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Previous studies have utilized articular cartilage from joints as a model to investigate the
influence of various constituents in a connective tissue matrix on ultrasonic properties. These
studies have assumed a degree of homogeneity of articular cartilage taken from the same joint.
However, tactile loads on articular cartilage vary significantly with location in a joint, and the
effects of mechanical load on the connective tissue matrix and the resulting effects on
ultrasonic properties are not known. This work reports the variations in acoustical properties
of bovine articular cartilage from the stifle (knee) Joint both among different joints and within
each joint. A pulse-echo transmission technique was used to measure acoustic attenuation in
the frequency range of 10 to 40 MHz. The attenuation coefficient was characterized by the
integrated attenuation (mean value) over the frequency bandwidth considered. Integrated
attenuation averaged over each joint varied among joints from 3.2 to 7.5 NP/cm (6.0 + 2.0,
mean + s.d.). Additionally, a linear regression (r = 0.59) of all the data versus location along
the patellar groove indicated that within joints integrated attenuation increased from proximal
to distal locations by 6% to 60% (32 =+ 25, mean + s.d.). The variations observed among
Joints and along the patellar groove within a given joint suggest that studies utilizing articular
cartilage to determine the role of connective tissue constituents on acoustic properties require

control for joint and location. An additional outcome of this study was the observation that
damage to the load-bearing surface of articular cartilage may be detectable ultrasonically
through characteristics of the acoustic reflection from the articular surface.

PACS numbers: 43.80.Cs, 43.80.Ev, 43.80.Qf

INTRODUCTION

Collagen is the major structural constituent in connec-
tive tissue. It is present in the form of fibers that are con-
structed from fibrils, which in turn are composed of individ-
ual collagen molecules. The most common forms of
molecular collagen are types I, II, and III. Most collagen
exists as molecules in a helical arrangement of three mon-
omers. The acoustic impedance of collagen fibers is signifi-
cantly higher than that of most other soft tissue (Goss and
O’Brien, 1979). The acoustic attenuation coefficient of col-
lagen-rich tissue such as skin is also higher than other soft
tissue with less collagen, such as liver (Daft er al., 1989).
Thus medical acoustic techniques of both the therapeutic or
diagnostic variety are affected by the presence of collagen.
Conversely, acoustic techniques that could quantify the
amount of collagen or detect chemical or mechanical alter-
ations in the state of connective tissue would be important
for monitoring certain biological processes, such as wound
healing (Forster et al., 1990; Olerud et al., 1990) and dam-
age to cartilage surfaces, e.g., fibrillation (Freeman and
Meachim, 1979).

The matrix of articular cartilage exists as a collagen
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framework primarily consisting of type II collagen. The
structural, biochemical, and mechanical properties are rea-
sonably well characterized, and enzymatic methods have
been described to selectively extract from cartilage the gly-
cosaminoglycans, proteoglycans, and other noncollagen
proteins (Chun et al., 1986). Additionally, the intramolecu-
lar crosslinks of the collagen framework can be selectively
cleaved. Hence articular cartilage is an attractive and appro-
priate model for the acoustic study of the role of various
connective tissue constituents on acoustic behavior. Results
of Agemura et al. (1990) show that changes in collagen
cross-linking result in significant changes in attenuation co-
efficient. These results assume homogeneity of articular car-
tilage taken from the same joint.

To ensure protocols developed to investigate acoustical
properties of cartilage can be controlled for biological varia-
tions, it is important to determine joint-to-joint variations.
In addition, a review of biomechanics indicates that loads
vary significantly within a joint (Maquet, 1984). We specu-
lated that the structure and acoustical properties of the carti-
lage may also be subject to variation within a joint. Thus, in
this study the variation in acoustic attenuation coefficient
both among different joints and within each joint was inves-
tigated.
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FIG. 1. Schematic of the patellar groove showing regions in the medial facet
from which samples were taken. The entire medial facet was approximately
102 cm. Three locations along the patellar groove, proximal (regions
3 & 6), middle (regions 1 & 5), and distal (regions 4 & 2) are depicted
from left to right. Spacing along the patellar groove (shown left to right)
was 2-2.5 cm and between adjacent samples within each region (shown
vertically) was approximately 1 cm.

I. METHODS
A. Specimen preparation

The articular cartilage specimens were obtained from
the medical facet of the patellar groove of bovine stifle
(knee) joints. The stifle joint is the articulation of the femur
(thigh bone), the tibia ( leg bone), and the patella (knee
cap). The patellar groove is located on the distal femur (see
Fig. 1) where it provides a channel to control the transverse
motion of the patella. The cartilage that covers the medial
facet of the patellar groove is approximately 10 cm long, 2
cm wide, and 1 mm thick. Morphological studies of adult
articular cartilage show three different zones of preferred
collagen fiber bundle orientation. At the articular surface a
tangential zone representing approximately 20% of the
thickness (approximately 200 um) is present. Collagen fiber
bundles in that zone are tightly packed and oriented approxi-
mately parallel to the surface. Beneath the tangential zone
are the larger transitional and radial zones representing ap-
proximately 309% and 50% of the thickness (300 and 500
p#m), respectively. In the radial zone the preferred collagen
fiber bundles orientation is perpendicular to the articular
surface. In the transitional zone, as the name implies, a tran-
sition in fiber bundle alignment occurs from parallel in the
tangential zone to perpendicular in the radial zone. Hence,
preferred fiber bundle orientation in the transitional zone is
more random (Hukins ez al., 1984; Agemura et al., 1990).

Five joints were obtained from a local meat packer (We-
ber Packing, Sumner, WA ). The animals’ ages were typical
of slaughtered steers, i.e., from 1 to 2 years old. The stifle
joints were removed and frozen to — 10°C at the packer,
then delivered to the University of Washington and pro-
cessed immediately or stored at — 20 °C for up to 2 weeks
before processing.

All cartilage specimens were removed from the medial
facet of the patellar groove of each joint after it was thawed
for 24 h at approximately 2 °C. Each sample was removed
with a 4.0-mm-diam biopsy punch from a flap of cartilage

677 J. Acoust. Soc. Am,, Vol. 92, No. 2, Pt. 1, August 1992

separated from the subchondral bone with a scalpel. Imme-
diately after removal each sample was placed in a separate
plastic container, bathed in an embedding compound (Tek-
Tissue OCT, Miles Co., Indiana), and then refrozen by dip-
ping in a mixture of dry ice and ethyl alcohol and later stored
in a freezer at — 70 °C until microtoming was performed.
The time required to excise, embed, and refreeze each speci-
men was less than 30 min.

Preliminary studies indicated that the end (articular
and chondral) surfaces required planing with a microtome
to ensure that acoustic propagation through each sample
was not significantly affected by surface roughness or con-
vexity (Senzig, 1991). Microtoming was performed on the
frozen samples. Approximately 25-60 pum was removed
from each surface (in the tangential and radial zones, respec-
tively) to provide two smooth, plane, and parellel surfaces.

A schematic of sample locations for each joint is shown
in Fig. 1. Two samples were taken from each of three loca-
tions along the patellar groove. The proximal location corre-
sponded to regions 3 and 6, the mid-location to regions 1 and
5, and the distal location to regions 2 and 4. The random
numbering system was part of the protocol; the data reduc-
tion was performed blind without location information. The
separation between proximal and distal locations ranged
from 4 to 5 cm. The separation in the medial direction was
approximately 1 cm.

B. Acoustical analysis

The acoustic measurements were performed with a sin-
gle-transducer, pulse-echo system designed for high-resolu-
tion tissue characterization of skin. A Panametrics
(Waltham, MA ) pulse/receiver model 5600 and transducer
model V375 were utilized. The transducer focal length was
1.9 em, with an active element diameter of 0.64 cm. The
— 6-dB beam width at the focus and the focal depth of field
were measured to be 0.2 and 4.4 mm, respectively (Forster
et al., 1990). Further details are given elsewhere (Forster
etal., 1983; Senzig, 1991). Prior to the cartilage analysis, the
system calibration was confirmed by comparing attenuation
coefficient estimates for chloroform with published data.
The comparison is shown in Fig. 2.

At the time of ultrasonic data acquisition each micro-
tomed sample was thawed, and the embedding compound
was removed using a buffered Tris-saline solution at room
temperature. Each sample was then mounted with the chon-
dral side (radial zone) contacting an optically smooth glass
surface 0.24 cm thick. The 4-mm-diam specimen was held in
place by a Lexan mounting plate having a 2.0-mm-diam
acoustical access hole centered over the specimen. This di-
mension was small enough to ensure contact at the carti-
lage—glass interface, and yet large enough to allow examina-
tion of the sample without measurable interference with the
acoustic beam. After mounting, the sample was lowered in a
20°C degassed 0.15 M saline solution that served as a cou-
pling medium between the transducer and the sample.

With the transducer focused on the glass mounting sur-
face behind the specimen, five records of the specular reflec-
tion from the glass were digitized at five different lateral
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FIG. 2. Calibration data using measured values of the attenuation coeffi-
cient for chloroform (CHCIL,) are shown with dashed curves. Multiple cali-
bration curves represent independent measurements. A best-fit curve by
Huf-Desoyer et al. (1979) based on their data taken between 15 and 47
MHz is shown as a solid curve.

locations corresponding to the coordinates, (0.0,0.0) and
( £0.3, + 0.3) mm. Similarly, five time records were taken
of the reference reflection from the glass before mounting of
the specimen. The entire acoustical measurement process
took approximately 15 min per sample after thawing.

The frequency-dependent attenuation coefficient a(f)
was estimated for each sample as

a(f) = 1 In 6. ,
4 G.(f)

where ¢ is the specimen thickness, G, (/) isthe average of the
power spectral densities (PSD) of the five reflection time
records, and G, (f) is the corresponding PSD with the speci-
men in place. This procedure corresponds to the C-scan
averaging protocol of Forster ez al. (1985). The PSD were
based on 64-point time records sampled at 320 MHz. A
1024-point fast Fourier transform was used after eliminating
signal offset, applying a Kaiser-Bessel data window, and
adding trailing zeroes. The specimen thickness was deter-
mined from the acoustic speed in cartilage and the time delay
observed between front and rear echoes. The acoustic wave
speed through cartilage was taken as 1700 m/s (Agemura
etal., 1990).

For the purpose of investigating Jjoint-to-joint and with-
in joint variations in the attenuation coefficient, the integrat-
ed attenuation a, was statistically analyzed. This variable
was defined as the average over frequency of the attenuation
coefficient

1 /2
a, =—f a(Ndf. (2)

The frequency range chosen in this study was 10 to 40 MHz,
which represented the usable bandwidth of the pulse-echo
system employed. While the details of the frequency depend-
ence of a(f) are lost by the integration used to define o ;> the

(1)
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latter variable was considered a more robust estimate of at-
tenuation than a (f) at a particular frequency. All statistical
analyses were performed using a commercial statistical
package (SYSTAT, Systat, Inc., Evanston, IL).

C. Error analysis

Three possible sources for error were identified with the
transmission method used to estimate the plane reflector and
comparing the reflected acoustic signal from the reflector
with and without the specimen in place. Each error was ex-
pressed as a fractional error E = (&,ye — @rneaoured )/ e - A
detailed description of each error is given by Senzig (1991).
The error E, was due to the acoustic impedance mismatch
between saline and each cartilage specimen. It was expressed
as

E, = In T,/ 2at, (3

where T} is the power transmission coefficient for saline/
cartilage. A worst-case estimate of £, was 3% based on T’ Y
=0.996, r = 0.2 mm, and @ = 3 Np/cm.

The fractional error E, was due to curvature of the front
surface of each cartilage specimen introduced by the force of
the mounting jig at the outer edge of each specimen. The
resulting error was based on the deviation At in local thick-
ness ¢, and was expressed as

E =1—1t/(t—Ap). | (4)

A worst-case estimate of E, was 8% based on ¢ = 0.2 mm .
and At =0.015 mm.

The last error considered was denoted as E,, and it was
due to a fluid gap between the cartilage specimen and the
plane reflector on which it was mounted. A gap smaller than
the pulse duration can cause interference between incoming
and reflected acoustic signals. However, since each specimen
was held against the mounting reflector by the force of the
Jig, any fluid gap would be reduced to the order of the rough-
ness of the microtomed surface, which was assumed to be
approximately 5 ym. The resulting worst-case value of E,
was 1%.

The above error estimates do not include the effect of the
uncertainly in wave speed which has a 90% confidence inter-
val of 1620 to 1740 m/s (Agemura et al., 1990). This uncer-
tainty in wave speed and the resulting uncertainty in the
thickness estimate ¢ increased £, and E > but the change was
small relative to E_.

When added together, the three measurement errors
were estimated to be a maximum of 12% for a thin specimen
with a low attenuation coefficient. These error estimates are
consistent with the calibration data shown in Fig. 2 at middle
frequencies where the spread of the data is approximately
the same amount.

Il. RESULTS

A box plot of the integrated attenuation « ; is shown in
Fig. 3(a) for all joints. The data strongly suggested differ-
ences among joints. The mean for each joint varied from 3.2
Np/cm (joint 3) to 7.5 Np/cm (joint 1) (6.0 + 2.0,
mean + s.d). A multiple-comparison test based on the Tu-
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FIG. 3. (a) Raw integrated attenuation data. (b) Integrated attenuation
standardized to a zero mean and unity standard deviation for each joint.
The median is shown in each box, whose width marks the extent of half the
data. The whiskers extend to data lying within another 1.5 box width. An
asterisk marks a datum outside the whiskers.

key honestly significant difference (HSD) method indicated
the means of joints three and four were different from joints
one and two at the P = 0.01 level of significance. However,
as Fig. 3(a) shows, the variance of the data differed among
joints, making the HSD test not strictly valid, and a Bartlett
test for the homogeneity of variances confirmed that the var-
iances were different at the P<0.01 level (F=4.6, DF = 4).

Given the probable differences in the mean and variance
of the attenuation coefficient among joints, and to investi-
gate the effect of location within joints, @, was standarized
by joint by subtracting the mean for each joint and dividing
by the standard deviation for each joint. The resulting di-
mensionless variable 1, had amean of zero and a unit stan-
dard deviation for each joint. In addition, the one outlying
datum shown in Fig. 3(a) was also removed. This procedure
allowed further statistical analyses under the proper as-
sumptions of homogeneous variance. The resulting variable
a,_, is shown in Fig. 3(b). An analysis of variance (AN-
OVA) was performed in which & 1, Was the dependent vari-
able and joint and location along the patellar groove were
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standardized integrated attenuation (Np/cm)

patellar location

FIG. 4. Linear regression of standardized attenuation versus location along
the patellar groove. Locations 1 = proximal (regions 3 & 6), 2 = middle
(regions 1 & 5), and 3 = distal (regions 4 & 2). Slope = — 1.338 and inter-
cept = 0.627. Joint is indicated by the following notation: 1 = O, 2 = Oy
3=D,4=<,and 5 = X. The 95% confidence interval for additional data
is also shown.

independent variables. The analysis was used to determine
what portions of the total variance could be explained by
joint and location effects. The results indicated that o 1, was
different with respect to location at a significance level of
P <0.01, and not significant with respect to joint (P> 0.9).
The interaction between joint and location was also not sig-
nificant (P = 0.08).

Based on the results above a linear regression of a Ly
versus patellar location was performed, and the result is
shown in Fig. 4. A ¢ test for the slope being zero was used to
determine that the regression was statistically significant
(P =0.001). The Pearson correlation coefficient r was 0.59.
Using the linear transformation relationship between stan-
dardized and nonstandardized attenuation, the predicted
value of integrated attenuation for each joint versus location
was determined. Based on this linear regression, the change
in (nonstandardized) integrated attenuation from proximal
to distal locations along the patellar groove of each joint
ranged from 6% to 60% (32 4+ 25, mean + s.d.).

Il. DISCUSSION

The results presented in Fig. 4 indicate that cartilage
from the medial facet of the patellar groove appears to have
an acoustic attenuation coefficient that increases from the
proximal to the distal location. A change in attenuation coef-
ficient along the patellar groove of the femur is consistent
with current knowledge of the load distribution there. The
forces exerted on the patellar groove are due to contact with
the patella. In humans, the loads are highest on the patellar
groove when the knee is bent and bearing weight, e. g., walk-
ing up a flight of stairs with one’s weight carried by the bent
knee. Under such conditions the patella is in its distal posi-
tion along the patellar groove. The range of stresses along the
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FIG. 5. Power spectral densities of the acoustic reflections from the articu-
lar surfaces of two nonmicrotomed cartilage specimens from the same joint.

patellar groove in the human knee during walking can vary
by a factor of 6, from approximately 7 to 40 kPa (Townsend
et al., 1977; Maquet, 1984). While the reported stresses in
human knees may be quantitatively different in the bovine
stifle joint due to differences in the geometry, the basic com-
ponents of the two joints are similar. Thus the stresses along
the bovine patellar groove are also expected to increase in the
distal direction.

The underlying reason for the attenuation coefficient to
be higher in regions of higher stress is not known. However,
the variation of load-dependent constituents in the cartilage
matrix subjected to different loads may influence the acous-
tic properties. Macroscopically, load bearing in cartilage is
accomplished through elastic resistance and creep. Both of
these processes are related to the properties of proteoglycans
(PG), which are hydrophilic structures attached to long
chains of hyaluronic acid, which in turn are woven through-
out the collagen fibers. PG and collagen are associated with
the elastic behavior whereas PG and water are associated
with creep (Mow et al., 1990). The PG in the cartilage ma-
trix predominantly influences the creep process through a
frictional retardation of relative fiber motion (Schmidtetal.,
1990). This process has also been described by Weightman
and Kempson (1979). Specific evidence of biochemical var-
iations within a joint have been investigated by Droogendijk
and Mow (1982). Their results indicate strong correlations
between distance along the bovine patella (from the more
highly loaded distal region to the more lightly loaded proxi-
mal region) and water content, uronic acid, permeability,
elastic modulus, and thickness. Thus the observed variation
in acoustic attenuation coefficient may be associated with
structural variations in cartilage associated with load-bear-
ing capability.

The statistically significant variation in the attenuation
coefficient with joint and location within Jjoint obtained in
this study has major implications for basic studies of the
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relationships between cartilage structure and acoustic prop-

~ erties. Agemura er al. (1990) investigated the ultrasonic

properties of cartilage at 100 MHz from two bovine stifle
joint subjected to an enzyme extraction process to selectively
remove macromolecules from the articular cartilage (Chun
et al., 1986). In that pilot study, four samples were taken
from each patellar groove. For each joint one specimen
served as the control and three received enzyme treatment.
When standardized by joint with the method used in the
current study, the attenuation coefficient for analogous sam-
ples (perpendicular orientation) ranged from — 0.5 to 1.3
for joint A and from — 0.82 to 1.45 for joint B. When com-
pared to the present results shown in Fig. 4, these standard-
ized values fall within the range of values observed in the
current study over the length of the patellar groove. While
differences existed in the methods used for the two studies,
the enzyme treated samples did not yield results that exceed-
ed the variations in the control joints of the present study.

Due to variations in acoustic properties among normal
joints and along the patellar groove found in the current
study, it would be optimal for each sample to serve as its own
control if enzyme-treated cartilage samples are to be studied.

An additional finding of our work was that ultrasonics
may be useful for diagnosing surface roughness, which may
be an indicator of dysfunctional cartilage. In the current
study, microtoming of the samples was necessary to elimi-
nate detectable surface irregularities. The effect of such sur-
face irregularities on the PSD of surface reflections from
nonmicrotomed adjacent samples from the same joint are
shown in Fig. 5. With the exception of having a nonmicro-
tomed articular surface, these two samples were prepared
and analyzed as described in the methods section. In addi-
tion the sample thickness were approximately five times the
pulse length. Even though the surfaces appeared visually
identical, the PSD differ by two orders of magnitude and
have a different frequency dependence. This indicates that
surface defects (fibrillation) may be detectable. The lower
spectrum shown in Fig. 5 cannot be completely explained by
a simple model of surface irregularities smaller than the
acoustic wavelength (Rayleigh, 1945). However, fibrilla-
tion may manifest itself as a more complicated frequency-
dependent scattering process at the surface.
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