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The sound speed in biological tissues provides important diagnostic and treatment planning 
information. Conventional methods of sound-speed determination generally require that 
transducers make physical contact with specimens in order to measure thickness and travel 
time in the time domain. The physical contact may cause deformation and affect blood flow 
and the measurement of travel time in the time domain may be sensitive to waveform 
distortion due to tissue inhomogeneity and surface roughness. A method for determination of 
the sound speed is proposed in which the sound travel time in the sample and the difference in 
total travel time from the transducer to the rigid reflector due to the presence of the sample are 
estimated in the frequency domain and which does not require physical contact of ultrasonic 
probes to living or freshly excised tissue specimens. Ultrasonic speed measurements in silicone 
rubber and acrylic resin specimens verified the method validity. The standard deviation of the 
measurements over a 10- X 10-mm area is less than 4 m/s. Sound-speed distribution 
measurements of porcine muscle are in agreement with previously published results. 

PACS numbers: 43.35.Wa, 43.80.Ev, 43.80.Cs 

INTRODUCTION 

The spatial distribution of sound speed is an important 
acoustic parameter for quantitative characterization of liv- 
ing tissues because it is fundamentally associated with the 
medium scattering behavior, and is therefore the interaction 
mostly observed in clincial diagnosis, and because it affects 
all other ultrasonic parameters (Dunn et al., 1969). Conven- 
tional techniques for measuring sound speed require knowl- 
edge of the thickness of the tissue speciment and of the travel 
time of the sound traversing the tissue (Dunn and Goss, 
1986}. The mechanical contact required in making the 
thickness measurement causes tissue deformation and af- 

fects the blood flow of living tissue, making it difficult to 
determine the sound speed in tissues with high precision 
(Goss et al., 1978, 1980}. Also, measurement of the travel 
time in the time domain is further complicated by waveform 
distortion due to the inhomogeneity of tissue and to rough- 
ness of the interface, which reduces the accuracy of the esti- 
mate. 

In this paper, a new noncontact method for measuring 
the sound-speed distribution in tissues is proposed. Herein, 
both the reflected ultrasonic wave from the tissue specimen, 
placed in water, and the reflected signals passing through the 
propagation medium of known sound speed are analyzed in 
the frequency domain, viz., the travel time through the tissue 
and the travel time difference due to the placement of the 

specimen on an agar stage are estimated. The sound speed in 
the specimen is then determined without mechanical contact 
to the specimen, and thus without effect upon the thickness 
of the specimen. A description of the principle of this meth- 
od and results of measurements follow. 

I. THEORY 

A. Determination of sound speed without mechanical 
contact 

The tissue sample is placed on an agar stage in a liquid 
medium having sound speed co. The agar stage, as shown in 
Fig. 1, is assembled upon a rigid reflector surface. Transmit- 
ted ultrasound reflections occur at the front and rear faces of 

the sample and at the rigid reflector surface. The agar con- 
centration of the gel stage is very low, of the order of 1% by 
weight, and its acoustic properties are very nearly that of 
water. Thus reflection at the water/agar interface is negligi- 
ble. Here, t•d is the travel time between the front and rear 
interfaces of the sample; that is, the travel time of sound 
passing through the thickness d of the sample, and t•d is the 
travel time of sound passing through the distance d without 
the sample present. The thickness d of the sample is, there- 
fore, given by 

d = Ct•d ---- Cot• = Co(t•d -- At), ( 1 ) 
where 
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FIG. 1. Principle of measurement. 

At_=t•a -- twa (2) 
is the difference in the travel time from the transducer to the 

reflector due to the placement of the sample on the agar 
stage. 

The sound speed c in the sample is 

c = Co(1 - At/t•d). (3) 

From ( 1 ) and (3), d and c can be determined using mea- 
sured values of fit, t•a and the known value of Co. This calcu- 
lation procedure is similar to the method proposed by Kuo 
et al. (1990). The sound speed Co of the coupling medium, 
which is usually water or saline, can be determined by mov- 
ing the ultrasound transmitter/receiver transducer to 
known positions and determining the travel time differences. 

B. Estimation of travel time in the frequency domain 

Travel time is often measured in the time domain. But, 
as waveform distortion due to tissue inhomogeneity and sur- 
face roughness limits the accuracy of the estimate, for the 
proposed method, travel time tsd and travel time difference 
At are estimated in the frequency domain. 

Travel time t•a and At are estimated by analysis in the 
frequency domain using fast Fourier transform (FFT) tech- 
niques. A pulse wave with center angular frequency w is 
transmitted from the transducer and reflected waves are re- 

ceived by the same transducer. The reflected wave amplitude 
without the sample present, which consists of only the wave 
reflected from reflector surface, R•o (t), is given by 

Rw (t) = AwR(t -- 2tw ), (4) 

where t•, is the travel time from the transducer to the agar/ 
reflector interface without the sample present and R(t) is 
the waveform of the transmitted signal from the transducer 
[Figs. 2(a) and 3(a) ]. Here, A• is a factor involving signal 
attenuation and a reflection coefficient. Frequency-depen- 
dent attenuation and sound-speed dispersion of tissues are 
not included in order to simplify the formulation. 

I Fsi/F•f 

1/(2* tad) 

FIG. 2. The estimation of travel time 

As shown in Figs. 2(b) and 3(b), the reflected wave 
with the sample present on the agar stage, R• (t), is given by 

R•(t) = R•t (t) + R•2(t), (5) 

R•(t) =A,R(t--2t•) +B•R(t--2(t• +t•a)J, (6) 

R•2 (t) ---- C•R(t -- 2(t•o -- At)), (7) 

where t• is the travel time from the transducer to the water/ 
sample interface, A• and B• are the amplitudes of reflected 
waves from the front and rear sample faces, and C• is the 
amplitude of the wave reflected at the agar/reflector inter- 
face. Here, R(t) is the transmitted signal and R• is com- 
prised of two parts, R,• and R•2. R,• consists of waves re- 
flected from the front and rear faces of the sample and R,2 
consists of waves reflected from the reflector/agar interface. 
Travel time t•a is estimated using Fourier transforms of R, 
and R•o, and the travel time difference At is estimated using 
Fourier transforms of R,2 and R•. Since the reflector is lo- 
cated beyond the agar stage with sufficient distance from the 
sample, R• can be resolved into R,• and R•2. 

The Fourier transforms of R• and R,2, viz. F• and 
respectively, are given by 

F,t (w) = A•F(w)exp( -jw2t• ) 

+ B•F(w)exp [ --jw2(t• + t•a ) ] 

= F(w)exp( --jw2t• ) 

X [A• + B• exp( --jro2t•a ) ], 

F•2 (w) = C•F(ro)exp[ -fio2(t• -- At)], 

(8) 

(9) 
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FIG. 3. The estimation of the time difference At. 

where F(to) is the Fourier transform of the transmitted sig- 
nal R(t), 

F(to) = R(t)exp( -jtot)dt. (10) 

The Fourier transform of the reflected wave from the 

reflector without the sample, F•, (to) is given by 

Fw (to) = `4•,F(to)exp( -- jto2tw ), ( 11 

where .4 w is the amplitude of reflected wave. Using (8) and 
(11), 

Fsi (to)lF•,(to) = (,4sldo,)exp[jto2(t•, -- t•) ] 

X [1 + (B•/.4•)exp(--jto2t•) ]. 
(12) 

Figure 4 shows the trajectory of [1 + 
Xexp(--jto2t•) ] in the complex plane. The amplitude 
IF,•/Fw I is given by 

IFs,/F•, [ = x/[As + B• cos (w2tsd) ] 2 + B • sin2(to2q• )/A•, 

----x/A•2 + B•2 + 2A•B• cos(to2t•)/A•o. (13) 

FIG. 4. The trajectory of [1 + (B,/A,)exp( --fia2t,• )] in the complex 
plane. 

As shown in Fig. 2(c), IF,•/F,o [ exhibits periodic variation 
with frequency and takes a local maximum at the point of 

to2t•a =2rrk (k=0,1 .... ), 

that is, 

f2t•a=k (k=0,1 .... ). 

The frequency difference Af between neighboring max- 
imum positions of IF•/F• I corresponds to travel time t• as 
given by 

Af= 1/2t•a. (14) 

Since R• involves reflections from internal structures of tis- 
sue, F• contains some periodic components other than the 
directing component. Then t• is obtained as a maximum of 
the inverse Fourier transform of IF•/Fw I over the trans- 
ducer's band to separate the effect of reflections from inter- 
nal structures of tissue. 

The travel time difference At is estimated using F• and 
F•, as illustrated in Fig. 3. The phase difference between Fa 
and F•o is given by 

arg(Fa ) -- arg(F•, ) = arg(Fa/Fo ) 

= -- 2toAt (15) 

as shown in Fig. 3(c). 
The travel time difference At, as given by 

At = [arg(F,: ) -- arg(F•, ) ]/( -- 2to), (16) 

is shown in Fig. 3 (d). This relation is well known and can be 
used to measure phase velocity (Sachse et al., 1978). Elimi- 
nating the effect of multipath propagation in inhomogen- 
eous tissue, At is estimated as a gradient of the regression line 
through zero by the least-square method over the trans- 
ducer's bandwidth using Eq. (15). 

The trai, el time tsa and the time difference At are esti- 
mated in the frequency domain. 
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II. EXPERIMENTAL RESULTS 

The sound speeds of materials of known properties with 
thicknesses of several millimeters were measured by this 
method in order to evaluate the technique. Silicone rubber 
(Shinetsu silicone KE108) and acrylic resin samples were 
placed in a water tank 28 cm long, 28 cm wide, and 21 cm 
deep. Water at 25.1 d-0.1 *C was used as the bath (cou- 
pling) medium. An ultrasound pulse was transmitted from 
the transducer to the sample and a brass reflector, beyond 
the sample. The reflected wave was received by same trans- 
ducer. The received signal was captured by a Hewlett Pack- 
ard 5180 waveform recorder at a 20-MHz sampling rate and 
transferred, via an HP-IB interface, to a computer for the 
time difference determination. The transducer used had a 

3.5-MHz center frequency, was 13 mm in diameter, and had 
a 50-mm focal length. The -- 3-dB signal bandwidth was 2 
MHz (2.5 to 4.5 MHz). The trigger clock for the pulser was 
generated by dividing the 20-MHz sampling rate of the 
waveform recorder for completely synchronized operation. 

The sound speed of the liquid medium was determined 
by moving the transducer known distances, with accuracy 
__ 5/tin, and estimating the time differences by analyzing 

the wave reflected from the brass reflector, in the frequency 
domain. Figure 5 shows the measured sound speed, as a 
function of the temperature, for distilled water (open cir- 
cles) and 0.9% saline (open triangles ). The dotted line indi- 
cates the calculated value using Oreenspan-Tschiegg's em- 
pirical equation (Greenspan and Tschiegg, 1959). The 
measured values agree well with Greenspan's equation with- 
in + 3 m/s ( ___ 1.5 m/s over a range between 20 and 40 øC). 

The results of measurement of the silicone rubber and 

acrylic resin plate samples are shown in Table I. The thick- 
ness of the samples was also measured with a micrometer. 
The table entries (means ñ standard deviations) are the 
averages at 25 measuring points uniformly distributed over a 
10-X 10-ram area. It is seen that the ultrasonically measured 
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FIG. 5. The measured sound speed for distilled water (open circles) and 
0.9% saline (open triangles). The dotted line indicates the calculated value 
using Greenspan-Tschiegg's empirical equation. 

TABLE I. Results of measurements of the silicone rubber and acrylic resin 
plate samples. 

This method 

Thickness measured 

Sound speed Thickness by micrometer 
(m/s) (ram) (mm) 

Silicone rubber ( 1 ) 1008.0 q- 4.6 4.37 ñ 0.03 4.39 ñ 0.01 
Silicone rubber (2) 1008.9 ñ 3.9 6.36 ñ 0.03 6.35 ñ 0.01 
Acrylic resin 2758.3 ñ 4.9 10.27 4- 0.02 10.30 ñ 0.01 

values of thickness agree well with the micrometer determi- 
nations. 

The temperature dependence of sound speed of silicone 
rubber was determined for 4-mm-thick specimens and 
shown in Fig. 6. The deviation of the sound-speed measure- 
ments is less than 4 m/s. The dotted line is a regression line 
obtained by the least-squares method. 

In the measurements of the acrylic resin and silicone 
rubber samples, the estimated maximum errors of time dif- 
ference At and travel time t•a were, respectively, 15 and 50 
ns. For a 5-mm sample of tissue, with an assumed sound 
speed of 1600 m/s, the maximum error in sound-speed esti- 
mation is calculated to be about 8 m/s; an average error 
should be smaller. 

Figure 7(b) shows the two-dimensional sound-speed 
distribution in a sample of porcine muscle [Fig. 7(a) ]. The 
distribution was obtained for 121 measured points by scan- 
ning a 20- X 20-mm area at 2-ram intervals. The contour in- 
terval is 25 m/s. The sound speeds were found to be 
1521.2 d- 12.0 m/s in the fatty tissues and 1585.2 q- 17.1 
m/s in the muscle tissues. These values compare favorably 
with those published by other investigators (Goss et al., 
1978, 1980). 

III. DISCUSSION 

Determination of the two-dimensional sound-speed dis- 
tribution in tissues is important in the evaluation of the rela- 
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FlG. 6. The temperature dependence of the sound speed of silicone rubber. 
The error bars represent the standard deviation. 
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PORCINE MUSCLE 

(a) 

FIG. 7. (a) A sample of porcine muscle. (b) The two-dimensional sound- 
speed distribution in a sample of porcine muscle. 

tionship of acoustic characteristics and physiological state in 
normal and diseased tissues since this parameter involves 
both the inertial and elastic properties. The published litera- 
ture contains many reports of such measurements (Goss 
et al., 1978, 1980). However, measurement methods requir- 
ing physical contact of, for example, the transducer to the 
tissue, introduce errors as the readily deformed soft tissues 
contravene the possibility of a unique sample thickness. As 
the proposed method does not require physical contact by a 
rigid object and thereby eliminates the need for measuring 
specimen thickness, normal blood flow can continue while 
the two-dimensional sound-speed distribution is determined 
by scanning the area of interest normal to the direction of 
wave propagation. 

This method requires determination of the sound travel 
time in the sample, t,a, and the difference in the travel time 
due to the presence of the sample, At. For a 5-mm sample of 

tissue, with an assumed sound speed of 1600 m/s, a 10-ns 
error of At results in a 5-m/s error of sound speed, while a 10- 
ns error of t•a results in a 0.2-m/s error of sound speed. So 
the measurement of At is more important than the measure- 
ment of tsa. For precise measurement, At is estimated from 
the gradient of the regression line through zero in the phase 
difference of stable reflected waves from the rigid surface as a 
function of frequency. By using the least-square method over 
the transducer's bandwidth, the estimation result is the 
propagation time of the principal path in multipaths through 
inhomogeneous or dispersive media like tissues. This proce- 
dure is formally a cross-correlation technique, but it is easy 
to get the time resolution shorter than the time interval of 
sampling without interpolation in the time domain using a 
function like sin(x)/x. 

Arguments ofF52 and F•, take 2•rjumps since the argu- 
ment is in the range + •r to -- •r. But it is normally easy to 
follow because tissues have a sound speed relatively close to 
that of water. In the case of very dispersive tissues or inho- 
mogeneous tissues in which sound propagates along many 
paths, the slope of the phase may not be straight, so it may 
not be easy to trace the phase. 

The estimation of tsa also utilizes all the information 
contained in the waveform, by the analysis of the received 
signal in the frequency domain, estimation results are largely 
independent of waveform distortion due to the roughness of 
surface and internal structure, allowing the sound-speed dis- 
tribution in thin specimens to be determined. Since estima- 
tion of travel time in the frequency domain is carried out 
using FFT's, the sound-speed distribution can be deter- 
mined in nearly real-time. 

The basic principle of sound-speed estimation in the fre- 
quency domain is based on the assumption of plane-wave 
propagation. However, the experiments reported here were 
carried out using very weakly focused waves, suggesting that 
errors so introduced are usually negligible. 
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