171

J. of KOSOMBE
Vol. 19, No. 2, 171-176, 1998

Ultrasound Attenuation in the Assessment of Bone Mineral Density and
Elastic Modulus of Human Trabecular Bone

S.M. Han, M.S. Kim
( Received September 2, 1997, Accepted February 24, 1998)

Research Institute of Mechanical Technology

2 9 R drdde W) 548 delste 22374 shelvHE ARteh 289 &5, 54 Fa5(0. 5MHZ)°¥W°] Ze3z4 g 2
o e el 28 283 selHES T AgA A A Qade(d/F, Ul/9), /el 4l aelT A3 9%
g AR 2 HEE FFden, & AR FA Ry g ojfild 9 ‘QE(apparent density) = 3 €t 019}71;‘0] T L
o 253 SRRVE 2&a GG ES AT S0 05MHzol M o] & a2} A=t % A= 9 A Jadgel 220 dg
AR AEAA dAdE R 1 2 B Foe 2eutav #UE 4 %*é"é%% Grbshs w8 2loiM Agwe 2ang §45
FE 4 4 Aok webd geie &9z E A6 Fo g Hrisle 9 259 g 7]‘%101 AHE Hofop shf & ApoA FH
W 5AFAF05MHz) 250728 o83t F T3 F A9 A5 &S A + Ut

Abstract . The objective of this study was to re-evaluate ultrasound attenuation as an indicator of bone properties, Ultrasound parame-
ters, such as ultrasound velocity, ultrasound attenuation at a particular frequency (0.5 MHz), and broadband ultrasound atienuation
(BUA), were measured in the three orthogonal directions of trabecular bone cubes. Measurements of bone mineral density (BMD) were
made using quantitative computed tomography and apparent density by weighing bone specimens and measuring their volume. Ultrasonic
modulus was calculated from the standard equation with apparent density and ultrasound velocity. Ultrasound attenuation at a frequency
of 0.6 MHz and BUA were correlated with BMD and ultrasonic modulus in the anterior/posterior, medial/lateral, and superior/inferior di-
rections. Analysis of correlations demonstrated that attenuation at 0.5 MHz was superior to BUA in describing both BMD and elastic
modulus of trabecular bone. This result may be used to improve current ultrasound diagnostic techniques for assessing bone status.
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INTRODUCTION

Osteoporosis is defined as a marked and continual de-
crease In skeletal mass. It clinically presents itself as a
large decrease in hone mass and symptomatically as bone
fracture. In osteoporosis, a bone fractures either spontane-
ously (i.e., due to normal loads) or from minimal trauma
such as a simple fall. Currently, diagnosing osteoporosis re-
lies heavily on densitometers, which use lonizing radiation
to obtain information about hone and soft tissue through
the attenuation of high energy beams. Although bone
strength 1s strongly correlated with bone mass (Turner and
Eich 1991), as much as 30% of bone strength may be due

to non-mass parameters such as bone microstructure and
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remodeling state (Kleerekoper ef a@l. 1985, Turner ef al.
1988). Bone density measurements using some form of ion-
lzing radiation are unable to reflect the direct effect of
these factors due to the inevitable limitation of radiation
dosage. There is, therefore, a strong need of non-invasive
assessment that determines how bone will respond to me-
chanical loads and 1s likely to fracture.

The application of ultrasound to the non-invasive assess-
ment of bone properties has become increasingly popular
over the past decade. Ultrasound is in the form of mechani-
cal (Le. acoustic) waves instead of electromagnetic radia-
tion. Not only does ultrasound allow for inexpensive and ra-
diation-free measurements, it may also provide information
on bone structure and strength as well as the BMD due to
the potential for sound to be modified by bone microstruc-
ture, composition, and mass. The application of ultrasound
techniques in the medical field originally focused on BUA
measurements (Langton et al. 1984, Baran et o/l 1988).
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Langton ef al. (1984) described a BUA technique for the
diagnosis of osteoporosis, suggesting that BUA provides di-
rect information on trabecular bone structure as well as
mineral density. Many subsequent studies (McKelvie ef al.
1989, McCloskey et al. 1990, Gluer ef al. 1992, lees ef al.
1993, Kolthoff ef al. 1995, Han et al 1996, Han ef al
1997) have demonstrated a positive relationship between
BUA and BMD acquired through traditional radiographic
measurements.

Ultrasound attenuation (dB/cm), in general, measures a
decrease in signal amplitude of waves propagating through
a medium at a particular frequency, while BUA (dB/MHz/
cm) calculates the ratio of change of attenuation over a se-
lected range of frequency. Although BUA was favorably in-
troduced instead of attenuation, little 1s known in the litera-
ture concerning why BUA was originally preferred over at-
tenuation. In fact, In an earlier study (Evans and Tavakoli
1990), it was reported that attenuation appeared to be bet-
ter than BUA in correlation with bone density, however,
this was not emphasized.

Ultrasound velocity has been successfully applied to deter-
mining the elastic property of cortical bone (Ashman et al.
1984). Efforts to extend wave theory of ultrasound to as-
sessing the elastic modulus and strength of cancellous bone
were also made In vitro (Ashman ef al. 1987, Turner et a
/. 1991). Ashman ef al. (1987) reported that Young's mod-
ulus obtained from mechanical testing was highly correlated
with ultrasonic modulus calculated from ultrasound velocity
and bone density.

This study was undertaken to compare ultrasound attenu-
ation at a particular frequency (0.5 MHz) with BUA in as-
sessing BMD and elastic modulus. This would determine
whether this new attenuation parameter is superior to BUA

in prediction of bone fracture.

MATERIALS AND METHODS

Seventy-one trabecular bone cubes (approximately 9.5 X
9.5 x 9.5 mm) were obtained from four human cadaveric
tibiae. The cubic specimens were removed from underneath
the proximal subchondral bone plate using a low-speed dia-
mond saw (South Bay Technology Inc., San Clemente, CA).
Three orthogonal axes of these specimens were aligned n
the superior/inferior (SI), medial/lateral (ML), and anterior/
posterior (AP) directions. Bone marrow was removed with
a water jet (Water Pik, Teledyne Inc., Fort Collins, CO) to
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Housing forcubic specimens

Fig. 1. Representative CT image for BMD measurement of cubic
cancellous bone specimens in the water-filled Plexigas® containers

measure apparent density. Specimens were kept in moisture
in 1:1 saline/ethanol solution between procedures.

Measurements of apparent density were accomplished hy
weighing the trabecular bone specimens and measuring their
volume. The BMD of cubic specimens was measured by
quantitative computed tomography (QCT). Prior to CT
measurements, specimens were degassed under vacuum to
remove air bubbles, and placed in water-filled Plexiglas®
containers (Figure 1). The CT images were transferred to
a computer {Sun Sparc Station 10) and analyzed using
image analysis software (C-MED, Virtual Vision, Cupertino,
CA). The average pixel intensity of at least three consecu-
tive slices for each specimen was related to a BMD value
(mg/cm?).

The method used to measure the ultrasonic wave veloci-
ties in this experiment was a pulse transmission technique
in the longitudinal mode of the wave with a pair of longitu-
dinal contact transducers (Panametrics V101, Waltham,
MA). This technique measures time delay of the propaga-
tion between the transmitted and received ultrasonic waves.
The ultrasound velocities of all specimens were measured
These transducers, a transmitter and a receiver, had a cen-
ter frequency of 0.5 MHz and were fixed on a mount at
the opposite ends of each specimen. The probes provided
tight contact with the specimen by using a spring which
pushed one of the transducers against the specimen (Figure
2). Once the specimen and probes were adjusted, water
was sprayed at the interface between the transducers and
specimen to complete the contact. The water was used as a
coupling medium to prevent the wave scattering in the air
at the interfaces. Ultrasonic waves were transmitted from

one transducer to the other using a pulse generator
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Fig. 2. Photograph of the special mount for the ultrasonic con-
tact transmission technigue. Tight contact was achieved by the
spring pushing one of transducers against the specimen

(Panametrics 5055). The pulses were recorded with a digi-
tal storage oscilloscope (Tektronix 2232, Beaverton, OR),
which can display and measure the time delay between the
transmitted and received waves. Separate channels were
used to display the transmitting and receiving signals
simultaneously on the oscilloscope. The time delay associat-
ed with the propagation of the wave through the specimen
was the interval from the start of the transmitted wave to
the start of the received wave on the oscilloscope. The
sonic velocities (UV = d / t) were calculated from the
thickness (d) of the specimen measured using a digital cali-
per and the time delay (t) measured from the oscilloscope.

A pulse transmission technique was used with a pair of
broadband ultrasound immersion transducers (0.5 MHg,
Panametrics V301) to measure BUA and ultrasound attenu-
ation at a frequency of 0.5 MHz These transducers were
mounted coaxially on opposite sides of a water-filled Plexi-
glas® tank and connected to an analyzer (Panametrics
5055). The analyzer contained transmitting, receiving and
“stepless” gate sections. The transmitting section was oper-
ated in through-transmission mode. This section has two
outputs, one that supplies voltage to the transmitting trans-
ducer, and one that allows visualization of the pulse on an
oscilloscope. Controls on the analyzer allowed for the setting
of the transmission signal pulse rate, energy and damping.
Damping and energy affect the signal shape and amplitude.
These controls were kept constant during all phases of test-
ing. The receiving section of the ultrasound analyzer con-
tained one Input for the receiving transducer, and amplified
the signal via adjustable gain (40 or 60 dB) and receiver
attenuation controls (0 to 60 dB, in steps of 2 dB). Thus,

a signal with both a gain and an attenuation of 40 dB 1s
unamplified. These settings were appropriate for the “water
only” signal. For transmission through bone, gains of up to
20 dB were often applied to provide appropriate resolution.
Adjustment of signal gain should not affect attenuation
slope. The last section of the ultrasound analyzer (the
stepless gate) allows for the selection of any desired por-
tion of the received signal by moving a window to the de-
sired location. The window is viewed as a 40 mV pedestal
on the received signal and can be adjusted In both start
time and width. In addition, the stepless gate section has
two outputs. The “marked RF” output allows for viewing
of the entire received signal with the gate pedestal superim-
posed. The “gated RF” output shows only the portion of
the signal within the gated window. The gated window was
chosen so that the entire received pulse was analyzed
(usually two or three peaks). After the “main-bang”, a dis-
tinct leveling of the signal was observed and this marked
the end of the gate window. Two outputs from the stepless
gate section were connected to each channel of the digital
storage oscilloscope. A serial board (RS-232C) was in-
stalled into the oscilloscope to allow for interfacing with a
microcomputer  (Macintosh  Tici), which allowed for
acquisition of both moving and stored signals from the oscil-
loscope. Signal acquisition, plotting, and analysis were per-
formed using a custom program written in LabVIEW (Na-
tional Instruments, Austin, TX). In this program, time do-
main signals captured by the storage oscilloscope were con-
verted to the frequency domain using fast Fourler transfor-
mations (FFT). A spectrum obtained with a specimen in
place was subtracted from a spectrum obtained with water
only. The difference was plotted over the entire frequency
range. The slope from the best linear fit between 0.3 and
0.7 MHz was normalized using the specimen’s thickness.
This value was expressed in units of dB/MHz/cm and is re-
ferred to as BUA. Ultrasound attenuation of each specimen
was measured at the center frequency of the transducers
(0.5 MHz) and normalized using the specimen’s thickness.
Ultrasound attenuation measurements for each specimen
were made in the three orthogonal directions. In order to
make all the ultrasound propagation pass through, a
wave-blocking holder with holes slightly smaller than the
specimen was used.

Ultrasonic elastic modulus of each specimen was calculat-
ed from the standard equation (E = pv?) with ultrasound

velocity and apparent density in the three orthogonal direc-
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Fig. 3. (a) and (b). Relationships of BMD with BUA (a) and ul-
trasound attenuation at 0.5 MHz (UA) (b) in the AP, ML, and
Sl directions. UA was better correlated with BMD

tions.

Linear regression analysis was performed to determine
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Fig. 4. (a), (b), and (c). Regressions of ultrasonic modulus
with BUA and ultrasound attenuation at 0.5 MHz (UA) in the

AP (a}, ML (b), and Sl (c) directions



Ultrasound Attenuation in the Assessment of Bone Mineral Density and Elastic Modulus of Human Trabecular Bone 175

the correlation coefficient (r) among variables, and the dif-
ferences In means were considered statistically significant

for p-values less than 0.05.

RESULTS

The experimental data for apparent density, BMD, attenu-
ation at 0.5 MHz, BUA, UV, and ultrasonic modulus are
summarized in Table 1. The correlations between the varia-
bles were highly significant in all cases (p<(0.0001) (Table
2). Attenuation at 0.5 MHz was better associated with both
BMD and ultrasonic modulus in all three directions than
was BUA. Its enhanced correlation was pronounced in the
AP and ML directions. Figures 3 (a) and (b) describe the
general trend of the relationship between BMD and attenua-
tion parameters. Ultrasound attenuation tended to linearly
increase with increasing BMD. The ultrasonic elastic modu-
lus correlated well with attenuation at 0.5 MHz, in the AP
and ML directions [Figures 4 (a), (b), and (c)].

DISCUSSION

The results demonstrated that ultrasound attenuation at a
frequency of 0.5 MHz was superior to BUA in the predic-
tion of BMD and elastic modulus. Most published reports on
the clinical assessment of bone using ultrasound showed a
wide range of coefficients of determination (0.28<r<0.92)
for correlations between BMD and BUA (McKelvie ef al.
1989, McCloskey et al. 1990, Gluer ef al. 1992, Lees et al.
1993, Kolthoff ef al. 1995, Han et @l 1996, Han et al.
1997). This questioned the reliability of ultrasound to pre-
dict BMD.

Until recently, there has been little discussion on prefer-
ence of BUA over attenuation. With the results obtained
from this investigation, current methodology of ultrasound
measurements may be altered for more accurate ultrasound
assessment of bone property. Since the correlations of BUA
and attenuation with modulus were significantly better than
those of BMD in the AP and ML directions, these attenua-
tion parameters might reflect trabecular architectural prop-
erties, which 1s independent of BMD but contribute to elas-
tic modulus. It was shown in the previous study (Gluer ef
al. 1994) that the mean attenuation across the selected fre-
quency reflects trabecular separation, while BUA reflects a
combination of trabecular separation and connectivity.
Although BUA and attenuation might be influenced by dif-

ferent aspects of trabecular architecture, ultrasound attenua-
tion surpassed BUA in the predictability of BMD and elas-
tic modulus.

Consequently, the results in the present study suggest
that current ultrasound diagnostic techniques for assessing
bone status may be replaced with new ultrasound attenua-
tion measurement using a particular frequency of 0.5 MHz.
However, the results in this study might not provide suffi-
cient evidence concerning better prediction of fracture risk
with attenuation since both BMD and modulus do not com-
pletely represent bone quality and fracture risk. Future
studies need to apply these findings to in vivo bone frac-

ture.
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