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1. Introduction

The quantitative evaluation of cartilage has become
important with the aging of the population. For example,
osteoarthritis (OA) is one of the most common disorders
found in elderly people. In degenerative cartilage, the
tension of the superficial layer of the collagen fiber
decreases gradually.!™ The status of cartilage is evaluated
with various methodologies. For in vitro evaluations of
cartilage using ultrasound, acoustic microscopy,”™® sound
speed measurement,”'? attenuation measurement,' re-
flected wave or backscatter analysis,'*'” and an elasto-
graphic compressive approach based on echo shift measure-
ment due to cartilage compression,’®?! have been studied.
For in vivo evaluations of cartilage, reflected wave analysis,
evaluation of the roughness of the cartilage surface,
thickness measurement, and power Doppler evaluation
using an ultrasound diagnosis device have been stu-
died.??>?9 Moreover, as a less invasive approach, reflected
wave analysis using intravascular ultrasound has also been
studied.”” A more direct approach for mechanical property
assessment is a mechanical compression-based method.
One of the most important properties of cartilage is its
mechanical property including elasticity or viscoelasticity.
Therefore, some methods?®? might also be promising for
evaluating the mechanical properties of cartilage. However,
since no speckle pattern typically appears in an ultrasound
image of cartilage, it would be difficult for -elasticity
imaging methods based on speckle tracking to evaluate the
elasticity of cartilage.

On the other hand, as a solution to recover degenerated or
deficient cartilage, regenerative medicine has been ad-
dressed. In typical regenerative medicine for cartilage
recovery, a cell-seeded scaffold is cultured over a period
of time and then the cultured scaffold is transplanted into the
body. Here, evaluations of the cultured scaffold before and
after transplantation are essential for ensuring its adequate
maturity before and after transportation. In the maturity
evaluation of regenerating cartilage, it is useful to measure
the temporal change in elasticity because the maturity of
regenerating tissue is closely related to its elasticity. For the
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maturity evaluation, sound speed and attenuation measure-
ments using acoustic microscopy has been reported.’ On
the other hand, since the cultured scaffold before transplan-
tation is the sole material, nondestructive and noncontact
measurements are required for elasticity evaluation.
Therefore, with the evaluation of a cultured scaffold
sample before transplantation in mind, we previously
proposed an elasticity evaluation method for extracted
regenerating cartilage samples, which is based on ultrasound
particle velocity measurement using a laser Doppler
vibrometer (LDV).3? In our previous study, a relative
elasticity evaluation was performed using the inverse of
strain (IS) as an index. However, for quantitative evalua-
tions, calibration is required. In this study, a quantitative
elasticity evaluation method for extracted regenerating
cartilage samples, which is based on the laser Doppler
measurement of ultrasonic particle velocity and calibration,
was experimentally investigated using agar-based phantoms
with different elastic moduli and regenerating cartilage
samples extracted from beagles in animal experiments.

2. Calibration Method

In this study, with the aim of simplifying the problem of
elasticity evaluation for cartilage tissue, the cartilage tissue
is assumed to be a nearly incompressible, isotropic and
linear elastic body. In other words, it is assumed that the
effect of shear modulus is sufficiently small and negligible,
although it is not zero.

Figure 1 shows the principle of the proposed method.
Here, a series of ultrasound pulses are irradiated from the
bottom of the sample and the particle velocity on the sample
surface is measured. Here, only the longitudinal wave
propagation is considered, and it is assumed that the whole
cartilage tissue sample is homogeneous. Since the particle
velocity is continuous at the boundary between media with
different acoustic impedances, the particle velocity meas-
ured at the surface boundary of the sample is equivalent to
that inside the sample. From the above assumptions, when
only the plane progressive wave of longitudinal waves
propagates in the homogeneous cartilage sample, the particle
velocity v; is expressed as

© 2013 The Japan Society of Applied Physics
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where v}, wy, and ¢ indicate the effective value of particle
velocity, angular frequency, and time, respectively. The
index i of v} means the incident wave, that is, a progressive
wave in the sample. v} is a function of position x along
the direction of longitudinal wave propagation, as shown in
Fig. 1. In this paper, the effective value is expressed as a
complex number.

Next, the particle displacement #; is derived by integrating
the particle velocity v; with respect to time as

up = N 2ue’, 2)

where ] (= —jvi/wg) is the effective value of particle
displacement and a function of x. In order to attain elasticity
information, the strain &/ is derived by differentiating u; with
respect to x. However, since the laser Doppler measurement
in Fig. 1 is conducted at only one point on the surface
boundary of the sample, the above-mentioned strain |&}| is
approximated by using the simultaneously measured sample
thickness [ as

T
This processing corresponds to the calculation of average
strain inside the sample when it is assumed that the
displacement at the bottom boundary of the sample is zero.
In the previous study,’” the inverse of the above average
strain was referred to as the IS and the relative elasticity
evaluation was performed.

On the other hand, the bulk modulus K is derived by
calculating the ratio of the stress o] to the strain ] as

/ —
el =

(€)]
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where o) is deemed as the stress on the surface of the
cartilage sample. Therefore, the stress is affected by the
acoustic impedances of the sample and surrounding media.

Here, the transmission coefficient T}, of the stress ¢7}; induced
by the incident wave in the coupler is expressed as

@

!
Io'il

1Tp| = ®

lo ,111 ’
where ¢7; is a constant when the amplitude of the input
voltage applied to the ultrasound transducer is constant. By
substituting Eq. (§) into Eq. (4) and rewriting the bulk
modulus K as the Young’s modulus E by using the relation
K=E/[3(1 —2v)] (v Poisson’s ratio), the following
equation is derived.

E=C-IS. (6)
Here, the coefficient C is defined as
C =301 - 2)|T,lle,l. N

Thus, the coefficient C is composed of Poisson’s ratio, the
transmission coefficient, and the stress induced by the
incident wave in the coupler. However, since Poisson’s
ratio and the transmission coefficient are dimensionless, the
coefficient C has the same dimension as the stress on the
surface of the sample. To convert the IS into E, the
uniqueness of C is investigated in the following discussion.
Here, the transmission coefficient is derived as®®

2

7\ 2 Z,  Z)\?
\/ (1 + Z—;> cos?(kl) + (—Z—z— + Z_;) sin’(kl)

where Z;, Z,, and Z3 are the acoustic impedances in the
coupler, regenerating cartilage sample, and air, respectively.
k and [ are the wavelength constant and the thickness of
the sample, respectively. Variations in |7,| to the Young’s
modulus E of regenerating cartilage samples were simulat-
ed, as shown in Fig. 2. Here, the horizontal and vertical
axes indicate E and |7T,|, respectively. Assuming that
the frequency of 1MHz was used, |7,| values for
sample thickness / of 1 or 5mm were exhaustively
calculated by substituting the acoustic impedances of the
coupler and air (Z, = 1.01 x 10°kg/m® x 1519m/s =
1.53 x 10kgm=2s™!, Z3 = 1.2kg/m’ x 343 m/s = 412
kgm=2.s7!) and various acoustic impedances Z; = p,cs
(py: density, and ¢;: sound speed) of the sample within the
realistic range for native and regenerating cartilages into
Eq. (8). Specifically, densities p, of 1.00 x 10° to 1.02 x
10°kg/m3 and sound speeds ¢, of 1500 to 2000 m/s were
used. In addition, Young’s moduli of 1075 to 5MPa were
also used in relation to the given density and speed sound.
Then, Poisson’s ratio is calculated uniquely by using the
relationship v = 0.5 — E/(6p,¢;). In Fig. 2, although there
is no correlation between |T,| and E (R* =1 x 1078 for
I'=1mm, and R*> = 6 x 107'7 for [ = 5mm), each |7,| has
fluctuations around a constant mean value caused by
variations in density and sound speed. From the mean value
and standard deviation (SD) of |T,| shown in Fig. 2, the

Tp| = ®
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Fig. 2. Relationship between the Young’s modulus E (horizontal line)
and the transmission coefficient |T,| (vertical line) in samples with thickness
1. (a) and (b) show the mean value and SD of |7}| for / = 1 and 5mm,
respectively. The CVs of |7}, in (a) and (b) are 1.7 and 0.9%, respectively.

coefficients of variance (CVs) (= 100 x SD/mean) were
17% for |=1mm and 09% for {=5mm. The CV
corresponds to the error rate in the calculation of Young’s
modulus when |T}| is regarded as a constant. Next, the mean
and SD of the collaterally obtained Poisson’s ratio in the
above calculation process were 0.499 and 9.04 x 1075,
respectively. Consequently, when the above fluctuations in
both |T,,| and Poisson’s ratio are considered, the CV of C
reaches 64.8%. This means that large errors occur in the
calculation of Young’s modulus using a constant C, when
both |T,| and Poisson’s ratio are unknown.

In order to avoid this problem, it is effective that the
coefficient C is determined by using test materials for
calibration with the same or a similar Poisson’s ratio to that
of regenerating cartilage. Since the CV of C decreases to
that of |7},| as a result of such determination, the use of C as
the calibration coefficient becomes realistic and valid for the
quantitative elasticity evaluation.

Another merit of using test materials is that a sampling
test using the regenerating cartilage itself can be avoided.
Since the cultured regenerating cartilage is a valuable sole
material and cannot be used for the sampling test, the
coefficient C cannot be determined by using the regenerating
cartilage itself. In addition, the stress information required
for Young’s modulus estimation can also be obtained by the
determination of C using the test materials. In this case, the
input voltage to the ultrasound transducer and the stress |o7;]
must be maintained constant.

07HF24-3

In this study, the calibration coefficient is determined
experimentally by comparing the Young’s moduli measured
by mechanical tests and the ISs measured by our previously
proposed method using test materials.

3. Experimental Setup

Figure 1 also shows the measurement system used in this
study. A cylindrical sample tank contains phosphate buffered
saline (PBS) whose temperature was kept at 20.0 °C. In the
sample tank, a circular urethane-based acoustic coupler
(Takiron STD112) with a thickness of 10 mm and a diameter
of 20mm was placed on the surface of an ultrasound
transducer with a planar aperture, a center frequency of
1 MHz, and a circular element with a diameter of 6 mm (GE
Sensing and Inspection Tech. 221-340), and an extracted
regenerating cartilage sample was placed on the acoustic
coupler. A laser Doppler vibrometer (LDV; Graphtec
AT0023 and AT3700) with a spot diameter of 20 um and a
frequency range up to 10 MHz was set 30 cm apart from the
cartilage sample surface. The laser spot of the LDV was
also positioned on the central axis of the acoustic field by
irradiating a visible red laser beam (wavelength: 632.8 nm)
at the aperture center of the ultrasound transducer before
placing the coupler on the transducer. On the basis of such
settings, the measuring point and central axis of acoustic
field on the sample surface can be easily identified when the
sample is placed on the coupler.

After completing the above setup, pulsed-wave ultrasound
with a wave number of 5 was irradiated to the bottom of the
cartilage sample via the acoustic coupler. The voltage
applied to the ultrasound transducer was 450 Vi, and was
maintained constant. This acoustic output generated a
particle displacement of 0.46um on the surface of the
acoustic coupler without the sample placed on it, as

-determined by the root mean square (RMS) calculation

for the particle displacement waveform. Then, the LDV
measured the ultrasound particle velocity on the surface of
the cartilage sample, and the particle velocity waveforms
were recorded using a digital oscilloscope (LeCroy
WS454VL) at a sampling frequency of 500 MHz. After
recording the data, the particle velocity waveform was
converted to the particle displacement waveform by
temporal integration. Then, |u| in Eq. (3) was obtained by
calculating the RMS of the particle displacement waveform.
The calculation of RMS was also effective for obtaining a
high signal-to-noise ratio. At the same time, the thickness of
the sample, / in Eq. (3), was also measured using a laser
thickness indicator (KEYENCE LK-G35). Subsequently, the
IS, that is, 1/|¢}|, was calculated using Eq. (3).

On the other hand, in order to determine the calibration
coefficient, the reference Young’s modulus was also
measured by a static mechanical compression test. This test
was conducted using an Instron-type universal testing
machine (A&D UTM-10T). The sample was quasi-statically
compressed by a plate-type indenter with a diameter of
10mm at a constant crosshead speed of 2mm/min, and
simultaneously, the compression forces were measured by a
load cell (rating capacity of 1kg, and resolution of 0.02% of
rating capacity). Stress and strain were calculated from the
measured forces and the dimensions of the sample, and then
the Young’s modulus of the sample was calculated using the

© 2013 The Japan Society of Applied Physics
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ratio of stress to strain. In the same test materials, both the
static mechanical compression test and the IS measurement
were conducted and the calibration coefficient was deter-
mined by comparing these values. For the regenerating
cartilage sample, first, the IS was measured and then
Young’s modulus was calculated using the predetermined
calibration coefficient.

4. Results

4.1 Determination of calibration coefficient

To determine the calibration coefficient in this study, three
homogeneous phantoms with different elasticities (0.05, 0.1,
and 0.2MPa as Young’s moduli) and a constant size (side
length of 10mm, and thickness of Smm) were made by
changing the weight concentration of agar powder and used
as the test materials. For each phantom, the IS was measured
by our previously proposed method, and the reference
Young’s modulus was measured by the static compression
test described in Sect. 3. On the basis of manufacturing
these agar-based phantoms, the densities of the agar-based
phantoms with Young’s moduli of 0.05, 0.1, and 0.2 MPa
were 1.01 x 103, 1.02 x 10%, and 1.02 x 10% kg/m?, respec-
tively. Likewise, the sound speeds of the agar-based
phantoms with Young’s moduli of 0.05, 0.1, and 0.2MPa
were 1520, 1532, and 1556 m/s, respectively.n) The
calculation of Poisson’s ratio described in Sect. 2 revealed
that the Poisson’s ratio in the agar-based phantoms was
0.499. By comparison, the density and sound speed in the
specimen of native auricular cartilage tissue of a beagle were
measured to be 1.02 x 10°kg/m® and 1599m/s, respec-
tively.’® In addition, the Young’s modulus in the specimen
was 0.5 MPa. As a result, the Poisson’s ratio of this native
cartilage tissue was 0.499. Namely, there was no significant
difference between the Poisson’s ratios of the agar-based
phantoms and the native cartilage tissue. It is predicted that
the acoustic properties and Young’s modulus of the
regenerating cartilage tissue will gradually become close
to those of the native cartilage tissue. Therefore, it is also
predicted that there will be no significant difference between
the Poisson’s ratios of the agar-based phantoms and the
regenerating cartilage tissue. Consequently, the use of these

agar-based phantoms is appropriate and valid for the.

determination of the calibration coefficient.

Figure 3 shows a comparison of the reference Young’s
moduli with the ISs (n = 3). A linear relationship between
the reference Young’s modulus and the IS was observed.
The slope of this straight line corresponds to the calibration
coefficient. Therefore, the calibration coefficient was
determined by fitting a linear regression line to the measured
points in Fig. 3.

4.2 Regenerating cartilage sample measurement

In vitro measurements using regenerating cartilage samples
(n = 3), which were extracted from beagles in approved
animal experiments, were conducted using the above-
mentioned system. Autologous auricular cartilage cells of
a beagle were transfused into a poly(t-lactic acid) (PLLA)
scaffold and cultured for a certain period of time (1, 2, or 3
weeks). The scaffold with the cultured cells was transplanted
subcutaneously in the same beagle and extracted after 2
months. The extracted cartilage sample (side length of 5 mm,
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Fig. 4. Calibration results for regenerating cartilage sample elasticities.

and thickness of 1 mm) was placed on the acoustic coupler,
and the IS was measured by our method. Here, although the
thickness of the cartilage sample was 1 mm, the thickness of
the above agar-based phantom was 5 mm because of ease in
making homogeneous phantoms. However, there was no
significant difference between |T,| for /= 1 mm and that
for [ = 5mm, as shown in Fig. 2. Therefore, the Young's
moduli of the cartilage samples were determined using
the measured ISs in the samples and the predetermined
calibration coefficient in the agar-based phantoms.

Figure 4 shows the calibration results for regenerating
cartilage sample elasticities for various culture periods (1, 2,
and 3 weeks). As a reference, control data were also acquired
using only the scaffold without any cell seed. A relatively
high correlation and good agreement between the calibrated
Young’s moduli and the Young’s moduli measured by the
mechanical compression test were observed.

5. Conclusions
A calibration method for quantitative elasticity evaluation of

© 2013 The Japan Society of Applied Physics
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a regenerating cartilage sample was proposed and investi-
gated using agar-based phantoms and regenerating cartilage
samples. Experimental results obtained using regenerating
cartilage samples revealed the feasibility of the proposed
calibration method. In this method, the stability of test
materials and the accuracies of the IS measurement and
mechanical test are important. Therefore, in future works,
the accuracy of the calibration method must be improved
through measurements using a number of test materials for
calibration.
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Abstract The speed of sound (SOS) is available as an
index of elasticity. Using a combination of magnetic res-
onance imaging (MRI) and ulrasound, one can measure
the SOS. In this study, we verified the accuracy of 508
measurements by using a combination of MRI and ulira-
sound. The accuracy of the thickness measurements was
confirmed by comparison of the resulis obtained with use
of MRI with those of a non-contact laser, and the accuracy
of the calculated SOS values was confirmed by comparison
of the results of the combined method and ulrascund
measurements with the transmission method ex vivo. There
was no significant difference between thickness measure-
ments by MRI and those with the non-contact laser, and
there was a significant linear correlation between SOS
measurement results by use of the combined method and
those by use of the transmission method. We also showed
that the SOS8 values obtained agreed with those of previ-
ously published studies.
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I Introduction

The onset of osteoarthritis (OA) due (0 aging involves
biological change, mechanical property change, and
structural change in the cartilage. The speed of sound
{SOS} in tssue varies according to the pathologic condition
in a disease [1-3], and is available as an index of tissue
elasticity, which is helpful in the differential diagnosis.
Ghoshal et al. [4] reporied that the SOS in the liver
decreased as the fat content increased. Kiviranta et al. {5]
investigated the SOS in cartilage and described the rela-
tionship between tssue stiffness and the SOS in the tssue,
as demonstrated by measurements use of ultrasound-
indentation method in a study that used various high-fre-
guency ultvasound measurements for obtaining elasticity
tndices ex vivo., An accurate method for measuring the
SOS in cartilage would be valuable for diagnosing OA,
especially if it could be applied to measurements in vivo.

Conventional ultrasound  elastography  imaging with
phase-sensitive speckle-tracking algorithms has been used
as a non-invasive method for evaluating elasticity in sev-
eral types of tissue {6, 7], but the lack of an internal signal
in tissue such as cartilage makes imaging difficult. How-
ever, the assessment of ultrasound imaging has been
improved by the advent of the pulse-echo method [8]. Use
of the pulse-echo method with wide dynamic range enables
visualization of tissue boundaries such as that between the
bone and cartilage with a high signal intensity image [8].

in this study, we evaluated our proposed method, which
combines magnetic  resonance  bmaging (MRID and
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pulse-echo ultrasound measurements for SOS measurements
in cartilage.

2 Materials and methods
2.1 Specimen preparation

Three-percent (w/v) agar phantoms (n = 10}, approxi-
mately 5 mm in thickness, were made from agar powder in
a laboratory dish (Wako Pure Chemical Industries, Osaka,
Japany dissolved in heated deionized water, with glycerin
added in concentrations ranging from 10 to 60 % (w/v)
(Wako Pure Chemical Industries). The SOS in agar phan-
toms varies according to the concentration of glycerin [9],
and the phantems made for this study incorporated differ-
ent concentrations of glycerin, in steps of 5 %.

Fresh porcine knee joints (n = 6) were obtained from a
local abattoir (ZEN-NOH Central Research Institute: for
Feed and Livestock, Ibaraki, Japan). From each specimen,
disks 12 mm in diameter (total, n = 24) were harvested
from four sites on the medial and lateral femoral condyles.
The subchondral bone was removed from each specimen
with a punch and a razor {10}, MRI and pulse-echo ultra-
sound measurements were performed with the specimens
encased in agar. Table | shows a description of the subjects
and measurements.

2.2 MRI imaging

MRI was performed with a 3.0T whole-body clinical
scanner (InteraAchieva: Philips Medical Systems, Best.
Netherlands) with a sensitivity encoding (SENSE) coil for
wrists with use of a parallel imaging technique. Morpho-
logical isotropic voxel images were acquired using a three-
dimensional (3D) fast-field eche (FFE) sequence with the
following parameters: repetition time/echo time (TEL/TE2),
1977.0/13.3 ms; field of view, 80 x 80 mm; flip angle, 35%;

slice number, 230; voxel size. 0.3 mm’: and number of
excitations. 1. Reduction factors for parallel imaging were |
(phase direction) and 2 (slice direction). Fat suppression
was achieved with the use of water excitation (total scan
duration: 309 sy. The FFE sequence has several different
types of contrasts, and we used 'm-FFE', which meant
multi-slice, multi-echo sequence. The image of TE2 was
used for measurement of the cartilage thickness.

2.3 Theory supporting SOS measurements in cartilage
by use of the combined method

The distance between two points when ultrasound imaging |
is used is calculated from the time of flight (TOF) of an
ultrasound pulse between two points, by use of a fixed
value for the SOS, as shown in Eq. (1). In Japanese
ultrasound devices. this fixed SOS value is set as 1530 my/s,
in accordance with Japanese industrial standards.

Distance = SOS gy.q; x TOF, ) (1

where TOF represents the flight time of the ultrasound
pulse between the two points. Then, after the cartilage
thickness is accurately measured by MRI, an actual SOS
value for the cartilage specimen can be calculated as
follows.

SOS caniteges = SOS(gxeas
% Thickness gy / Thicknessyasonnd; < {2)

where “SOS yape; 15 the actual SOS in the cartilage.
SOS seqs” 15 the set 1530 mv/s value used in the device,
and ‘Thicknesspury and ThicknesSuigasouna; are the
cartilage thicknesses measured by MRI and by ultrasound,
respectively.

2.4 Theory supporting SOS measurements in cartilage
by ransmission method

The SOS was calculated for agar phantoms with the fol-

scanned matrix. 512 x 512 (acquired matrix 236 x 256)  lowing formulas, where [ is the distance belween
Table 1 Description of the subjects and measurements
Subject Number  Preparation Measurement
Target Method
3 %-agar + glycerin 10 Quantity of glycerin addition (/100 ml) 0, 10, {5, Exact subjects thickness  Non-comtact taser
added phantors 20. 25, 30, 35, 40. 45, 50, 60 Subject’s thickness and  Ultrasound
Approx. 3 mm thickness, in & lzborutory dish speed of sound (transmission}
Ultrasound {pulse-
echoy and MR
Porcine knee cartilage 24 Disks 12 mm in diameter Ultrasound (pulse-
specimen 6 knees  Medial and laieral femoral condyles echoj and MRI

4 sites
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transducer 1 and wransducer 2 (30 mmy. [y 18 the distance
between the transducer and the agar phantom, /; is the
thickness of the agar phantom, ¢, and ¢ are the SOS of
saline and the agar phantom. and r and #, are one-way TOF
when the agar phantom is placed between the transducers
and when 1t is not placed, respectively (Fig. 1),

Hence, the SOS in an agar phantom can be calculated from
the following formula:

= t) /iy H el B

2.5 Thickness measurements of specimens

The accuracy of cartilage thickness measurements was
evaluated with agar phantoms and porcine knee cartilage
specimens by use of the following modalities: pulse-echo
ultrasound  mieasurements, with a center frequency of
10 MHz and a fixed SOS (EUB-7500; Hitachi Medical
Corporation, Tokyo, Japany MRI as described above: a
non-contact  laser (spot  diameter, 70 pm: LK-(G33,
LKGDS00, Keyence, fapan). The laser we used was a type
o measure distance from surface reflection which can
measure the agar, but the cartilage specimen had difficulty
in laser measurement for s milky-white color. In the
pulse-echo  vltrasound measurements, the cartilaginous
thickness was obtained from the distance between the
peaks of the profile curve (Fig. 2a). In MRI measurements
of thickness. agar phantom thicknesses were obtained by
use of the full width at half maximum (FWHM. Fig. 2b)

(a) )‘L
filed with saline Transducer 1

. Transducer2
specimen

with a square region of inierest (ROD parallel to the
phantom’'s surface. The thicknesses of the cartilage speci-
mens were obtained from the distance between the peaks of
the profile curve, with use of manual outline exiraction. Al
thickness measurements were reprocessed with Image J
software {version 145, Natonal Institmies of Health,
Bethesda, Maryland, USA) Because the repetitive accu-
racy of laser measurements 1s of the order of 0.05 pm. the
thickness measurements obtained by the laser device were
constdered gold standard values. Each thickness measure~
ment was performed five tmes, and the mean values of
these measurements were used in this study,

2.6 SOS measuremenis in specimens

The SOS in cartilage specimens was measured with the
combination of pulse-echo  ultrasound  and MRI as
described above, and also with transmission ulirasound.
Because the SOS calenlated from the TOF which was
obtained by wansmission sluasound measurements was
considered the gold standard value, the SOS values for the
agar phantoms obtained by transmission ultrasound mea-
surements alone were compared with those obtained via the
combined method. And the SOS values of the porcine
cartilage specimens calculated from the combined meihod
were compared with values of previous studies,

The wansmission ultrasound method was implemented
with planar non-focusing transducers with a center fre-
quency of 5 MHz and an aperture diameter of 0.25 in. (GE
Inspection Technologies, Wichita, KS, USA} by use of a
non-contact method [11] at room temperature (184 °C).
The multiple pulses of TOF which were obtained {rom an
oscilloscope were averaged o raise the measurement

Rounditrip
propagation time

amp oscilloscope
HSA4001, NF, Japan W5454VL, LeCroy

arplitude {mV)

- Function generator
S| AFG3252, Tektronix

Fig. 1 Carufaginous SOS measurements by use of iransmission
ubtrasound. A cartilage specimen is placed in a laboratory dish filled
with salime. Ulrasonic waves from fransducer | penctrate ihe
specumen and are received by waasducer 20 a The one-way TOF is
measured with an oscilloscope: b measuring and averaging the umes

Propagation time {us)

beiween multi-echoes yields high-precision measurement of propa-
gation tme (0. 1 = {1y + HY2 1o 1s-2nd waver 1 Znd-3rd wave,
The unit of propagation in the Agure, “us™. means microsecond. and
the unit of amplitude “mV", means miliivol






