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Absorption  and  Attenuation  in Soft Tissues: 
&Calibration  and Error Analyses 

Abstmct-Error estimations  are  developed  for  pulse  decay  absorp- 
tion and  radiation  force  insertion loss attenuation  measurements.  In 
absorption  measurements,  significant  difficulty  lies  with  accurate  de- 
termination  of  peak  intensity,  especially  where  sharply  focused  beams 
are  utilized. An intensity  calibration is  developed  based  on  radiation 
force  measurement  of  total  power  and  main  lobe  beam  patterns,  using 
embedded  thermocouples  and  short  bursts of ultrasound.  The  main 
lobe  measurements  are  highly  reproducible,  but  sidelobes  (which  heav- 
ily influence  estimates  of  total  power)  are  easily  corrupted by noise. 
Thus  a  theoretical  extension  of  the  main  lobe  beam  pattern  to  include 
sidelobes  is  utilized  to  estimate  peak  focal  intensity.  The  theory  is  based 
on  circular  baffled  piston  sources  with  apodizing  lenses,  an  ideal  con- 
dition  that  was  closely  approximated  in a specially  constructed  exper- 
imental  apparatus.  The  approach  enables  estimates  of  peak  intensity 
in  situ with  lypical  uncertainty of less than five percent  and  resulting 
absorption coefficient uncertainty  of 10 percent.  Similar  analyses of 
attenuation  measurement  uncertainties  show  that  errors of three  per- 
cent  or less a re  possible  where  repeated  measurements  of  radiation 
force  insertion loss are  made  on  relatively  homogeneous  materials. 
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piston sources with  apodizing  lenses.  Given a  reliable  cal- 
ibration  of  peak  intensities, an  error  analysis is derived 
for pulse-decay  absorption  measurements,  and  typical  pa- 
rameters are  applied  to  measurements of  tissue  properties 
in the  1-13-MHz  frequency range. 

A similar  error  anal- 
ysis  for  radiation  force  attenuation  measurements  is also 
developed  and  applied  using  typical  values  from  rela- 
tively homogeneous  samples  such  as  liver  tissue. A com- 
panion paper [ 101 describes  the  application of these  tech- 
niques in phantom,  liver.  brain,  and  muscle  tissue. 

11. ABSORPTION MEASUREMENTS 
A.  Calibration of Peak  Focal Intensity 

Absorption  coefficients are, in the  plane  wave  approx- 
imation,  derived  from  the  heat  generation  rate  per  unit 
intensity in a  material.  Thus  accurate intensity  measure- 
ments  are required  for  absorption estimates.  When  sub- 
millimeter  focused  beams  are  utilized in pulse-decay  ex- 
periments,  conventional  methods  for  intensity or beam 
pattern  measurements,  such  as  sphere  deflection [l l] ,   or 
hydrophone  planar  scanning [ 121, are  unusable  because 
the  probe  sizes  typically  exceed  the  focal  beamwidths. 
Thus a new intensity  calibration  approach is required. A 
method  was  developed  that  relies  on  the  most accurate 
and  reproducible  quantities  available. 
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1 )  Total  acoustic  output  derived  from  radiation  force 
on  an  absorber,  as measured by an  electronic  micro- 
balance. 

2 )  Main  lobe  beam  pattern  as  measured by embedded 
51-pm  thermojunctions.  Here,  the  temperature 
spikes  resulting  from  short ( < 80  ms) pulses  can 
be  used to  produce  an intensity  profile  with  resolu- 
tion  on  the order of  a  few  thermocouple  diameters 
(0 .1   mm).  

However,  determination of  peak  intensity  requires 
measurement  of  acoustic  power  and  the  entire  beam  pat- 
tern,  side  lobes  as well as main lobe.  Since  side  lobe  mea- 
surements  are  generally  noise  corrupted,  the  main  lobe 
beam  patterns  were  curve fit to  theoretical  expressions, 
using  amplitude  weighting  to  emphasize  the  accurate  main 
lobe  data. In  effect,  theory is utilized to fill in the  uncer- 





PARKER AND  LYONS: ABSORPTION AND  ATTENUATION IN SOFT  TISSUES 245 

1. 00 

.ooo 

. roo 

.zm 

. 100 

0 1 - m  corrm 
Fig.  2.  Least-squares-error  curve fit of Gaussian  function  (dashed) to Bes- 
sinc  (solid).  Amplitude  weighting is utilized to emphasize main lobe  fit. 
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Fig. 3.  Measured  beam  patterns  at 2 and 10 MHz, with  Gaussian  curve 
fits.  Data  are  measured  from  51-pm  thermocouples in absorbing  rubber 
compound.  Short  pulses ( 50.08 S )  of ultrasound  result in temperature 
spikes  that  are  proportional  to  intensity.  Precision  translator  axis is used 
to  scan  probe  across  field. 

quite low since  total  acoustic  power  can be  determined B. Error in Pulse  Decay Absorption Estimates 
accurately  using  a  sensitive  microbalance  with  averaging;  The  form  of  sensitivity  analysis  for  a  general  function 
main  lobe  measurements  are  highly  reproducible  using  of  several  variables f ( x ,  y ,  z ,  . ) is 
precision  positioning  axes  and  small  thermocouple  probes; 2 

and  the  constant C, which  results  from  apodization,  varies 0; = (g)2 a: + ($j2 cry’ + (5) 0: + * * - . (7) 
at most  between 1 and 0.87,  with  much  less  variation over 
a  restricted  frequency  range.  In  principle,  accuracies of In the  case of the  pulse  decay  model,  the  amplitude  ab- 
five percent or less  are  achievable,  even in the  case  of  sorption  coefficient CY is a  function  of  several  quantities 
submillimeter  beamwidths. which will either  be  assumed or measured [7], [g]. 
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r2 [ (4k t  + p ) ]  CY= 

or 

CY = f (  Texp, P ,  C,  P ,  10. r ,   k ,  Z ,  t )  (9 )  
where Texp is  the  thermocouple  measurement of tempera- 
ture  decay, p ,  C ,  and k are  the  tissue  density, specific 
heat,  and  thermal  diffusivity, r is  the radial  separation  be- 
tween  the  thermocouple  and  the  beam  focal  point,  and z 
is the  depth of the  thermocouple in a  semi-infinite  sample. 
It  is  assumed  that  time t following  the  ultrasonic pulse  is 
h7.5922 5631 0 T12r radial(specific )Tj8 Td4d  that  timeuncerta 0 y(in )Tj05oco77 Tw 1.0485 0 Td9 621.1 Tm2r 65 Tw 1.attenu-15..-1.0762 T3t  is 503 Tc   th143w 1.Apply00999 Tc genw  0 errc  c -ress15.84to  0 0 10.9 293.83.6 Tm(of )Tj0.90 1 T 0.38Tc 2.5(8 10.3 0 0 10.5 5Tm(tempera- )Tj2 1 .38Tc 2.5yields-1.0762 649.e  deca1848 10.3 0 0 10.5 5.8447 -1.1429 649.e  m(tempera- )Tj20 70387asonic t,  arearrang009Tw wd(radial(specific )Tj the611ed  that  timehav.9 0 0 10.3 159..5 192 (Z3 )Tj/F 0.Tf 0351Tc 2.5(:)0 0 27 224.3 703.7 Tm(= )Tj/F12 1 uple351Tc 2.515.4 m(+ )Tj8F3 1 Tf 0351Tc 2.5+9 0 0 10.3 159..29 621.1 T(Z3 )Tj/F2 16= )T351Tc 2.5(;)0 0 27 224.3 703.7 Tm(= 1 )Tj8F3 194f 0351Tc 2.5+9 0 055.9 668.6 Tm2of ! %   1 0 . 3  0  6 0 . 1  6 2 1 . 1  T m 6  T e x p ,  k  

f o l l o w i n g    u p l e 2 4 f  0   1 1  / F 4    H a n k e 8 0 0 f u n c - 1 5 . 8 ( i n  ) T j  0 . 0 3  T c 9  T d  4 d T w   1 .  1 0 . 3  0  0  1 0 . 5  1 6 5 . 8  5 7 3 . 6  T m . t h e d T w   1 . 0 1 a s  o r d e r y ,  k  o f  T e 3 2 7 T  0 7 1 7 T  0 n i c  ( 9  0  0  1 0 . 3  1 5 9 . . 1 2   i s  5  8 T j  / F 1 2  1 3 6 6 0 7 1 7 T  0 n i c   1 5 . 4  m  f  
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TABLE I 
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P - POWER 
R - RADIUS 
T - THERMAL  DIFFUSIVITY 
B - BETA 
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Fig. 4. Components  of  the  absorption error equation,  for  on  axis ( r  = 0 )  

and  two off-axis ( r  = p ' " ,  2 p ' ; ' )  pulse-decay  experiments. P is the 
percent  error in acoustic  power  measurements,  obtained  from  actual  ex- 
periments. R ,  T ,  and B are  square roots of  multipliers  of  percent  error i n  
radius,  thermal  diffusivity.  and  beta,  respectively.  These  three  functions 
are  calculated  from  sensitivity  analysis  of  pulse-decay  equation  and  are 
frequency  dependent  because they depend  on  beamwidth (3, which sharply 
decreases  with  increasing  frequency in our  apparatus. 

experiments  were  avoided  because of  the  larger  errors, fore,  from  noise in power  measurements,  and uncertainty 
and  the  practical  complication of large  displacements re- in tissue  materials  properties. Of these,  the tissue-specific 
quired by large  beamwidths. heat  uncertainty is most  problematic  because it cannot  be 

The  principal  contributing  sources of  errors  are,  there- easily  arrived  at by the  averaging of experimental  values 
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and  total  acoustic power.  Theoretical  results  for a baffled 
piston  source  with  apodizing  lens  are  used to  determine 
the  contribution of sidelobes  that  strongly  influence  cali- 
bration but are  generally  noise  contaminated.  The  use of 
Gaussian  least-squares-error  curve  fit,  with  amplitude 
weighting  to  emphasize  the  main  lobe, is useful  for a  re- 
stricted  class of symmetric  apodized,  focused  beams.  The 
technique’s  advantages  are  that: 1) sharply  focussed  sub- 
millimeter  beamwidths  may  be  calibrated;  2)  calibrations 
are  obtained in situ, using  the same  thermocouple,  sam- 
ple,  and positioning for both  beam  profile  measurements 
and  pulse  decay  measurements;  and 3) the  overall  sensi- 
tivity  of  pulse  decay  technique to  errors  in  beamwidth  es- 
timates 0 are minimized  when 0 is  used to  estimate  both 
temperature  decay  and  peak  intensity. 

The  sum of  error  terms  currently  results in approxi- 
mately  ten  percent  uncertainty in absorption  coefficients; 
however,  improved  knowledge  of  tissue  density  and  spe- 
cific  heat  could  result in 7-percent  uncertainty  for  homo- 
geneous  tissues,  without any further refinements in tech- 
nique. 

A similar  analysis  applied to insertion  loss  attenuation 
measurements  shows that  uncertainties  of 5-10 percent 
are  typical for  2-cm  thick  samples of  liver.  However, 3- 
percent  errors  are  attainable  certa.2Drgi spe26ds.Een7tofem- 

oe  thnck Pproessfor 

the  arasn t o  

thier 

of  mpirpical sulrasonfic mprpserties  of (mmmalians  tissu,”- )Tj/42 1 Tf 0173999 Tc 0 Tw 6.4  0 08015330221 28081 TmJy. 
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