
Anisotropy of Ultrasonic Parameters in Fresh Rat Skeletal  Muscle In Vitro 

Karen A. Topp and William D. O'Brien, Jr 

Department of Electrical and  Computer Engineering 
Bioacoustics Research Laboratory 

405 North  Mathews Avenue, Urbana, IL 61801 
University of Illinois at Urbana-Champaign 

backscatter  coefflcient, attenuation,  and  speed  of sound 
Abstmct -  The anisotropy of frequency dependent 

is  assessed in  fresh rat skeletal muscle  within 5 hours post 

des are measured  in 37 'C Tyrode  solution,  with  the 
rnortern. Excised rat semimembranosus and soleus mus- 

muscle flbers at 90' and 45' orientations to the incident 
sound beam. Reflected and through  transmission  signals 
from either a 6 or 10 MHz focussed  transducer give fre- 
quency dependent information  in the 4-14 MHz range. 
The  attenuation coefficient in each  muscle is consistently 
60f25% lower for propagation  perpendicular to  the  flbers 
than  at 45", whereas  speed  of sound  shows a much milder 
anisotropy  (slightly faster for the 90' orientation)  which 

anisotropy is seen in the backscatter coefficient, most nc- 
is inconclusive within  experimental error. The largest 

tably in the  semimembranosus where the  magnitude at 
90' is over an  order of magnitude greater than  at 4 5 O ,  with 
the frequency dependence in both cmes givinga power law 
close to a.  

I. INTRODUCTION 

the incident  sound field relative to the orientation  of  the 
The  variation of acoustic  properties with  direction of 

medium  being  studied  is known as acoustic anisotropy. 
Anisotropy in ultrasonic  parameters characterizing him 
logical tissue  has  been  reported for a number of tissues 
with  oriented  structures - myocardium [l], tendon [2, 31, 

jority of this work has been done  on fixed, frozen, or 
skeletal muscle [3, 4, 51, kidney [ S ]  -but  the great ma- 

post-rigor  samples, and  the few studies using fresh tissue 
have measured  only  speed of sound or attenuation [4, 71. 

of frequency  dependent  backscatter coefficient ~ ( f ) ,  at- 
The  aim of this  study is to characterize the anisotropy 

tenuation a(f), and speed of sound  c, in freshly excised 
skeletal muscle. Samples are measured in 37 "C  Tyrode 
solution to  create  conditions as similar as possible to  in 
vivo, which should he more clinically relevant. 

11. METHODS 

A .  Muscle specimen preparation 

the semimembranosus and soleus, both characterized by 
Two types of rat skeletal muscle were used is this  study, 

having straight  and parallel muscle fibers. Each mus- 
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cle  was excised from an  adult  rat within 15 minutes of 
euthanization (for another  experiment)  and  its  ends fas- 
tened to  a measurement  holder  such that  the fibers are 
at a -10.20% stretch from  relaxation. The sample is im- 
mediately immersed in 37 "C  Tyrode  solution [8] where 
it remains for all  measurements. By removing a second 

conditions  during the course of the  experiment, we ascer- 
(same) muscle from the animal, and holding it in  similar 

tained that  the measured  sample  does  not go into rigor 
until  approximately 4-5 hours  after death, when the mea- 
surements are finished. Four fresh muscles of each type 

the muscles were measured  one  day later  in post-rigor. 
have been  measured to  date. For comparison,  several of 

B. Acquisition of data 

drophone were all immersed in a temperature controlled 
The muscle sample, transducer,  and needle hy- 

(37f0.5 "C)  Tyrode  bath  in  an  arrangement  that allowed 
both transmission through,  and reflection from,  the  same 
spatial  locations  in the muscle. The sample was held 
at the focus of either a 6 MHz or 10 MHz (Panamet- 
rics V309,  V311) spherically focussed transducer  (both 

excited by a Panametrics 5900 pulser/receiver. The re- 
1.27 cm diameter,  5 cm radius of curvature) which was 

flected signal, and  the  through  transmission signal from 
the 0.6 mm diameter needle hydrophone  (Medicoteknisk 
Institut 1094) just behind the  sample,  are  both received 
and amplified by the pulser/receiver and displayed on a 
LeCroy 9354TM digitizing oscilloscope, set at 250 MS/s. 

Daedal  micropositioning  system. Two  orientations  with 
The muscle holder  is moved within the sound field  by a 

respect to  the muscle fibers were measured: 90" (perpen- 
dicular) and 45'. (The effect of oblique  incidence of the 
sound  beam on  the muscle surface  in Tyrode was cal- 
culated for the 45" case to  give a pressure  transmission 
coefficient of greater  than 0.998, in  comparison to  the 
normal incidence value of 0.999, and so is  ignored.)  At 
each orientation, a 5x5 grid of spatial  samples each sep- 
arated by 700 pm  (greater  than  both  transducers' -6 dB 
spot size) was measured,  with the mdscle moved axially 

ducer was at its center. Three RF-waveforms were cap- 
as necessary to ensure that  the focal point of the  trans- 
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tured for each spatial  point: (a) a backscattered  signal 
of 500 temporal  averages  encompassing the  entire muscle 
depth  and  both surfaces (to  be  gated off-line), which is 
used to find @,(f) as well as the thickness of the sample 
at that  spot,  (b) a transmission through muscle signal, 

a transmission  signal through  the Tyrode solution alone. 
(c) and  then moving the muscle out of the  beam path, 

The  latter two RF-signals, each averaged 100 times, are 
used to  find a ( f )  and c. At the  end of the experiment, 
a reference reflection signal for the ub measurement is 
collected from a flat Plexiglas plate positioned where the 
axial  center of the muscle had  been. 

C. Analysis of data 

Attenuation  measurements  require knowledge of the 
sample  thickness, but since  it is difficult to physi- 
cally measure fresh tissue  thickness, we use a technique 
employing the pulse times-of-flight (TOF) to the hy- 
drophone  with  and  without the specimen in  the  beam 
path (T, and Tw respectively), and  the TOF back to  the 
transducer from the muscle surfaces ( t l  front, tz back). 
Correcting for the  transmitted pulse duration, we can 
calculate  the speed of sound in the muscle (c,,,) by [g]: 

where cw is the measured  speed of sound  in  the  Tyrode 
solution (1538 m/s at 37 "C).  Then c ,  ( t z  - t 1 ) / 2  is the 
thickness of the muscle at that point. See Fig. 1 for an 
example of the backscattered  signal  with  the t 1 , 2  surfaces 
determined  by an algorithm which looks for the first and 
last  points which are  greater  than 5 times the baseline 
amplitude.  With thicknesses  known, attenuation is then 
calculated by the  standard insertion loss technique. 
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Figure 1: The backscattered RF-signal from a rat semimembra- 
nosus muscle. Dashed vertical lines are determined from an algc- 
rithm to find muscle surfaces t l . 2 .  

method of Insana  and Hall [lo, 111 
Backscatter  coefficient is determined  according to  the 

where RI is the average  distance between the transducer 
and  the  near surface of the sampled volume, A, is the 
area of the  transducer  aperture, AZ is the  axial length of 
the sampled volume, R, is the  distance from the muscle 
front face to  the near  surface of the sampled volume, a, 
and a, are  the frequency  dependent attenuation coeffi- 
cients of the sample  (measured in each  case) and Ty- 
rode  solution  (assumed  similar to  water) respectively, 

mate from the laterally sampled, diffraction  corrected, 
(lS(f)I2) is the spatially averaged power spectral  esti- 

Hanning  gated  backscattered waveforms, and IR(f)I2 is 
the reference power spectral  estimate  obtained from the 
reflection against the Plexiglas plane reflector - with 
amplitude reflection coefficient y=0.35 - evaluated at 
axial  distance R1 + A2/2. 

The window depth for the semimembranosus muscles 
was 5 ps (4 mm),  starting 1 ps below the  front  surface 
(to avoid surface  reflections), and for the  thinner soleus 
muscles was necessarily smaller, 3 ps (2.4 mm) at 0.5 ps 
below the front  surface, to ensure the same  sampling vol- 
ume  on  all  samples of the same muscle type. 

111. RESULTS 

Attenuation in each muscle shows a distinct difference 
between measurement  with the muscle fibers at 90" and 
45" to  the incident  sound  beam. An example of a ( f )  for 

Figure 2: Example of attenuation in asingle muscle at 4 5 O  and 90". 
Data is shown over the -5 dB bandwidth of the received hydrophone 
signal for the 10 MHz transducer, although the fit (not  shown) is 
performed over -3 dB. Error bars are standard deviation of the 25 
spatial samples in each case. 
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a single muscle (semimembranosus #l) is shown in Fig. 2 
where the lines are  the  spatial averages and  the  error 
bars  the  standard deviation of the 25 spatial  samples. 
The average a(f) values for all samples are shown in 
Fig. 3, where paired lines of the  same symbol are  both 
orientations of the  same muscle (45' is always higher 
than 90"). Although the two orientations  among all 
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Figure 3: Attenuation measurements at 45" and 90° for the B rat 
skeletal muscles. Different symbols represent individual muscles. 
The higher valued data of  each pair is the 45' orientation. 
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Figun 4 :  Ratio of a(f) measured at 4 9  versus measured at 90° 
for all 8 muscles. 

samples  are  not entirely separate,  the  ratio within each 

the semimembranosus in which the  attenuation for the 
muscle stays  fairly consistent (see Fig.4), especially for 

45" orientation is seen to  be consistently -60% higher 
than  that for 90". 

The averaged  speed of sound values are given in Ta- 
ble l .  The difference between the two orientations in 

Table l: Average speeds of sound * standard deviation (m/s) in 
N freshly excised and post-rigor rat skeletal muscle at 37 OC. Mea- 
surements were taken with either a 6 or 10 MHz center frequency 
transducer. Standard deviation of the spatially averaged speed 
within one muscle is typically -4  m/s, but can be  up to -7 mls. 

I Fresh semimembranosus I Post-rigor semimemb. I - 
(N=4) speed (m/s) I ( N S )  speed (m/s) 

900 1590 * 5 I 900 1573 f 6 I 45" 1580*5 I 45" 1570f3  I 
Fresh soleus Post-rigor soleus 

(N=4) speed (m/s) (N=2) speed (m/s) 
90' 1582 i 4 90" 1565 f 1 I 45" 1576 4 I 45" 1561 f 1 

fresh muscle is only  on the  order of 0.5%, but  the er- 
ror bars here, due to the  method of measuring  thickness 
at each sampled  location, have values close to the dif- 
ference between orientations  and so little conclusion can 
he drawn.  The observation, however, that c at 90" is 
faster  than at 45" contrasts with  previous work (3, 71 
that shows faster  propagation  parallel to muscle fibers. 

of the  same muscle samples for each type were measured 
For comparison between fresh and post-rigor muscle, two 

one  day  later. The speed of sound  in each case  decreases 
by close to l%, indicating  some  softening. 

The backscatter coefficient as a function of frequency 
is plotted  in  Fig. 5 for the 4 semimembranosus mus- 
cles, and  in Fig. 6 for the 4 soleus. A factor of -25 
is clearly visible as the difference in  orientations  among 
all of the semimembranosus muscles. The soleus u6(f) 
values, while averaging an order of magnitude difference 
between 45" and 90°, are less distinctly  separated when 

Figure 5: Backscatter coefficient at 45' and 90' for the 4 semimem- 
branosus muscles. Symbols represent individual muscles. Lines are 
power law fits t o  the 4 muscles at the given orientation. 
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comparing  all 4 muscles. Note that Ub(f) values taken 
by the same  method  on a homogeneous,  isotropic  tissue 
phantom show no difference at all,  within  experimental 
uncertainty. 
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muscles. Symbols represent individual muscles. Lines are power 
Figum 6: Backscatter coefficient at 45’ and 90’ for the 4 soleu8 

law fits to the 4 muscles at the given orientation. 

IV. DISCUSSION 

Distinct differences are observed in the ultrasonic  pa- 
rameters of rat skeletal muscle held with muscle fibers 
at 90” and 45” to  the sound  beam.  The  backscatter 
coefficient  between  animals is consistent,  and the two 
measured  orientations are separated by over an  order of 
magnitude,  most  notably  in  the semimembranosus. (Al- 
though  the  semimembranosus allowed for a longer time 
window,  when its  data was gated  to  the same  length as 
that used for the smaller  soleus, the Ub(f) values did not 
change significantly.) 

Speeds of sound in both muscles are seen to  be slightly 
faster  for  the 90” orientation,  contrary  to  the sugges- 
tions of previous work [3, 71, but  the experimental  er- 
ror here  makes the differences inconclusive. Attenuation 
values within  each  muscle show a distinctive  increase as 
the muscle fibers are  turned from 90’ to 45’ with re- 
spect to  the incident  sound. The  ratio of c 1 4 ~ / a 9 0  for 
the semimembranosus is consistent at  -1.6 across the 
frequencies  measured  here. The  spread of values (1.2- 
2.8) for this  ratio in the soleus  may he due to  the  larger 
amount of fascia on the surface of this muscle. 

in  characterizing its ultrasonic  parameters.  The mech- 
Anisotropy  in rat skeletal muscle is quantified  here 

anism(s) of anisotropy  must  he  related  to  orientation 
of the elastic  tissue substructure, however the physical 
cause(s)  are yet to  be  understood. 

ACKNOWLEDGEMENTS 

This work was supported in part by CA09067 from  the 
National  Institutes of Health. 

REFERENCES 

[l] See  for  example, J.G. Mottley and  J.G. Miller, 
“Anisotropy of the ultrasonic  backscatter of myocar- 
dial  tissue: 1. Theory  and  measurement in vitro,” J. 
Acoust.  Soc.  Am. vol. 83, pp. 755-761,1988, or many 

[Z] B.K. Hoffmeister, E.D. Verdonk,  S.A.  Wickline, and 
others from this  group. 

J.G. Miller, “Effect of collagen on the anisotropy 
of quasi-longitudinal  mode  ultrasonic  velocity  in fi- 
brous soft tissues:  A  comparison of fixed tendon 
and fixed myocardium,” J.  Acoust.  Soc. Am. vol. 96, 
pp.1957-1964,  1994. 

[3] W.D.  O’Brien, Jr. and J.E. Olerud,  “Ultrasonic As- 
sessment of Tissue  Anisotropy,” 1995 IEEE Ultra- 
sonics  Symposium Proceedings, pp. 1145-1148,1995. 

[4] D.K. Nassiri, D. Nicholas, and C R .  Hill, “Attenu- 
ation of ultrasound  in skeletal muscle,” Ultrasonics 
vol. 17, pp. 230-232,  1979. 

[5] V. Roberjot, P. Laugier,  and G. Berger,  “Anisotropy 
in  bovine  skeletal muscle in  vitro:  Frequency  depen- 
dent  attenuation  and  backscatter coefficient over a 
wide range of frequencies,” l g g 4  IEEE Ultmsonics 
Symposium Proceedings, pp.1467-1470,  1994. 

[6] M.F. Insana,  T.J. Hall, and  J.L.  Fishback, “Iden- 
tifying  acoustic  scattering sources in normal  renal 
parenchyma  from the anisotropy in acoustic  proper- 
ties,” Ultrasound  in Med. @ Biol. vol. 17, pp. 613- 
626,  1991. 

[7] C.R. Mol and P.A. Breddels,  “Ultrasound velocity 
in muscle,” J.  Acoust.  Soc. Am. vol. 71, pp. 455-461, 
1982. 

[S] Recipe  for  Tyrode’s  solution  from Prof.  P.  Best, 
Dept. of Physiology, slightly modified from Sted- 

Wilkins, 1995). 
man’s Medical Dictionary, 26th ed. (Williams & 

[g] C.-Y.  Wang and K.K. Shung,  “Variation in ultra- 
sonic  backscattering  from  skeletal  muscle  during 
passive stretching,” IEEE P a n s .  Ultrason.,  Ferro- 
elect., Freq. Contr., vol. 45, pp. 504-510, 1998 

[lo] M.F. Insana  and  T.J. Hall, “Parametric  ultra- 
sound  imaging  from  backscatter coefficient measure- 
ments:  image  formation and  interpretation,” Ultra- 
son.  Imag. vol. 12, pp. 245-267,  1990. 

ill] M.F. Insana,  R.F.  Wagner,  D.G.  Brown,  and 
T.J. Hall,  “Describing small-scale structure in ran- 
dom  meda using pulse-echo ultrasound,” J. Acoust. 
Soc.  Am. vol. 87, pp. 179-192,  1990. 

1372 - 1998 IEEE ULTRASONICS SYMPOSIUM 


