These reconstructions  are  equivalent to multiple-frequency 
reconstructions  using  filtered  backpropagation,  but  can be 
obtained  with  much  greater  efficiency.  The  time-domain  re- 
construction  algorithm  has  been  derived  as a simple  filtered 
dela  and  sum  operation,  closely  related to time-domain 
con&al  synthetic  aperture  imaging, so that it can be con- 
sidered a generalization  of  imaglng  algorithms  employed  in 
current  clmical  instruments. The simplicity  of  the  imaging 

algorithm  allows  straightforward  addition  of  features  such 
as time-gain  compensation  and  aberration  correction. 

Numerical  results  obtained  using  synthetic  and  measured 

cantly  higher  image  quality  (and,  in  some  cases, also greater 
data  show  that  the  time-domain  method  can  yield  signifi- 

efficiency)  than  single-frequency  diffraction  tomography. 
Quantitative  reconstructions,  obtained  using  signal  param- 
eters  comparable  to  those for present-day  clinical  instru- 
ments,  show  accurate  imaging  of  objects  with  simple  deter- 
ministic  structure,  random  internal  structure,  and  structure 
based on a cross-sectional  tissue  model.  Reconstructions of 
tissue-mimicking  phantoms  suggest  that  the  method  will  be 
useful  for  diagnostic  imaging  problems  such as the  detection 
and  characterization  of  lesions in ultrasonic  mammography. 
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