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SPECULAR REFLECTOR NOISE : EFFECT AND CORRECTION 
FOR I N  V I V O  ATTENUATION ESTIMATION 
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A f t e r  r e v i e w i n g  t h e  u s u a l  m o d e l s  p r o p o s e d  f o r  t h e  e c h o -  
g r a p h i c  r e s p o n s e  o f  s o f t  t i s s u e s ,  w e  d i s c u s s  t h e  i n t e r a c t i o n  
b e t w e e n  t h e  u l t r a s o n i c  wave a n d  l a r g e  s i z e  o b s t a c l e s .  S t r u c -  
t u r e s  of t h i s  s i z e ,  s p e c u l a r  r e f l e c t o r s ,  c a n  be f o u n d  i n  t i s s u e s .  
The i n f l u e n c e  o f  s u c h  r e f l e c t o r s  o n  i n  v i v o  a t t e n u a t i o n  m e a s u r e -  
m e n t s  i s  d e t a i l e d .  W e  p o i n t  o u t  t h e  i m p o r t a n c e  o f  t h e  s p e c u l a r  
e c h o  n o i s e  o r i g i n a t i n g  f r o m  two k i n d s  o f  r e f l e c t o r s  : p l a n e -  
l i k e  a n d  v e s s e l - l i k e  r e f l e c t o r s .  W e  p r e s e n t  a c o m p l e t e  s t u d y  
of t h e i r  i n f l u e n c e  o n  t w o  d i f f e r e n t  a l g o r i t h m s  f o r  a t t e n u a t i o n  
e s t i m a t e s  : t h e  s p e c t r a l  c e n t r o i d  s h i f t  a n d  t h e  n a r r o w  band  
m e t h o d s .  R e s u l t s  a r e  p r e s e n t e d  o n  s t i m u l a t e d  d a t a ,  a t i s s u e -  
m i m i c k i n g  phan tom a n d  i n  v i v o  m u s c l e  d a t a .  D i f f e r e n t  p r o c e d u r e s  
f o r  m i n i m i z i n g  t h e  s p e c u l a r  e c h o  n o i s e  a r e  a l s o  d i s c u s s e d .  0 1 9 8 5  
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I .  I N T R O D U C T I O N  

D i f f e r e n t  i n  v i v o  t e c h n i q u e s  h a v e  b e e n  i n v e s t i g a t e d  i n  
o r d e r  t o  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  o n  s o € t  t i s s u e s .  
A t t e n u a t i o n  a p p e a r s  t o  b e  o n e  of t h e  p r o m i s i n g  q u a n t i t a t i v e  
p a r a m e t e r s  f o r  t i s s u e  c h a r a c t e r i z a t i o n .  Many r e s u l t s  a r e  a v a i l -  
a b l e  i n  t h e  l i t e r a t u r e ,  e s p e c i a l l y  o n  l i v e r ,  w h i c h  i s  t h e  m o s t  
f r e q u e n t l y  e x p l o r e d  o r g a n  [ 1 - 3 3 ,  b u t  a l s o  o n  m u s c l e  t i s s u e  41 . 

A l g o r i t h m s  f o r  e v a l u a t i n g  i n  t h e  r e f l e c t i o n  mode t h e  
s l o p e  o f  t h e  a t t e n u a t i o n  v e r s u s  f r e q u e n c y  h a v e  b e e n  r e p o r t e d  by  
many a u t h o r s .  A s  a t t e n u a t i o n  i n  t i s s u e  i s  f r e q u e n c y  d e p e n d e n t  
[ S - 8 1 ,  t h e  amoun t  o f  e n e r g y  r e c e i v e d  by  t h e  p r o b e  i s  a f u n c t i o n  
o f  b o t h  f r e q u e n c y  a n d  d e p t h .  A t t e n u a t i o n  a c t s  a s  a t i m e - v a r y i n g  
f r e q u e n c y  f i l t e r .  F o r  t h i s  r e a s o n ,  m o s t  o f  t h e  a l g o r i t h m s  a r e  
b a s e d  o n  t h e  c a l c u l a t i o n  o f  t h e  power  s p e c t r a  o f  t h e  windowed 
r f  s i g n a l .  S h o r t  t i m e  F o u r i e r  a n a l y s i s  a l l o w s  t h e  u s e  o f  t h e  
t o t a l i t y  o f  d a t a  p o i n t s  a n d  p r o v i d e s  a r e p r e s e n t a t i o n  o f  e n e r g y  
d e n s i t y  v s .  t i m e  a n d  f r e q u e n c y [ 9 , 1 0  I. 

However ,  o n e  o f  t h e  major  p r o b l e m  e n c o u n t e r e d  w h i l e  mea- 
s u r i n g  a t t e n u a t i o n  is  d i f f r a c t i o n .  I t  h a s  b e e n  shown t h a t  d i f -  
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fraction also acts as a time-varying frequency filter, and so 
yields a biased attenuation slope value. This effect is parti- 
cularly important with focused probes [lo-131. Methods for 
correcting this effect have been proposed but up to now do not 
appear to be applicable for in vivo data. Nevertheless, if 
special precautions are taken, it is possible to standardize 
the measurement and to obtain comparable and relative attenuation 
values in one organ. The precautions consist of using the same 
probe and placing the explored organ in the same part of the 
acoustic field. 

In addition, the frequency content of the signal 
depends on the scattering properties of the tissue. This paper 
shows that besides the diffraction, time-varying, frequency 
filter there is a scattering, time-varying frequency function 
related to the degree of inhomogeneity in real tissue. Such an 
effect, due to the presence in tissue of any large scatterer 
(i.e., no longer considered as a point-like scatterer), may in- 
troduce a bias into the attenuation slope estimation. We call 
this frequency dependent effect "specular echo noise". We 
identified this effect on in vivo muscle (vastus medialis) 
[ 1 4 ] .  As shown in this paper, the specular echo noise was 
identified with simulated rf signals which contain specular 
echoes and with tissue phantoms which include these types of 
reflectors. We present different procedures to minimize the 
specular echo noise. 

11. THEORY 

1 )  Tissue model 

the 
in 

Biological tissue models proposed up to now, aiming at 
representation of the echographic signal, analyze tissues 

term of multiscatterer media. The medium is represented as 
a random distribution of isotropic, point-like scatterers 
embedded in an homogeneous attenuation matrix. Under these 
conditions, the echographic signal results in the superposi- 
tion of echoes from individual scaterrers, and is expressed by 
C13 I 

where * means the convolution operation, g(t) is 
a source dependent term, h2(3,t) is the two-way diffraction 
impulse response (the diffraction filtering effect of diffrac- 
tion has been detailed elsewhere [ l 3 ]  and thus is not discussed),and 
a2 (8,t) measures the attenuation effect whose transfer function 
in the frequency domain can be written as 

A2(T,f) = exp (-8f"cT) a (2) 

where 8f"is the attenuation law, n being nearly 1 for soft 
tissues. The function u(3,t) is the scattering function for the 
differential volume d 3 v  which depends on the characteristics of 
the scatterers. The simples-t case deals with a single point- 
like scatterer located at Mo for which 

u(3,t) = 6(ii-S0) u(t) a (3) 

278 
 at PENNSYLVANIA STATE UNIV on September 20, 2016uix.sagepub.comDownloaded from 

http://uix.sagepub.com/


SPECULAR REFLECTOR CORRECTION FOR ATTENUATION 

The t r a n s f e r  f u n c t i o n  a s s o c i a t e d  w i t h  u ( t )  i s  f 2  d e p e n d e n t  
( R a y l e i g h  s c a t f e r e r ) .  For r a n d o m l y  d i s t r i b u t e d  p o i n t - l i k e  
s c a t t e r e r s ,  u ( M , t )  c a n  be w r i t t e n  as 

U ( G , t )  = x ( 3 )  u ( t )  I ( 4  1 

w h e r e  ~ ( 3 )  r e p r e s e n t s  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s c a t t e r -  
e rs  a n d  u ( t )  t h e  s c a t t e r i n g  a m p l i t u d e  f o r  R a y l e i g h  s c a t t e r e r s .  

c o m p l e t e  f o r  t h e  d e s c r i p t i o n  o f  c o m p l e x  b i o l o g i c a l  media. 
T i s s u e s ,  s u c h  a s  m u s c l e ,  i n c l u d e  r e f l e c t i n g  s t r u c t u r e s  whose  
d i m e n s i o n s  a r e  l a r g e  w i t h  r e s p e c t  t o  t h e  u l t r a s o n i c  w a v e l e n g t h .  
H e n c e ,  a more  r e a l i s t i c  mode l  f o r  t h e  e c h o g r a p h i c  s i g n a l  s h o u l d  
a l s o  i n c l u d e  t h e  i n t e r a c t i o n  b e t w e e n  t h e  i n c i d e n t  wave a n d  
s t r u c t u r e s  s u c h  a s  s p e c u l a r  r e f l e c t o r s .  The s c a t t e r i n g  f u n c -  
t i o n  f o r  a s p e c u l a r  r e f l e c t o r  c a n  be w r i t t e n  i n  t h e  f o r m  

However ,  t h e  r andom d i s t r i b u t i o n  o f  s c a t t e r e r s  i s  n o t  

w h e r e  0 i s  t h e  o r i e n t a t i o n  o f  t h e  r e f l e c t o r  w i t h  r e s p e c t  t o  t h e  
u l t r a s o n i c  beam a x i s .  

A l t h o u g h  a s p e c u l a r  r e f l e c t o r  i s  w i d e  a n d  n o t  p o i n t -  
l i k e ,  w e  may c o n s i d e r  f o r  e a c h  e c h o g r a p h i c  r e s p o n s e  t h a t  t h e  
e f f e c t  o f  t h e  s p e c u l a r  r e f l e c t o r  i s  l o c a l ,  a r o u n d  a mean p o s i -  
t i o n  dl c o r r e s p o n d i n g  t o  i t s  d e p t h  o n  t h e  A - l i n e .  I n  t h e  case 
o f  a s p e c u l a r  r e f l e c t o r ,  t h e  a n g u l a r  d e p e n d e n c e  o f  t h e  s c a t t e r -  
i n g  f u n c t i o n  m u s t  be n o t i c e d .  However ,  it i s  n o t  n e c e s s a r y  t o  
know e x p l i c i t l y  t h e  a n g u l a r  d e p e n d e n c e  b e c a u s e  we s h a l l  b e  
i n t e r e s t e d  o n l y  i n  t h e  mean f r e q u e n c y  f i l t e r i n g  e f f e c t .  
W e  j u s t  h a v e  t o  k e e p  i n  mind t h a t  t h i s  f i l t e r i n g  e f f e c t  
r e s u l t s  i n  a d o u b l e  a n g l e  a n d  f r e q u e n c y  d e p e n d e n c e  o f  t h e  
s c a t t e r i n g  f u n c t i o n .  The s c a t t e r i n g  f u n c t i o n  u l g ( t )  i s  d i f -  
f e r e n t  f r o m  t h e  r e s p o n s e  o f  a p o i n t - l i k e  s c a t t e r e r .  The a m p l i -  
t u d e  a n d  f r e q u e n c y  c o n t e n t  o f  t h e  c o r r e s p o n d i n g  t r a n s f e r  
f u n c t i o n  w i l l  be b o t h  m o d i f i e d .  A p l a n e  r e f l e c t o r  h a s  a f r e -  
q u e n c y  i n d e p e n d e n t  r e s p o n s e .  Any i n t e r m e d i a t e  c a s e  c a n  b e  e x -  
p r e s s e d  i n  t e r m s  o f  f P ,  t h e  v a r y i n g  s c a t t e r i n g  t r a n s f e r  f u n c -  
t i o n  w i t h p  r a n g i n g  b e t w e e n  0 a n d  2 a n d  d e p e n d i n g  upon  t h e  
s i z e  o f  t h e  r e f l e c t o r .  T h e  a m p l i t u d e  o f  t h e  s c a t t e r i n g  f u n c -  
t i o n  m e a s u r e s  t h e  d e v i a t i o n  b e t w e e n  t h e  i m p e d a n c e  o f  t h e  r e -  
f l e c t o r  a n d  t h e  i m p e d a n c e  of t h e  s u r r o u n d i n g  medium. 

I n  o u r  s i m u l a t i o n s  w i t h  s p e c u l a r  r e f l e c t o r s ,  w e  s h a l l  
c o n s i d e r  b o t h  t h e  a m p l i t u d e  a n d  t h e  f r e q u e n c y  e f f e c t s .  

2 )  S h o r t  T i m e  F o u r i e r  A n a l y s i s  

The S h o r t  T i m e  F o u r i e r  A n a l y s i s  a l g o r i t h m  h a s  b e e n  d e -  
v e l o p e d  i n  o r d e r  t o  e s t i m a t e  t h e  f r e q u e n c y  d e p e n d e n t  a t t e n u a -  
t i o n  w i t h  i n  v i v o  d a t a .  The r f  s i g n a l  i s  s a m p l e d  by  a s l i d i n g  
t i m e  window.  For e a c h  p o s i t i o n  o f  t h e  t i m e  window,  t h e  power  
s p e c t r u m  i s  c a l c u l a t e d .  The c h a n g e  o f  t h e  r f  s i g n a l  s p e c t r a l  
c o n t e n t  w i t h  d e p t h ,  a s  shown i n  E q .  ( 1 1 ,  i s  d u e  t o  : 

- t h e  d i f f r a c t i o n  f i l t e r  a n d  t h e  a t t e n u a t i o n  f i l t e r  

- t h e  s c a t t e r i n g  f i l t e r  : i n  t h e  c a s e  o f  r a n d o m l y  d i s t r i -  
b u t e d . s c a t t e r e r s ,  o n l y  t h e  s t o c h a s t i c  n a t u r e  o f  b a c k s c a t t e r e d  
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s i g n a l s  d u e  t o  i n t e r f e r e n c e s  b e t w e e n  e c h o e s  f r o m  i n d i v i d u a l  
s c a t t e r e r s  c a u s e s  t h e  s c a l l o p e d  power  s p e c t r a .  I n  o r d e r  t o  
s m o o t h  t h e  s p e c t r a ,  many r f  s i g n a l s  m u s t  be r e c o r d e d  by a p p r o -  
p r i a t e  s c a n n i n g  a n d  t h e  s p e c t r a  f r o m  i d e n t i c a l  d e p t h s  m u s t  b e  
a v e r a g e d .  

I n  t h e  case o f  a s p e c u l a r  r e f l e c t o r ,  t h e  s c a t t e r i n g  f u n c -  
t i o n  o f  t k e  t i s s u e  s l _ i c e  c o n t a i n i n g  t h e  r e f l e c t o r  b e  c a n  w r i t -  
t e n  as u ( M , t )  + u l g ( M , t )  a n d  t h e  c o r r e s p o n d i n g  s p e c t r u m  w i l l  
r e s u l t  f r o m  s t o c h a s t i c  ( w i t h  u ( 3 , t ) )  a n d  d e t e r m i n i s t i c  ( w i t h  
u i ~ ( ~ , t ) ) p r o c e s s e s .  B e c a u s e  o f  i t s  s i z e ,  i t  may b e  p o s s i b l e  
f o r  a s p e c u l a r  r e f l e c t o r  t o  b e  s h a r e d  i n  common by  s e v e r a l  
A - l i n e s  o f  o n e  s c a n .  A s  t h e  t i m e  r e s o l u t i o n  o f  t h e  r u n n i n g  
s p e c t r a  v s .  d e p t h  i s  l i m i t e d  by  t h e  t i m e  window d u r a t i o n  
( a b o u t  10 us), it  may o c c u r  t h a t  e q u i v a l e n t  ( i - e . ,  e q u i d i s t a n t )  

t i m e  windows o n  d i f f e r e n t  A - l i n e s  w i l l  e n c l o s e  t h e  s p e c u l a r  
e c h o .  A s  a c o n s e q u e n c e ,  t h e  r f  l i n e s  w i l l  c o r r e l a t e ,  d u e  t o  
t h e  s p e c u l a r  r e f l e c t o r .  The i m p o r t a n c e  o f  t h i s  c o r r e l a t i o n  
d e p e n d s  on  t h e  r e f l e c t o r  s i z e  a n d  o r i e n t a t i o n .  A v e r a g i n g  t h e  
e q u i d i s t a n t  s p e c t r a  s m o o t h s  t h e  s p e c t r a  w i t h  r e s p e c t  t o  t h e  
random i n t e r f e r e n c e s  n o i s e ,  b u t  may a l s o  r e s u l t  i n  e n h a n c i n g  
t h e  s p e c u l a r  e c h o  n o i s e .  

3 )  E s t i m a t i o n  o f  t h e  s l o p e  o f  a t t e n u a t i o n  

Our p u r p o s e  i s  t o  s t u d y  t h e  b i a s  i n t r o d u c e d  b y  t h e  spec- 
u l a r  e c h o  n o i s e  when e s t i m a t i n g  t h e  s l o p e  o f  a t t e n u a t i o n .  W e  
s h a l l  b r i e f l y  r e c a l l  t h e  p r i n c i p l e  o f  two o f  t h e  c l a s s i c a l  
a t t e n u a t i o n  m e a s u r e m e n t  t e c h n i q u e s  [8]. 

a )  S p e c t r a l  c e n t r o i d  s h i f t  

T h i s  me thod  p r o v i d e s ,  f r o m  t h e  r u n n i n g  s p e c t r a ,  a n  es -  
t i m a t i o n  o f  t h e  s p e c t r a l  c e n t r o i d  l o c a t i o n  w i t h  r a n g e .  I f  t h e  
a t t e n u a t i o n  i s  a s s u m e d  t o  be p r o p o r t i o n a l  t o  f r e q u e n c y  a n d  
a f t e r  t h e  d a t a  h a v e  b e e n  c o r r e c t e d  f o r  d i f f r a c t i o n  ( i f  n o t ,  
o n l y  a r e l a t i v e  v a l u e  o f  t h e  s l o p e  o f  a t t e n u a t i o n  i s  e s t i m a -  
t e d )  i t  may be shown t h a t  

w i t h  B s l o p e  a t t e n u a t i o n  (dB/cm.MHz), c u l t r a s o u n d  v e l o -  
c i t y ,  f (T) r u n n i n g  s p e c t r a l  c e n t r o i d  a n d  u*(T) r u n n i n g  s p e c -  
t r a l  v a r i a n c e .  The s lope  o f  a t t e n u a t i o n  i s  e s t i m a t e d  f r o m  a 
l i n e a r  f i t  o f  t h e  r u n n i n g  s p e c t r a l  c e n t r o i d .  

b )  N a r r o w  band  

C 

I n  t h i s  t e c h n i q u e ,  t h e  f i r s t  s t e p  e s t i m a t e s  t h e  
l o g - i n t e n s i t y  d e c a y  w i t h  r a n g e  a t  e a c h  i n d i v i d u a l  s a m p l e d  f r e -  
q u e n c y  v a l u e  a n d  a l i n e a r  f i t  p r o v i d e s  f o r  t h e  a t t e n u a t i o n  
c o e f f i c i e n t  (dB/cm) a t  t h a t  f r e q u e n c y .  The r e l a t i o n  i s  

w h e r e  S ( ~ , f )  i s  t h e  r u n n i n g  power  s p e c t r a .  
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It is possible in a second step to plote the estimated 
values of attenuation coefficient (dB/cm) vs. frequency and a 
l’inear fit through the frequency-attenuation curve gives the 
slope of attenuation 8, (dB/cm.MHz). 

111. INFLUENCE OF SPECULAR ECHOES IN A SPECTRAL CENTROID 
SHIFT METHOD 

1) Simulation 

We were interested in simulating two kinds of reflec- 
ting structures, which are found in biological tissues. We 
considered structures acting as a simple reflecting plane 
(connectives tissues), and as a double reflecting plane 
(vessels). The latter will originate a nonrandom interference noise. 

Results are presented after averaging the equidistant 
power spectra corresponding to 32 different simulated A-lines. 
Figure la represents the running spectra (obtained using a 
Hamming window of 10.20 us duration with 8.96 ps overlapping) 
in a simulated medium containing a plane-like reflector. The 
running spectra present a maximum of energy, corresponding to 
the reflector location, with enhancement of the low frequencies 
quite visible on the figure. 

The vessel-like reflecting structure is shown on figure 
lb. The scalloping pattern of the spectra is due to the deter- 
ministic interferences process resulting from the reflecting 
walls of the vessel-like structure. 

The effect of these two reflector types on the running 
spectral centroid and variance is shown on figure 2. The cor- 
relation between the lines appears to be important due to the 

1.0 3.0 5.0 7 . 0  (-30.0 !.IS--) 

FREQUENCY (MHZ) DEPTH 

b a  w s 
0 
e, 

Fig 

1.0 3.0 5 .0  7.0 (-30.0 !.IS-) 

FREQUENCY ( M H z )  DEPTH 

1 Simulation : Running power spectra averaged on 32 simu- 
lated A-lines. (a) showing the effect of a plane-like 
reflector, (b) showing the effect of a vessel-like 
reflector. 
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Fig. 2 Simulation : Running 
spectral centroid (up- 
per curve) and spectral 
variance (lower curve) 
averaged on 32 simula- 
ted A-lines. Solid 
line : homogeneous me- 
dium. Dashed line : 
corresponding to figure 
la. Dotted line : cor- 
responding to figure lb. 

influence of the specular reflector on equidistant time windows 
sampling different A-lines. 

Time Fourier Analysis algorithm, the range resolution is limi- 
ted by the time window duration : the specular reflector noise 
affects the running spectral moments on a duration equivalent 
to the window duration. 

On calculating the running spectra through the Short 

The distortion visible on the running spectral centroid 
and variance are mainly due to the frequency content of the 
specular echo. The low spectral centroid values corresponding 
to the reflector (plane-like or vessel-like reflector) is cha- 
racteristic of the scattering by large structures. The ampli- 
tude effect (i.e. the local variation of energy due to a 
specular echo)induces very little change in the evolution of the 
running spectral moments. The effect on the spectral centroid is 
more important for the vessel-like reflector and in the same 
way, an interesting effect on the spectral variance must be no- 
ticed. In that case, the spectral variance is affected by an 
irhportant specular echo noise, when no noise is perceptible on 
the spectral variance in case of a plane-like reflector. Refer- 
ring to the first part, this can be attributed to the non-random 
interferences. Both sign and amplitude of such non-random 
interferences noise depends on the distance between the two 
interfering echoes. 

2 )  Experimental results 

a) Data acquisition system 

The experimental system used for data acquisition on 
phantom materials and in vivo muscle is composed of : - a commercial type echograph (EDAP 10) supplied with a mecha- 

nical scanning focused single element transducer (focus : 
90 mm, center frequency : 5 Mnz) - an 8 bit, 2 5  MHz A/D converter (DATA 6 0 0 0 ) .  - a microcomputer (WICAT) for data storing and processing. Our 

data base on phantom material consists of rf lines of 2 0 4 0  
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Fig. 3 Phantom : Running power spectra averaged on 6 4  simula- 
ted A-lines recorded for a foam phantom including a 
vessel-like reflector. 

points (about 6 cm). The data base on in vivo muscle consists 
of 1 0 2 4  points rf lines. 

b) Phantom material 

The phantom material is a foam phantom and the 
vessel-like reflector within the foam is a 1 . 1  mm diameter 
catheter. The running spectra ensemble-averaged on 6 4  lines, 
in presence of the reflector are presented on figure 3 .  The 
corresponding running spectral centroid and variance, compared 
with the results obtained on the foam phantom once the reflec- 
tor has been withdrawn, are shown in figure 4 .  Good agreement 
is found between experimental (Figs. 3 , 4 )  and simulated 
(Figs. Ib, 2 )  curves. The deterministic interference 
noise due to the vessel-like structure of the catheter is par- 
ticularly visible on the running spectra and on the running 
spectral variance (Figs. 3 ,  4 ) .  

c) In vivo measurements 

When we started our data acquisition on in vivo muscle 
(Vastus medialis) in order to estimate the slope of attenua- 
tion, we found that the running spectra and the running spec- 

DEPTH !.IS 

Fig. 4 Phantom : Running spec- 
tral centroid (upper 
curve) and spectral va- 
riance (lower curve) 
averaged on 6 4  A-lines. 
Solid line : foam phan- 
tom without obstacle. 
Dashed line : foam 
phantom with 
vessel-like reflector. 
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Fig. 5 In vivo muscle : Example of running spectra averaged 
on 3 2  A-lines recorded on in vivo muscles. 

tral centroid were noisy even after averaging of a significant 
number of spectra (Figs. 5,6). This means that the lines of a 
scan were correlated and it had to be interpreted as a specular 
echo effect. The pattern of the running spectra and of the 
running spectral centroid and variance, when compared to the 
simulated curves (Figs. 1 , 2 )  can be interpreted as being 
characteristic of a plane-like reflector. 

These reflectors within the muscle were identified as 
being made of connective tissues (aponeurosis) which simulate 
Small reflecting planes of any orientation and any size. 

d) Attenuation and specular reflectors 

The importance of specular echo noise when estimating 
the slope of attenuation with a spectral centroid shift method 
should be emphasized. In the situation illustrated in figure 6, 
the reflector location is at the end of the data segment. The 
linear €it of the curve of the spectral centroid will deliver 
an overestimated value for the slope of attenuation due to the 
low frequency content of a specular echo. On the contrary, if 
the specular echo were located at the beginning of the data 
segments, then the bias introduced in the attenuation measure- 

DEPTH US 

Fig. 6 In vivo muscle : Spec- 
tral centroid and 
variance vs. time cor- 
responding to figure 5 .  
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ment would be of the opposite sign and would provide for an 
underestimated value of the attenuation slope. This is 
summarized in table I where the results of attenuation measu- 
rements in the foam phantom with and without the reflector are 
reported. The estimation of the slope of attenuation has been 
done by considering 1024 points data segments including the 
specular echo either at the end or at the beginning of the data 
segments. 

IV. INFLUENCE OF SPECULAR ECHOES IN A NARROW BAND TECHNIQUE 

1)  Phantom 

We plotted in figure 7a the attenuation coefficient 
values (dB/cm) vs. frequency for the foam phantom with and 
without the reflector. One must keep in mind that, in this 
technique, the spatial information is lost since the attenua- 
tion values are obtained after a linear fit through the log- 
power spectra values at each frequency. The attenuation 
coefficient values plotted in figure la are obtained by proc- 
essing the 2048 points of the rf signal, which represent the 
whole A-line. In this case, the specular echo is located at 
about the middle of the lines, and there is very little differ- 
ence between the two curves. However, the results are quite 
different whenever the linear fit is done on the running spectra 
corresponding to only 1024 points data segments. In this 
particular case, we must examine separately two possible situa- 
tions for the specular echo : either at the beginning, or at 
the end of the segments. 

In figure 7b are plotted the frequency-attenuation 
curves of the foam phantom after a linear regression fit of 
log-power spectra corresponding to 1024 points data segments 
including the specular echo at the end. In this case, the spec- 
ular echo produces a maximum of energy at the end of the run- 
ning spectra and so yields an underestimated decay of the 
log-power spectra at each frequency. Thus, the frequency- 
attenuation curve corresponding to the foam phantom including 
the reflector is below the frequency-attenuation curve corres- 
ponding to the foam phantom. Moreover, as the specular echo 
is a low frequency effect, the deviation between the two 
regression lines plotted in figure 7b increases towards the 
low frequencies. 

This narrow band technique is very sensitive to local 
variations of amplitude (or energy). Indeed, the nonrandom 
interferences producing scalloping on the averaged spectra are 
still visible on the frequency-attenuation curve of figures 7b 
and 7c. Figure 7c shows the frequency-attenuation curve for 
the foam phantom including the reflector together with the 
power spectrum corresponding to the reflector position. The 
scalloping of the power spectrum is reproduced on the fre- 
quency-attenuation curve. 

In contrast, the specular echo effect is reversed when- 
ever the reflector is at the beginning of the data segments 
as shown in figure 7d. In that case, the location of the local 
maximum of energy at the beginning of the running spectra 
yields attenuation coefficients exceeding the actual values. 
The scalloping is still visible on the curve. 
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2 )  In vivo measurements 

Figures 8a, 8b and 8c illustrate the specular echo ef- 
fect in two different situations with in vivo data. They show 
two different 32 A-line muscular scans (same person, same 
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Fig. 7 Phantom: Frequency-attenuation curves in the foam 
phantom without the reflector (Solid line), with 
the specular reflector (dashed line). 
(a): Attenuation values obtained by linear fitting 
through the power spectra corresponding to 2 0 4 8  
points A-lines 
(b): Attenuation values obtained by linear fitting 
through the power spectra corresponding to 1 0 2 4  
points A-lines specular echo located at the end 
of the lines 
( c ) :  Power spectra (dashed line) of the windowed 
signal including the specular echo, together with 
the frequency attenuation curve (solid line) of 
figure 7b. 
( d ) :  same as (b) except the specular echo located 
at the beginning of the lines. 
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Fig. 8 In vivo : ( a )  and (b) Example of running 
spectra in two different muscular planes. 
(c) frequency-attenuation curves, solid 
line corresponding to figure 8a. and dot- 
ted line corresponding to figure 8b. 

muscle) and the influence of the specular reflector location 
on the in vivo frequency-attenuation curve. 

3 )  Attenuation and specular reflectors 

As mentionned above for attenuation measurements with a 
spectral centroid shift method, the specular echo introduces 
also a bias on the attenuation slope estimates with the narrow 
band technique. Referring to table I, we see that the sign of 
the introduced bias depends on the location of the echo. 

The amplitude effect is more perceptible in a narrow 
band technique than in a spectral centroid shift technique. The 
estimation of the attenuation coefficient at one frequency may 
be meaningless, because of the on Y-axis shift of the frequency- 
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Table I: Slope of attenuation in the foam phantom including a spec- 
ular reflector. The calculation was performed using 1024 
points of rf signal. (1): Specular echo located at the end 
of the data segments, ( 2 ) :  echo located at the beginning of 
the data segments. 

CENTROID SHIFT (da/cm M H z )  1 NARROW BAND (dB/cm MBz) 

1.65 I (111 1 . 5 5  

0.82 I 0.98 

attenuation curve. This shift in the attenuation coefficient 
values is far from being negligible as can be seen in figures 
la and 7d ; the on Y-axis shift is about 1 dB/cm at 4 MHz. It 
must be kept in mind that, due to the specular echo effect, the 
apparent frequency-attenuation law is 

A (dB/cm) = A, + Bfn. (8) 

(Note that a similar'effect occurs when using non-constant 
amplification vs. time of the rf signals. The frequency- 
attenuation curve will be vertically shifted according to 
the amplification slope.) If the attenuation law should be 
measured with the two parameters 6, : slope of attenuation 
and n : frequency exponent, the A, value must be estimated 
and corrected for. 

V. PROCEDURES FOR MINIMIZING THE SPECULAR ECHO NOISE 

1) Algorithm for data correcting 

An algorithm for specular echo detection and data cor- 
rection is possible if specular echo amplitude is greater than 
the mean amplitude of the backscattered echoes of the Rayleigh 
scatterers. Under this condition, the specular echo can be de- 
tected on rf echographic response by means of simple amplitude 
detection. The first step is to compare the amplitude of the 
rf signals to the amplitude of a time-decreasing exponential 
(Fig. 9a). The exponential should for example express the 
decay of signal amplitude caused by the attenuation in the 
medium at the emitted center frequency (Of course, the compa- 
rison will be significant only if constant gain is applied 
to the whole duration of rf data segments). In the second step, 
a time window is centered on the maximum amplitude of the 
detected echo, within which the points are set to the zero 
value (Fig. 9b). The next step performs the restitution 
of the rf signal in place of the supressed echo in the follow- 
ing manner : the first half of the zero-value points is re- 
placed with the immediately preceding equivalent length of 
rf signal. This is realized by folding the rf signal around the 
first point set to the zero value (Figs. 9b, 9c). In the same 
way, the second part of the zero-value points is replaced 
with the immediately following rf signal. Figure 9 illustrates 
algorithm on a 512-point data segment from the foam phantom. 

Figure 10 presents the running spectral centroid and 
variance before and after data correction and shows the effi- 
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a 
b 

Fig. 9 Algorithm for correcting the data from the 
specular echo noise. (a) Signal before cor- 
rection. Echo detection with a decreasing 
exponential. 
(b) Suppression of the specular echo. In 
dotted line the part of the rf signal used 
to fill the zero value points. 
(c) Signal after correction. 

ciency of the algorithm in detecting a single specular reflector 
embedded in a homogeneous medium. Although the situation in 
muscle is somewhat different, the degree of heterogeneity in 
muscular tissues being much more important than in the studied 
phantom where feasability is demonstrated, we are at present 
studying the possibility for correcting in vivo data using this 
algorithm. 

2 )  Data averaging 

Another technique for minimizing the specular echo 
noise is to specify an appropriate data acquisition procedure, 
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Fig. 10 Phantom : Effect of 
the correction algorithm 
on the spectral centroid 
and variance. Solid 
line :before correction. 
Dashed line : after 
correction. 
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Fig. 11 In vivo muscle : running spectra averaged on 2 5 6  
A-lines. The lines are obtained by scanning 8 diffe- 
rent muscular planes each with 3 2  lines. 
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based on scanning a larger tissue volume, in order to be sure 
o,f acquiring uncorrelated A-lines. This is shown in figures 11  
and 1 2 .  The running spectral centroid and variance are plotted 
after averaging the spectra on 2 5 6  lines recorded in 8 dif- 
ferent muscular sections, each containing 3 2  lines. The effect 
of averaging is quite appreciable in diminishing the specular 
echo noise. However, this technique increase the volume of 
necessary data as well as the acquisition and processing times. 
Moreover, it needs a minimum tissue volume for insuring 
statistical convergence. 
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VI. CONCLUSION 

Two types of algorithm, both based on short time fourier 
analysis, provide theoretically for an estimation of the slope 
of attenuation (dB/cm.MHz) : the spectral centroid shift 
method and the narrow band method. The reliability of the es- 
timators depends on the homogeneity of the medium investigated. 
Nevertheless, heterogeneities in the medium can result in 
a depth-dependent o r  frequency-dependent response of the medium, 
which makes the estimation much more complicated. 

We show that specular reflectors, as can be found in 
muscle, induce a correlation between the A-lines sharing a 

I I 

DEPTH US 

Fig. 1 2  In vivo muscle : Ef- 
fect of averaging 
on 2 5 6  lines on the 
centroid and variance 
vs. depth. (solid 
line). Effect of 
averaging on 3 2  lines 
of one muscular plane 
is shown in the 
dotted line. 
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common reflector. This appears as a distortion in the 
running spectra and the running spectral moments. A s  could be 
expected from scattering theory, specular reflectors show a 
low frequency behaviour. The specular echoes, on the other 
hand, induce a significant vertical shift of the frequency- 
attenuation curve obtained from the narrow band method. As 
a consequence the attenuation coefficient (dB/cm.MHz) extra- 
polation at the zero frequency value must be considered very 
carefully, as it is strongly dependent on specular echo noise. 

We point out also the bias introduced by specular echo 
noise in the estimation of the slope of attenuation. This bias 
depends on the reflector location on the data segment and on 
its size. A way of minimizing the specular echo noise might be 
to select A-lines without specular echoes either during the 
data acquisition or before the data processing. However, 
as a minimum amount of data is required for the statistical 
convergence of the estimation, such a solution could hardly be 
applied to muscular investigations due to the large degree 
of heterogeneity in muscular tissues. Thus, we proposed two 
methods for diminishing the importance of the specular echo 
noise : 

a) Automatic detection and correction of the specular 
echoes in the rf signal. One should also keep in mind that 
specular reflectors might have a low intensity of reflectivity 
and so cannot be detected easily by such an algorithm. 

b) Acquisition of a great number of A-lines in various 
muscular planes and averaging of the corresponding data. This 
leads to a reliable estimation of the slope of attenuation but 
actually needs a large volume of data and so allows the 
estimation of the attenuation slope only in large organs. 

The two procedures (algorithm or averaging) that we 
developed for attenuation measurements in vivo muscles may be 
applied also to other in vivo situations. 
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