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Abstract: The identification of fast and slow waves propagating
through trabecular bone is a challenging task due to temporal wave
overlap combined with the high attenuation of the fast wave in the pres-
ence of noise. However, it can provide valuable information about bone
integrity and become a means for monitoring osteoporosis. The objec-
tive of this work is to apply different coded excitation methods for this
purpose. The results for single-sine cycle pulse, Golay code, and chirp
excitations are compared. It is shown that Golay code is superior to the
other techniques due to its signal enhancement while exhibiting excel-
lent resolution without the ambiguity of sidelobes.
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1. Introduction

Bone ultrasound has found extensive and growing applications in diagnostic medicine
in the past few decades." However, the current state-of-the-art demands further theo-
retical and experimental developments. Cancellous bone has a very complex structure
consisting of a matrix of connected plates and rods, called trabeculac. These spongy
structures are interspersed with marrow. The trabeculae are not arranged uniformly,
but tend to align in accordance with the stress distribution in the bone. This inhomoge-
neous, anisotropic composition makes it very difficult to predict and interpret the prop-
agation of acoustic waves in bones. Biot’s theory of elastic wave propagation through
fluid saturated porous media was the first theory applied to bone ultrasound.” Many
modifications have been proposed for Biot’s theory to increase its prediction accuracy
for speed of sound and attenuation.>* Biot’s theory, however, does not account for
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multiple scattering in the bone and its success is restricted to lower frequencies where
the acoustic wavelength is larger than the pores. One interesting prediction of Biot’s
theory is the existence of one transverse and two longitudinal waves. The so-called fast
and slow longitudinal waves are assumed to be generated as a result of constructive
and destructive interferences between relatlvely faster and slower waves passing
through the solid and liquid medium, respectlvely * The first attempts to apply Biot’s
theory to the ultrasonic wave propagation in cancellous bone were focused on the
phase velocity and attenuation of the slow wave.>® The first experimental observation
of two-wave phenomenon in bone was conducted by Hosokawa and Otani on bovine
cancellous bone.” In that study, the authors used a wideband (0.1-10 MHz) polyvinyli-
dene difluoride (PVDF) transducer and a hydrophone to transmit and detect the ultra-
sonic wave, and successfully demonstrated a clear correlation between the amplitudes
of the two above-mentioned waves and the bone volume fraction. Similar experiments
employing two PVDF transducers were performed later on 35 cubic human cancellous
bones (extracted from femoral head) and the two-wave phenomenon was observed on
16 specimens.® The wave separation occurred in the principal bone stress direction and
in two cases it was observable in another direction as well. It was concluded that wave
separation strongly d%pends on the anisotropy of the bone structure as well as the
bone volume fraction.®” Recently, the observation of the two-wave phenomenon in a
cancellous bone covered by two cortical layers has also been reported A more com-
prehensive account of the two-wave observations is summarized in Chap. 11 of Ref. 1.

Although the properties of fast and slow waves can provide valuable informa-
tion about the integrity of bone structure, few technlc%ues have been proposed to
improve the detection of the abovementioned two waves.''"'* Therefore, further devel-
opment is needed to set the stage for reliable clinical applications. In this work, we
propose the use of Golay codes (GC) as well as other coded excitation methods to
increase the ultrasonic signal-to-noise ratio (SNR) while preserving resolution. Practical
obstacles in separating fast and slow waves are the weak amplitude of the fast moving
wave as well as their possible temporal overlap. Here, we aim to demonstrate how the
use of GC can enhance the separation of both waves while still ensuring that the small
amplitude fast wave is clearly visible. It should be mentioned that GCs have been used
previously in bone ultrasound, however, they have been limited to measurements of
the acoustic attenuation.'*

2. Materials and methods
2.1 GCs in ultrasonics

The coded excitation method has been devised mainly in radar technology in the quest
for increasing the signal while employing limited transmission power. This is because
pulse compression of the coded waveform enables an increase in the SNR while pre-
serving axial resolution. Many different coded waveforms have been deV1sed The most
efficient ones are frequency modulated chirps and Golay sequences.'®> The former gen-
erates the highest SNR while the latter has the advantage of being sidelobe free,'®
though it does require two transmission cycles.

In order to control the frequency content of the GC signal, the binary codes
can be implemented by sinusoidal half-cycles [Fig. 1(a)]. However, as shown by Now-
icki et al.,”" the bandpass effect of the ultrasonic transducer will be an important factor
reducing s1gna1 enhancement and axial resolution. To solve this }7t>rob1em they sug-
gested the use of a full-cycle for each bit as shown in Fig. 1(b)."” This concept has
been shown here through a number of simulations that are illustrated in Fig. 1 for
future comparison with experiments. In Figs. 1(a) and 1(b), two GC signals with
identical lengths (16-bit half-cycle vs 8-bit full-cycle) are shown. The spectra of these
signals are completely different and lead to completely different cross-correlations
[Figs. 1(c) and 1(d)]. The cross-correlated signals are compared for three cases of no
bandpass filtering as well as 100% and 50% filtering bandwidths [Figs. 1(d)-1(f)]. It is
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Fig. 1. (Color online) Simulations show the effect of bandpass filtering on signal enhancement and axial resolu-
tion of applied GCs. (a) A 16-bit GC employing half-cycle (HC) sine wave and its complementary code, (b) an
8-bit GC employing full-cycle (FC) sine wave and its complementary code. (c) Spectrum of GC signals in (a)
and (b), (d) GC cross-correlation from (a) and (b) sequences without any bandpass filtering, (e) filtering with
bandwidth (BW) = 100%, and (f) filtering with BW = 50%.

shown that although the full-cycle generates better SNR enhancement, it sacrifices axial
resolution [Figs. 1(d) and 1(e)]. It has also been mentioned'” that in the case of 90% or
lower bandpass filtering, the difference between axial resolution of half-cycle and full-
cycle GC is insignificant. In our present quest to more clearly identify fast and slow
waves that may be partially overlapping, axial resolution is more crucial than SNR.

In our experiments we used 512bit complementary GCs and the results of
both half-cycle bit and full-cycle bit GCs were compared. To generate long GCs, we
employed the algorithm described in Appendix A of Ref. 17. In addition, we also
report on the application of linear frequency-modulated (LFM) chirp excitation and
single-cycle sine pulse. In chirp excitation, it has been previously shown that the
ultrasonic transducer acts as filter and reduces the sidelobes.'®!® In addition, we imple-
mented 5% waveform tapering in order to eliminate spectral ripples and reduce side-
lobes even further.'®

2.2 Experimental setup

The setup for bone ultrasound experiments is shown in Fig. 2. Two ceramic trans-
ducers were immersed in water facing each other and the sample was located between
them. The transmitter was a focused 1-MHz transducer with focal distance 1.9” (V314
Olympus Panametrics NDT, Waltham, MA) and the receiver was a flat 1-MHz trans-
ducer (A303A Olympus Panametrics NDT). The transmitted signal was amplified
using a RF power amplifier (411LA ENI Co., Rochester, NY, 10 W and 40dB). In
some experiments we used a preamplifier (5676 Olympus Panametrics NDT, 40dB)

Bone sample

PR
DSP
D/AC

A/DC

US Tra ns/

Fig. 2. (Color online) Experimental setup of the bone ultrasonic pitch-catch system.
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after the receiver transducer, as discussed in the section on experimental results. Data
acquisition and signal processing were performed in the PC using LabView software.
To transmit the detected signals to the software, analog-to-digital (ADC, PXlIe-5122)
and NI-SCOPE software (National Instruments, Austin, TX) were used. Waveform
generation was performed by a digital-to-analog converter (DAC, NI PXI-5421) and
NI-FGEN software (National Instruments, Austin, TX). The two cards were synchron-
ized using the internal clock of the instrument, therefore the zero delay time in the fig-
ures corresponds to the start of the transmitted signal. The maximum sampling fre-
quency of both cards was 100 MHz, which was used in all reported experiments.
Experiments were performed on two samples: (1) a glass layered sample and (2) a
human calcaneus bone. The glass layered model was constructed from borosilicate
microscope slips (Fisher Scientific) with 0.2mm thickness and 22 x 22mm? size. The
slips were arranged in a staggered pattern resulting in 50% porosity. The human calca-
neus bone sample (SteriGraft, San Antonio, TX) was 15.7 x 15.7 x 35mm? in size and
has an apparent density of 360mg/cm’. It was possible to perform ultrasonic tests
from two directions along the 15.7mm length. The temperature of water used as the
ultrasonic coupling fluid was 23 = 2°C in the experiments.

3. Experimental results and discussion

The responses to various signal waveforms from glass layered sample are shown in
Fig. 3. No preamplifier was used with the receiving transducer. The full-cycle GC
generates extra correlation noise which could be mistaken for a fast moving wave
[Fig. 3(c)]. Figure 3(d) shows the normalized envelope signals of the results in
Figs. 3(a)-3(c) and a LFM chirp with 0.6 to 1.4 MHz bandwidth. This figure clearly
shows that when the noise is insignificant and there is no frequency-dependent attenua-
tion, all coded excitation methods enhance the signal amplitude while maintaining sim-
ilar signal shapes. Of course, this is not the case for in vivo or in vitro bone ultrasound
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Fig. 3. (Color online) Fast and slow waves detected on a layered glass sample employing (a) single-sine pulse,
(b) a 512-bit half-cycle GC, and (c) a 512-bit full-cycle GC. (d) Normalized envelope signal trace of (a) to (c) as
well as a LFM chirp.
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Fig. 4. (Color online) Fast and slow waves detected along the primary stress direction of a human cancellous
bone employing (a) single-sine pulse, (b) a 512-bit half-cycle GC, and (c) a 512-bit full-cycle GC. (d) Normalized
envelope signal traces from (a) to (c). Signal detection along the direction perpendicular to the primary stress
direction employing (e) single-sine pulse, (f) a 512-bit half-cycle GC, and (g) a 512-bit full-cycle GC. (h) Nor-
malized envelope signal traces from (e) to (g). Cross-correlation signals generated by LFM excitation in (i) the
primary stress direction and (j) the direction perpendicular to primary stress.
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experiments where many noise sources exist. Comparing with signals detected in water
with no sample between the transducers, the speed of the slow wave is the same as the
speed of sound in water which is consistent with the theory of Johnson et al.'® For a
stiff solid the accuracy of approximation Vow=V;//o is rather high. Here, Vo is
the phase velocity of the slow moving wave, Vis the speed of sound in the fluid me-
dium, and « is the tortuosity defined by the length of the curve to the distance between
its ends (or the average relative length of flow through one side of porous medium to
the other?”), which is unity for a plane. Using the envelope peaks and the length of the
sample, the speeds of the fast and slow waves are found to be 3526 and 1491 m/s,
respectively. Note that the fast wave speed is measured to be 3526 m/s and 3551 m/s
from the half-cycle GC and single-sine signals, respectively.

The responses of the three waveforms associated with the primary direction of
stress in the human bone sample are shown in Figs. 4(a)-4(c). A preamplifier was used
with the receiving transducer only in the single-sine pulse, Fig. 4(a), because, otherwise,
the received signal was too weak for detecting the fast wave. Figure 4(d) shows the normal-
ized envelope signals of the results in Figs. 4(a)-4(c). It can be seen that employing a pre-
amplifier in the single-sine case deteriorates the axial resolution and compromises the abil-
ity for wave separation. Using the preamplifier in the case of GC would also compromise
the resolution advantage of the coded excitation, however, due to the signal enhancement
produced by the pulse compression technique there was no need for extra amplification.

The calculated slow- and fast-wave velocities are 1473m/s and 2269 m/s,
respectively, for single-sine wave excitation, and 1477 m/s and 2058 m/s, respectively,
for the half-cycle GC with 512 bits. Unlike the glass model experiment, here the ampli-
tude ratio of the fast to the slow waves and the speed of the fast wave are not the
same for single-pulse and GC. This can be attributed to frequency dependent attenua-
tion in the cancellous bone. It is known that the fast wave contains more low fre-
quency content than the slow wave. Therefore, referring to Fig. 1(c), the half-cycle GC
with the higher low-frequency content can better resolve the fast wave.

The abovementioned experiment was performed in the perpendicular direction
to the primary stress axis and fast and slow waves could also be detected, although not as
clearly as in the previous case. The results for single-pulse, half-cycle, and full-cycle 512-
bit GC excitation are shown in Figs. 4(e)-4(g). The normalized enveloped signals are also
presented in Fig. 4(h). In addition to 1-MHz carrier frequency for GCs, the experiments
were repeated at 0.9 and 1.1 MHz. The fast and slow signals were not affected by this
minor change. Figures 4(i) and 4(j) show the cross-correlation signal generated by the
LFM chirp with frequency range from 600 kHz to 1.4 MHz in the two above mentioned
directions. In the measurement along the primary stress direction, Fig. 4(i), some signals
other than the main peak are evident which could be hypothesized to be associated with
the fast moving wave, although, this would be difficult to confirm. It should be noted that
the sidelobes have been reduced by the band-pass filtering effect of the transducer as well
as by partially tapering the transmitted signal.'® In the perpendicular direction to the pri-
mary stress, Fig. 4(j), the detection of the fast wave is nearly impossible. Since, the fast
wave is completely hidden by the envelope of the cross-correlation signal.

4. Conclusions

In this work the use of various coded ultrasound excitation methods for separating
and detecting fast and slow waves in a cancellous bone was investigated. The results
demonstrated the ability of Golay codes to be used as a wave identification technique
by enhancing the US signal without compromising the axial resolution or generating
sidelobes. The spectral content of the coded excitation was found to affect the ampli-
tude ratio of the fast and slow waves. The enrichment of the low frequency content
without changing the resolution can help improve the detection of the fast moving
wave. It was thus found that the GC with half-cycle is more beneficial in detecting the
two-wave phenomenon. In addition, comparing the experiments with the layered glass
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structure as a coarse model of a porous medium and with the human trabecular bone
showed the importance of the acoustic attenuation factor in contributing to the diffi-
culty to observe the fast and slow waves. Waveform comparisons showed that,
although chirp excitation can increase the SNR, sidelobes and the response envelope
may hide the small fast moving wave. In conclusion, this work aimed to show that GC
can be used as an effective wave identification technique with an ability to improve the
possibility of distinguishing fast and slow moving ultrasound waves originating within
cancellous bones. This in turn, may be used for better evaluation of bone health, par-
ticularly in the diagnosis of osteoporosis.
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