Frequency dependence of acoustic properties of aqueous
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The bioultrasonic spectroscopy system was employed for measurements of velocity and attenuation
coefficient of glucose solutions in the VHF/UHF range. The relation between the slope of the square
of velocity and the relaxation parameters, and the relation between the frequency exponent on
attenuation coefficient and the relaxation parameters are investigated. In order to carry out numerical
calculations, a model for a single relaxation process is employed, wherein the attenuation coefficient
is expressed as\((1+ (f/f,)?) +B)f? wheref , is the attenuation relaxation frequency, akend

B are constants. The numerical calculations show that the slope of the square of the velocity is
determined uniquely by the velocity relaxation frequenigy and vi—vé where v, is the
zero-frequency velocity and., is the infinite-frequency velocity, and that the frequency exponent

on the attenuation coefficient is determined uniquely fyy and A/B. For experimental
considerations, the velocities and the attenuation coefficients of 5, 15, and 25% concentration
aqueous solutions of glucose were measured in the frequency range 20 to 700 MHz. The data for the
5 and 15% aqueous solutions can be explained using the single relaxation model. However, the data
for the 25% aqueous solution suggest the existence of multirelaxation processe)04©
Acoustical Society of AmericaDOI: 10.1121/1.1763955
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I. INTRODUCTION eters, and the relation between the frequency exponent on the
attenuation coefficient and the relaxation parameters are in-
The bioultrasonic spectroscopy system was developedestigated. In order to carry out numerical calculations, a
for doing ultrasonic tissue characterization studies of biologi-model for a single relaxation process is employed. For ex-
cal specimens in the VHF/UHF rang@he acoustic proper- perimental considerations, the velocities and the attenuation
ties, viz., attenuation coefficient, velocity, acoustic imped-coefficients of 5, 15, and 25% concentration aqueous solu-
ance, and density, can be determined with high accuracy bijons of glucose were measured in the frequency range 20 to
an ultrasonic transmission comparison method using pur@00 MHz and relaxation parameters were obtained.
water as the reference. The frequency dependences of the
acoustic properties of bovine tissues, egg yolk and albumen,
and aqueous solutions of biomacrom_olecules such as bovir][s_ NUMERICAL CALCULATIONS
hemoglobin and sugars measured in the frequency range
have been reported We also have developed a measure- In this paper, only absorption due to a relaxation phe-
ment method for the acoustic nonlinearity parameters of lighomenon was taken into consideration as the mechanism of
uids and biological materials in the VHF/UHF range andthe propagation attenuation of ultrasonic waves. In order to
have been conducting basic research with the syst8mce  carry out numerical calculations, a model for a single relax-
the frequency characteristics of the attenuation coefficientation process is employed. Based on the acoustic relaxation
and the velocities are obtained with high accuracy by theheory? the velocityv and the attenuation coefficient are
bioultrasonic spectroscopy, they are very useful for the reexpressed, respectively, as
search of frequency dependences of acoustic propéftles.
We have proposed using the exponent on the attenuation co- ) s 5 (f/f,)?
efficient as a characterizing parameter. v¥=vg+(v5—vg)- [RTITRYS ey
In this paper, the bioultrasonic spectroscopy system is v
employed for measurements of velocity and attenuation co-
efficient of aqueous glucose solutions. The relation between 9
the slope of the square of velocity and the relaxation param- alt= 1+ (f/f,)? *

B, (2
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. . . . FIG. 3. Frequency dependence of attenuation coefficientd/Br=1, 2, 5,
vg is the zero-frequency velocity andl., is the infinite-  5nq 10.

frequency velocityf is the frequencyf, is the velocity re-

laxation frequency associated with the velocity, dpds the ¢, of the frequency characteristics of the square of the
attenuation relaxation frequency associated with the attenu@'elocityvz is determined uniquely by, andv2—v2. Note
v o 0-

tion. A=7rs/(yofa), B represents.the absorpti_on due to all that wheny,, = 1575, 1580, 1590, and 1620 ml,sf;—ug is
other absorption mechanisms, ani the relaxation strength 1555 31 500 63200. and 159 500/92, respectively

- 422
given bye=1-uvg/vs.. Figure 3 shows the calculated results of the frequency

Numerical calculations were carried out assuming thaly,,racteristics of the attenuation coefficientin the calcu-
the specimens are biological tissues or biopolymer solutiong,ions vo=1570m/s,v.,= 1575 m/s, and was set to sat-

The zero-frequency velocity, was taken to be 1570 m/g, isfy A/IB=1, 2, 5, and 10. The attenuation relaxation fre-
n Eq..(l) was set to be 200 MHz. quencyf, is calculated to be 198.7 MHz from E(B). For
Figure 1 shows the calculated results of the frequenC)éVery A/B, the slope of thew curve is 2 at the zero fre-
chgracterlstlcs of the square of the veloaityIn the cal:):%— quency, but it decreases around the attenuation relaxation
lations,v., was taken as 1575, 1580, 1590, and 1620 utls. frequencyf ,, and becomes 2 again at the infinite frequency.

2 .
has the value obyg at the Zero freq“e“% but it grqdu.a.lly Figure 4 shows the frequency characteristics of the exponent
increases as the frequency increases.increases signifi- on the attenuation coefficientin Fig. 3. The exponent on

cantly around the velocity relaxation frequenty, and it g5 ot at the zero and infinite frequencies, but it decreases
has the value od:, at the infinite frequency. It should also be iy ificantly in the neighborhood of the attenuation relax-
noted that these curves have the inflection point at the velocsi,, frequencyf,, and reaches its minimum value. It is

ity relaxation frequency, . The slopes of the curves in gig. found that the minimum value of the exponent on the attenu-
1 are shown in Fig. 2. They are the first derivativesvof  44i0 coefficient decreases A¢B increases. It is also ob-
with respect to the logarithm of frequency. The slope is zerqereq that the frequency, at which the exponent on the at-
at the zero frequency, but it increases as the frequency g ation coefficient reaches its minimum, increases/&s

creases, and reaches its maximum value at the velocity 1¢50reases, even though the attenuation relaxation frequency
laxation frequencyf,. Then it decreases as the frequency; g unchanged
" .

increases, and becomes zero again at the infinite frequency. ; is concluded that the frequency characteristics of the

The maximum value of the slope is determined uniquely byg,nonent on the attenuation coefficient are determined
the difference between3 andv?, viz., v2—v2. The maxi-

mum slope increases a3 —v3 increases. After all, the slope
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I1l. MEASUREMENT METHOD § 2567000} .

Measurements were performed using the bioultrasonic s 2566000[ -
spectroscopy system. The system is capable of measuring 2565000 measured
acoustic properties, viz., attenuation coefficient, velocity, el calculated
acoustic impedance and density of liquid, biological tissues, 2564000 P
and solids in the VHF/UHF range. The system is described in 10 100 1000
detail elsewheré.The system has further been improved to FREQUENCY [MHz]
measure the ?‘mp“tUde and phase of radio frequerigjone  Fig. 6. Measured and calculated frequency dependence of the square of
burst signals in the VHF randé velocities of 5, 15, and 25% aqueous solutions of glucose at 23 °C.

The experimental configuration for measurements is il-
lustrated schematically in Fig. 5, in which a specimen is  The attenuation coefficient is determined by measuring
inserted between the parallel surfaces of synthetic silicaghe amplitude of the transducer outpMgandV; for differ-
(SiOy) buffer rods having ZnO piezoelectric film transducersent gap lengths, andl, as
on their outer ends. The gap length between the two buffer
rods is determined by measuring frequency characteristics of 1 [Vq| 1 |ATT,|

i ) a= n—-— An——-,
the interference output &f, andV, for pure water of which =1, Vi 1o—1, |ATTY]

the velocity is used as the refererice. , . .
The velocity is obtained by the complex-mode veIocityWhereATTl andATT, are the diffraction loss for the trans-

measurement methdd,in which the phase of the transducer ducer outputs/; andVy, respectively. The diffraction loss
outputV, andV, is measured as a function of frequency. @0 be cprrectgd numerlgally using the exact integral expres-
From the measured phase differenté<¢<2 ) between ~ Sion of diffraction by Williams?

V; andV,, the velocity is obtained as

- % (4) 5, 15, and 25% concentration aqueous solutions of glu-
cose were used. The frequency characteristics of the veloci-
wheren is the integer number anld is the phase advance ties and the attenuation coefficients were measured using the
effect due to diffraction, which can be corrected numerically.bioultrasonic spectroscopy system. To cover the frequency
The numerical calculations are performed using the exaatange from 20 to 700 MHz, four different ultrasonic devices
integral expression of diffraction by WilliantsSince the having operating center frequencies of 70, 150, 420, and 700
value of the measured phase differeqeis smaller than 2r,  MHz, respectively, were employed. The temperature of the
the value ofn must be determined. If the velocity at a fre- specimen was controlled to be 23:00.05 °C.
guency is givenn can be determined by using E@). The .
velocity was measured at one frequency using théA' Velocity
zinterference methotljn which the interference output of Figure 6 shows the measured frequency characteristics
V; and the reference electrical signal derived from the signabf the square of the velocity? for 5, 15, and 25% aqueous
generator of the measurement system is measured as a fursmlutions of glucose in the frequency ranges 55 to 400 MHz,
tion of gap length ,. 55 to 400 MHz, and 23 to 420 MHz, respectively. It is seen

©)

IV. EXPERIMENTS AND RESULTS

v=
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TABLE I. Acoustic parameters used for numerical calculations of the ve- 1000 F——rrr—r— T

locities and the attenuation coefficients. E 3
t glucose .
Concentration I 25 % |
100 3
5% 15% 25% — 15% E
Velocity vo [M/s 1509.30  1550.10 1601.40 E - 5% .
measurement v, [M/s] 1509.47 1550.59 1602.35 % 10 -
f, [MHz] 85 85 81 = 3
A[ X101 s¥/cm] 55 15.1 28.7 i ]

(determined using
Vg, U, andf) IE_ 3
Attenuation A[ X107 s%/cm] 6.0 15.0 29.0 F 1
measurement B[ X 10 " $*/cm] 23.5 27.0 325 L -
f, [MHz] 85 85 84 01— v vavied vl i

10 100 1000 10000 100000

FREQUENCY [MHz]

tha’F the velocities increase \_Nith frequency for every CONCeNg g, 8. Measured attenuation coefficientsof 5, 15, and 25% agueous
tration. The dotted curves in the figures are the calculategblutions of glucose at 23 °C.
results ofv? with the acoustic parameters of, v.,, andf,

listed in Table I. Figure 7 shows the determined slopes of thgyred and calculated velocity curves for the 25% aqueous
frequency characteristics aof” in Fig. 6. The maximum  solution. By comparing Figs. 6 with 7, it is seen that the
value of the slope increases with concentration. The dottegelocity relaxation frequency, is clearly detected in the
curves in the figures are the calculated results. The measurég&quency characteristics of the slopesvdf From the fre-
curves are in excellent agreement with the calculated curvegyency characteristics of the slopewéfshown in Fig. 7f,
in both Figs. 6 and 7 for the concentration of 5 and 15%.andv2—v3 can be determined:?—v3 was determined as
However, there are differences in shape between the me&13 1519, and 3044m/9? for the concentration of 5, 15,
and 25%, respectively.

6001 —
5000 (a) glucose 5 % | B. Attenuation coefficient
5 4000 | Figure 8 shows the measured frequency characteristics
o) of the attenuation coefficients for 5, 15, and 25% aqueous
B 3000~ measured solutions of glucose in the frequency ranges 25 to 450 MHz,
T calculated | 25 to 480 MHz, and 20 to 700 MHz, respectively. Figure 9
@ shows the attenuation coefficieatdivided by the square of
1000+ . 7 frequencyf, viz., a/f2. The solid and dotted curves represent
------ 7 ML the measured and calculated values, respectively. The calcu-
600 ey I lations were performed using E(R) with the acoustic pa-
- 1 rameters ofA, B, andf, listed in Table I. Figure 10 shows
5000 (b) glucose 15 % . the determined frequency characteristics of the exponent on
N; 4000'_ i a in Fig. 8. The solid and dotted curves in the figure repre-
o - 1 sent the measured and calculated values, respectively. The
& 3000 measured measured curves are in agreement with the calculated curves
Q o e calculated 4
% 2000 - in both Figs. 9 and 10. From the exponent @rshown in
- T N 1 Fig. 10,f, andA/B can be determined\/B was determined
1000r N}( ] as 0.255, 0.556, and 0.892 for the concentration of 5, 15, and
U R | > S 25%, respectively.
6000 — —
5000k (c) glucose 25 % | C. Discussion
o H:aS‘ledd_ The value oA in Eq.(2) can be determined either by the
o s calodlate velocity or the attenuation measurement. According to the
@ 3000 ra\s . relations of A=mel(vof,), e=1-v3/v2, and f,
S 000 i =(v./vg)?f,, Ais determined using the values of, v..,
“ “\ and f,. Table | shows the values @& determined by the
1000- \\ . velocity and attenuation measurements, where it is seen that
T e T they are in excellent agreement with each other for the con-
Yo 100 1000 centrations of aqueous solutions of glucose.

FREQUENCY [MHz] For the 5 and 15% aqueous solutions of glucose, the
FIG. 7. Measured and calculated frequency dependence of the slope of tiB€asured curves are in eXC'e”em agreemen't with th? (?alcu'
square of velocities of 5, 15, and 25% aqueous solutions of glucose at 23 °dated curves for both velocity and attenuation coefficient.
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FIG. 9. Measured and calculatedf of 5, 15, and 25% aqueous solutions FIG. 10. Measured and calculated frequency dependence of the exponent on
of glucose at 23 °C. attenuation coefficients of 5, 15, and 25% aqueous solutions of glucose at
23°C.
However, there are differences in shape between the mea-
sured and calculated velocity curves for the 25% aqueous
solution. Furtherf,=81MHz was obtained from the veloc- range. The relation between the slope of the square of veloc-
ity, and f ,=84 MHz was obtained from the attenuation co- ity and the relaxation parameters, and the relation between
efficient for the 25% aqueous solution. The difference bethe frequency exponent on attenuation coefficient and the
tween them is 4%. Sincd,=1.001%, is obtained by relaxation parameters were numerically calculated and pre-
substitutingv o= 1601.40 m/s and..=1602.35m/s into Eq. sented. It was shown that the slope of the frequency charac-
(3), viz., f,=(v../vo)?f,, the difference betweef, andf,  teristics of the square of the velocities was determined
which is predicted from the difference betwegnandv., is ~ uniquely by the velocity relaxation frequendy, and the
0.12%. The causes of the 4% difference between the medlifference between the square of the velocity at zero fre-
sured values of , andf, cannot be explained by this relax- guencyv? and the square of the velocity at infinite frequency
ation theory. It is necessary to analyze the data by introdugsZ, Vviz., v5—v§. Also, the exponent on the attenuation co-
ing multirelaxation processes. Since the value of theefficienta was determined uniquely by the attenuation relax-
relaxation frequencies obtained from the 5, 15, and 25%tion frequencyf, and the ratio of the parametefsyB,
aqueous solutions are nearly equal, a main relaxation proce#éhen a/f2=A/(1+(f/f,)?) +B.
may be due to the same mechanism for all the concentration To verify the calculated results through experiments, the
solutions. A second relaxation process in the 25% aqueousequency characteristics of velocities and attenuation coef-
solution may arise from solute—solute interaction processedicients were measured for 5, 15, and 25% concentration
aqueous solutions of glucose in the frequency range from 20
to 700 MHz. The measured data for the 5 and 15% aqueous
solutions can be explained using the single relaxation model.
In this paper, the bioultrasonic spectroscopy system ha®n the other hand, it is necessary to introduce a model for
been employed for measurements of velocity and attenuatiomultirelaxation processes in order to understand the data for
coefficient of agueous glucose solutions in the VHF/UHFthe 25% aqueous solution.

V. SUMMARY
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