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Absorption  and  Attenuation  in Soft Tissues II- 
Experimental  Results 

MARK E. LYONS AND KEVIN J 

Abstract-To  determine  the  relative  contributions of ultrasonic loss 
mechanisms in tissues,  independent  measurements  of  total  attenuation 
and local  absorption  were  obtained  at  discrete  frequencies  within  the 
range of medical  diagnostic  equipment, 1-13 MHz.  Automation  tech- 
niques  were  applied  to  aspects of experimentation  where  extensive  av- 
eraging  or  curve  fitting  could  be  used to improve  accuracy [I]. New 
approaches  were  also  implemented  to  calibrate  focused  beams  for  use 
in  pulse-decay  absorption  measurements  which  covered  a  wider Fre- 
quency  range,  utilizing  smaller  sample  volumes  than  were  previously 
practical.  These  approaches  enable  comparisons of the  magnitude  and 
frequency  dependence of attenuation  and  absorption  in  biological  me- 
dia,  and  permit  some  inferences  to  be  made  as  to  the  relative  contri- 
bution of scattering  to  total  attenuation.  The  results of studies  on  agar- 
gelatin  phantoms,  calf  liver,  and  collagenous  pig  liver  indicate  that  ab- 
sorption  comprises 90-100 percent  of  total  attenuation  in  these  mate- 
rials.  Studies  on  bovine  brain  matter  and  leg  muscle  are less definitive 
because  complications  include  the  inhomogeneous  grey  and  white  mat- 
ter  composition  of  brain,  and  fiber  anisotropy  in  muscle.  However, 
average  results  from  these  tissues  also  show  a  major  contribution of 
absorption  to  attenuation. 

T 
I.  INTRODUCTION 

HE  ultrasonic  attenuation,  absorption,  and  scattering 
coefficients of tissues are not well  characterized  de- 

spite  their  importance  to  diagnostic  imaging,  therapeutic 
applications,  and  tissue  characterization.  The  relative 
contributions  of  scattering  and  absorption  to  total  atten- 
uation are of particular  relevance  to  models of tissue-ul- 
trasound  interaction.  Only  recently  were  capabilities  de- 
veloped for  the  direct  measurement  of  total  scattered 
power [2], so previous  comparisons  typically  determined 
attenuation  and/or  absorption  coefficients,  inferring  indi- 
rectly  the  contribution  of  scattering  to  total  attenuation. 
Pauly  and  Schwan  [3]  reported  30-percent lower  atten- 
uation  in homogenized  liver  compared  to  whole  liver. 
Presumably  the  destruction of scattering  structures re- 
sulted in the lower  attenuation.  Other  attenuation  and  ab- 
sorption  values  from  the  literature [4]-[7] can  lead to the 
conclusion  that  attenuation  coefficients  are  a  factor  of  2 
or more  higher  than  absorption  coefficients in mammalian 
tissues,  implying  substantial  contributions  of  scattering  to 
total  attenuation.  However, in the  1970's  sources of  error 
were  described  that  tended  to  artificially  increase  atten- 
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uation estimates  (phase  cancellation  error [S], bubbles 191) 
and  decrease  absorption  estimates  (heat  conduction  from 
narrow beamwidths  [IO]).  Also, the pulse  decay  tech- 
nique 11 11, [l21 was  developed  to  overcome  some  errors 
and  limitations of the rate  of  heating  absorption  method. 

Taken  as a  whole,  these  developments  suggest  that  at- 
tenuation  and  absorption  coefficients may converge as 
newer  approaches  arat 3078222ets  eNum
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Fig. I .  Experimental  apparatus.  Measurements of pulse-decay  absorption 
use  removable  Lucite  lenses to produce  focused  fields;  temperature  mea- 
surements  are  obtained  from  embedded  thermocouples.  Attenuation 
measurements  employ  collimated  unfocused  beams with  radiation  force 
measured by electronic  microbalance. 

B. Equipment 
The  automated  experimental  apparatus is shown in Fig. 

1. An XT “personal  computer”  (IBM)  controls  a  data- 
acquisition  system  (Keithley 500  series  D.A.S.) which 
communicates with precision x-y-z  positioning  axes 
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Fig. 3 .  Experimental  verification of integral-differential  relation between rate of heating  and pulse decay, as measured at l-mm 
depth i n  absorbing  rubber. a) Measured IO-S rate of heating (solid  line) and time integral of pulse decay. b) 10-S pulse decay 
(thick solid line) and  time derivative of corresponding  rate of heating  (thin solid line). 

experiments (8-9 per  frequency)  were  conducted. At each 
frequency,  three  experiments  were  conducted  at  radius 
r = 0, three  at r = [ p ] ' / ' ,  and  three  at r = 2 * [ p ] ' / ' ,  
where p'/ '  is the  Gaussian  beam  width. An exception is 
that  no far off-axis  measurements ( r  = 2 * [ p ] ' / ' )  were 
taken  for  the  largest  beamwidths  at 1 and 2 MHz.  For 
each  experiment  a  value of alpha  was  derived  and  all  the 
values  at  a  given  frequency  were  averaged.  Figs.  4(a)-(c) 
show  the  typical  experimental  results in calf  liver with the 
theoretical curve fit of the  model  (dashed  lines)  for  5-MHz 
insonation,  and  different  values  of r .  A noticeable  feature 
of  these  graphs is the  changes in shape  and  drop in mag- 
nitude  of the  curves with  different  radial  positions.  An- 
other  noticeable  feature  of  the  curves is the  low-frequency 
ripple in the  experimental  data,  which  results  from nu- 
merical  differentiation  of  rate-of-heating  data. As  long as 

this  unfiltered  noise is 
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Fig. 4. Typical  experimental results and theoretical curves fit 10 pulse-decay experiments in calf liver at 5 MHz, for o n -  and 
off-axis positions.  (a) r = 0 (b)  r = p '  '. (c) r = 2 * p'". 
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Fig. 6 .  Absorption (P) and  attenuation (A) coefficients for calf liver, with power law curve fits. 
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Fig. 7 .  Absorption (P) and  attenuation (A) data for highly collagenous  pig  liver, with power law curve fits. 

data  are  based  on  a  smaller  sample  size  (sections  from  two 
whole  livers)  as  compared  to  calf  liver.  Still,  some  inter- 
esting  observations  can  be  made.  Comparing pig and  calf 
liver  absorptions,  one  finds  little  difference in magnitude 
or  frequency  dependence  of  the  coefficients. Goss et al. 

y  bed  liveriendenof yuees  astructur  sycant  difftence 
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Fig. 8 .  Absorption of bovine white brain  matter (W) and grey brain  matter ( G ) ,  compared  with  attenuation of mixed white and 
grey samples (M). 

tween  the two  absorption  curves,  precisely  where  the  ab- 
sorption of a 40-60 percent white-grey composite  mixture 
would fall. 

Kremkau et  al. [ 181 have  performed  experiments  on 
brain  reporting  phase-sensitive  attenuation  values  near 
0.80  Np/cm  MHz  for  mixed  grey-white  matter, with 
phase  insensitive  measurements  approximately  17-per- 
cent lower,  or 0.066 Np/cm  MHz.  These  values  are 
higher  than  ours,  but  the  comparison  is  reasonable  given 
the  differences in technique  and  likely  variability in per- 
cent mix of  grey  and  white  matter in sections  taken  from 
different  anatomical  locations. 

E. Bovine  Skeletal Muscle 
Sections of beef  hind  leg  muscle  were  taken  from  the 

region  5-20 cm  above  the  termination of the  Achilles  ten- 
don.  Samples  were  taken  between  facial  planes, with thick 
collagen  bundling  surgically  removed.  Attempts  were 
made  to  determine  attenuation  and  absorption  along  and 
across  muscle  fibers, to address  the  effects  of  anisotropy. 

Absorption  and  attenuation  experiments  were  per- 
formed  on  numerous  samples ( > 15). The  results  of  these 
experiments  proved  to  be  contradictory.  Figs.  9(a)-(c) 
summarize  the  data  collected  on  three  different  samples. 
In all  three  cases  the  muscle  fibers  were  believed  to run 
parallel to  the  axis  of  insonation.  Examination  of  these 
graphs  shows  different  results,  both  in  absolute  value  of 
attenuation  and  absorption  and  in  the  degree  to which ab- 
sorption  contributes to attenuation,  including  an  impos- 
sible  result, in Fig.  9(a),  where  absorption  is  greater than 
attenuation.  To  determine  the  source  of  variability,  sev- 
eral  samples  were  dissected. The fiber  orientation of a 
given  sample  was  found  to  be  variable  over  centimeter 
distances.  Fig.  10  illustrates  this  point. If absorption is 
higher in parallel  fiber  orientation,  then  when  a  thermo- 
couple  junction  is  located in an  area  of  the  sample  where 

the  fibers are  parallel;  but if most  of  the  fibers  are  perpen- 
dicular,  the  measured  absorption could be higher  than  at- 
tenuation. It is possible  that  other  skeletal  muscles,  such 
as  abdominal  muscles,  have  longer  and  more  regular  fiber 
orientations  and  therefore  are  better  suited  to  these  exper- 
iments. 

IV. DISCUSSION 
Table I is a  summary  of  the  tissue  absorption  and  atten- 

uation  data  collected  in this  study.  The  muscle  data  are 
excluded  due  to  the uncertainty of  our  procedures  and re- 
sults. 

One key question to address is the  influence of  scatter- 
ing on  total  attenuation.  Fig. 11 presents  the  difference 
between  attenuation  and  absorption:  (attenuation-absorp- 
tion)/attenuation X 100 percent  as  the  percent  contribu- 
tion  of  "scattering."  Data  shown  use  the  power  law fits 
of  attenuation  and  absorption  versus  frequency,  for calf 
liver,  pig  liver,  and  phantom.  At first glance,  one  might 
conclude  simply  that  scattering  contributes  6-10-percent 
in  pig  and  calf liver,  especially  when  compared  against 
the  convincing  phantom  data.  However,  additional  con- 
siderations  warrant  discussion. 

The  calf-liver  percent  difference  between  absorp- 
tion  and  attenuation is nearly  constant with fre- 
quency. If the  difference  were  truly  due  to  scatter- 
ing, then  scattering  would  have to increase asf ' .* ,  
a lower  frequency  dependence  than  has  been  re- 
ported by others  [2], [ 191. This  feature  implicates 
some  frequency-independent  bias,  such  as  a  mul- 
tiplicative  constant, as  the  source of discrepancy 
between  these  absorption  and  attenuation coeffi- 
cients. 
Errors in absorption  coefficient  measurements [ l ]  
alone  are  estimated  at  10-percent;  however, the  use 
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Fig. 10. Possible explanation for discrepencies  between absorptipn and attenuation in muscle, based on highly  variable muscle 
fiber  thermocouple  orientations. 
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Fig. 11. Ratio of absorption to attenuation, expressed in percent.  Data could indicate  contribution of scattering in pig  and calf 
liver, but other  factors  may  contribute  to  measured  difference  between  absorption  and  attenuation in these cases (see  text). 

of incorrect  tissue  density  and  specific  heat  values 
would  bias  the  absorption  (but not attenuation)  as  a 
frequency-independent  constant,  moving  the  per- 
cent  difference  curves  of Fig. 11 up or down.  One 
difference  between  the  phantom  and liver  data  is 
that  the  tissue  contains  2-2.5  times  the  solid  con- 
tent of the  phantom.  Thus our use  of  water  density 
and  specific  heat  values may be  valid  for  the  phan- 
tom  but  inappropriate  for  liver.  This  major  uncer-  d) 
tainty can  only be resolved by improved  thermal- 
mechanical  property  measurements. 
Another  consideration  involves  the  comparison  be- 

tween  calf  and  pig  liver,  where  the  latter  tissue 
should  show  enhanced  scattering  effects  from  the 
collagenous  lobular  structure.  However,  measure- 
ments of absorption  and  attenuation  fail to detect 
major  differences  between  calf-  and  pig-liver  coef- 
ficients.  This  suggests  that  something  other  than 
scattering may contribute  to  the  measurement  bias 
between  attenuation  and  absorption  coefficients. 
Related  experiments by Campbell  and  Waag  di- 
rectly  measured  total  scattered  power  in  calf  liver, 
concluding  that  scattering  contributed  2-percent k 
2-percent  to  total  attenuation  [2].  Also, our homog- 




