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Previous studies have shown that interference between fast waves and slow waves can lead to
observed negative dispersion in cancellous bone. In this study, the effects of overlapping fast and
slow waves on measurements of the apparent attenuation as a function of propagation distance are
investigated along with methods of analysis used to determine the attenuation properties. Two
methods are applied to simulated data that were generated based on experimentally acquired signals
taken from a bovine specimen. The first method uses a time-domain approach that was dictated by
constraints imposed by the partial overlap of fast and slow waves. The second method uses a fre-
quency-domain log-spectral subtraction technique on the separated fast and slow waves. Applying
the time-domain analysis to the broadband data yields apparent attenuation behavior that is larger
in the early stages of propagation and decreases as the wave travels deeper. In contrast, performing
frequency-domain analysis on the separated fast waves and slow waves results in attenuation coeffi-
cients that are independent of propagation distance. Results suggest that features arising from the
analysis of overlapping two-mode data may represent an alternate explanation for the previously
reported apparent dependence on propagation distance of the attenuation coefficient of cancellous

bone. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3625241]

PACS number(s): 43.80.Ev, 43.80.Qf, 43.20.Hq, 43.20.Ye [CCC]

. INTRODUCTION

Although dual-energy x-ray absorptiometry (DXA) is
the current gold standard for diagnosing osteoporosis, quan-
titative ultrasound represents an approach for evaluating the
quality of cancellous bone that has the potential for deter-
mining the likelihood of osteoporosis.'~ In Japan, ultrasonic
screening for osteoporosis is recommended by the govern-
ment and is included in the public annual health check.
Cancellous bone is a porous material consisting of a matrix
of solid trabeculae filled with soft bone marrow. The heter-
ogenous structure of cancellous bone can result in the
propagation of complicated ultrasonic waveforms that obfus-
cate measurements and make the interpretation of results
difficult.

Cancellous bone is known to support the propagation of
two compressional wave modes, often referred to as fast
waves and slow waves.*'* In some experimental situations,
the two waves are separated in the time-domain data,
whereas in other circumstances the two waves substantially

Current address: MIT Lincoln Laboratory, 244 Wood Street, Lexington,
MA 02420.

" Author to whom correspondence should be addressed. Electronic mail:
james.g.miller@wustl.edu

J. Acoust. Soc. Am. 130 (4), October 2011

0001-4966/2011/130(4)/2233/8/$30.00

Pages: 2233-2240

overlap and may appear as only a single wave. The degree to
which the fast waves and slow waves overlap depends on a
number of factors including porosity, structural anisotropy,
ultrasonic path length, and the angle of insonification rela-
tive to the predominant trabecular orientation.>®'!"1?

When the fast waves and slow waves are clearly distinct
and separated in time in the radio frequency data, each mode
can be analyzed individually to obtain intrinsic ultrasonic
properties such as the attenuation coefficient and phase ve-
locity. However, under circumstances in which there is over-
lap between the two wave modes, conventional analysis
methods may suggest potentially misleading material proper-
ties. Previous studies have demonstrated that interfering fast
wave and slow wave modes can account for the apparent
negative dispersion sometimes observed in measurements of
cancellous bone."*™'7 This apparent negative dispersion
arises when conventional phase spectroscopy analysis of two
overlapping waves is performed as if only one wave were
present. Sometimes the presence of an additional wave is not
apparent in the RF signal.

One objective of the current study was to examine the
effects of interfering fast and slow waves on the determina-
tion of the attenuation properties of cancellous bone. A sec-
ond objective was to investigate the influence of the choice
of methods employed to extract the attenuation properties.
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Il. METHODS

In this study, two methods for determining the attenua-
tion properties as a function of propagation distance were
applied to the same simulated data to permit a comparison of
the relative advantages and disadvantages of the two meth-
ods of analysis. The two methods of analysis include a previ-
ously reported time-domain technique'® and a frequency-
domain technique performed on separated fast and slow
waves. Details of these methods of analysis are presented
later in this section.

A. Generating simulated ultrasonic waves

The experimental observations that provided the basis for
the simulated data employed in this study were reported in a
manuscript by Nagatani er al.'® In that study, through-trans-
mission measurements were conducted on a 20 x 20 x 15 mm
sample from a bovine femoral head, which was immersed in
degassed water. Planar PVDF transmitting and receiving
transducers were separated by 60 mm. The transmitter was
excited by a single cycle of a 1 MHz sinusoid. The direction
of wave propagation was parallel to the predominant bone
axis. To investigate whether the fast wave attenuation proper-
ties were influenced by the thickness of the sample and thus
the propagation distance, in that earlier study the specimen
was gradually shortened from 15 mm to 6 mm in steps of 1
mm by removing bone tissue from one end of the sample.

In the present work, signals presented in that previous
study were employed in conjunction with a model that ex-
plicitly accounts for the presence of fast and slow wave
modes.">'* The ultrasonic propagation through bone was
modeled as

Output(f) = Input(f) [Heast () + Hstow ()], €))

where Output(f) and Input(f) are the complex Fourier spectra
of the received mixed mode waveform and the incident
waveform, respectively, and Hp,(f) and Hgow(f) are the
transfer functions for the fast and slow waves. In this study,
the input wave was taken as the reference water-path only
signal from the Nagatani et al. paper, which is shown in
panel (a) of Fig. 7 of that paper.'® The transfer functions for
the individual fast and slow waves are given by

Hiat(f) = Agast €Xp(—Praufd) exp <le27:]((;1)) ) )
i27tfd
Hslow (f) = Aslow exp(_ﬁslowfd> exXp <%) ) (3)

in which A, and Ag,w are frequency-independent signal
loss parameters, fr. and fqow are the slopes of attenuation

for the fast and slow waves, d is the sample thickness, and
Crast(f) and cgow(f) are the phase velocities for the fast and
slow waves. The phase velocities of the fast and slow waves
were required to satisfy the Kramer-Kronig relations for
media exhibiting linear-with-frequency attenuation coeffi-
cients,®%’ thus having the following form

ﬂfazst In G‘) , (4)
T 0

Cslow (f) = Cslow (fO) + [Cslow (fO)]2 B;]:% In (};) 5 (5)

Chast(F) = Crast (o) + [Crast (f0))°

where f is a reference frequency taken from within the ex-
perimental bandwidth, usually at or near midband. In our
calculations, f, was set at 1 MHz, which was the frequency
of the excitation pulse.

The parameters in Eqs (1)_(5) [Afast» Aslow» ﬁfasta ﬂslowa
Crast(f0)» Csiow(fo)] wWere estimated using Bayesian probability
theory applied to the reference water-only signal and the
sample signal traveling through 9 mm of bone from the
Nagatani et al. paper [panels (a) and (b) from Fig. 7, respec-
tively].'® More detailed explanations of Bayesian parameter
estimation can be found in Anderson et al.,'”® Bretthorst
et al.,*® and Marutyan er al.*’ The values of the six parameters
used in the propagation model above are given in Table 1.
Once these six parameters were known, the individual fast
and slow waves could be generated for each sample thickness
d, which was varied from 6 to 15 mm in 1 mm increments.

B. Methods of analysis of attenuation properties

The two analysis methods discussed in this section were
applied to the simulated data generated using the propaga-
tion model above.

1. Time-domain analysis of unseparated wave

The method of analysis used in this section is described
in the Nagatani er al. paper.'® Its use was suggested by the
limitations imposed by the overlapping wave modes. In this
time-domain technique, the amplitudes of the first peak of
the received signal, which are assumed to correspond to the
fast waves, are compared for a series of sample thicknesses.
The apparent attenuation value, o4ye, of the fast wave is
defined by

_ 20008(Va Vi) ©

Xtime Ad )
where V, and V, ., are the amplitudes of the first arriving
peaks in the received RF waveforms. The indices n and

n—+ 1 correspond to successive sample thicknesses differing
by Ad=1 mm.

TABLE I. The values used for the six parameters in the propagation model. This set of parameter values was used because it maximized the posterior proba-

bility of the model.

Afasl Aslow /jfasl (dB/Cm/MHZ)

ﬂslnw (dB/cm/MHZ)

Crast at 1 MHz (m/s) Cslow at 1 MHz (m/s)

Bayesian estimate 1.00 0.13 49.2

7.1 1933 1475
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This analysis method was employed to determine the
apparent attenuation of the fast waves, but not the slow
waves. This choice was made because the amplitudes of the
slow waves were sometimes affected by interference from
the fast waves, thus leading to meaningless determination of
the attenuation of the slow waves.'®

2. Frequency-domain analysis of separated fast
waves and slow waves

The frequency-domain method of determining the
attenuation coefficient of a sample (dB/cm) is carried out by
performing a log-spectral subtraction technique,”®

g = 0oz (170) ~ 10108(¥ar (F)

Ad ; (7

where |V, (f)| and |V, (f)| are the magnitudes of the Fourier
transforms of the received signals when the sample has a thick-
ness corresponding to length indices n and n + 1, respectively,
and Ad=1 mm. Typically, a through-sample power spectrum
is subtracted from a water-only reference power spectrum. In
the present study, to apply this frequency-domain analysis
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FIG. 1. (a) Reference (water-path only) waveform. Simulated sample wave-
forms traveling through (b) 6 mm, (c) 10 mm, and (d) 15 mm of sample.
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method in a fashion analogous to that used in the time-domain
analysis method described above, differences between spectra
at thickness indices n and n+ 1 were analyzed. Determining
the attenuation coefficient using the difference of two through-
sample power spectra eliminated the need for compensating
for the insertion losses at the boundaries.

In this method, Eq. (7) was applied to the isolated fast
wave signal and the isolated slow wave signal. This method
of analysis is expected to yield the attenuation coefficient of
only the fast wave, free from artifacts caused by interference
with the slow wave, and visa versa. The attenuation coeffi-
cients corresponding to the fast wave and the slow wave will
be referred to as o, (f) and o).y (), respectively.

lll. RESULTS
A. Simulated ultrasonic waves

Simulated ultrasonic data were generated using the
model in Egs. (1)—(5) for sample thicknesses ranging in 1
mm steps from 6 mm to 15 mm. Examples of the simulated
sample waveforms along with the input reference waveform
from the Nagatani et al. paper'® are shown in Fig. 1. Fast
and slow waves can be observed in all of the sample traces.
As the sample thickness and thus propagation distance were
increased, the fast wave was highly attenuated relative to the
slow wave.

B. Time-domain analysis results of unseparated wave

The attenuation value o, of the fast wave at specific
propagation distances within the sample was determined
from the peak amplitudes of fast waves that had traversed
different sample thicknesses 6, 7, §,...,15 mm. Figure 2
shows the attenuation oy, of the fast wave as a function of
propagation distance. Similar to the results reported in the
Nagatani et al. paper, the results depicted in Fig. 2 show that
the attenuation of the fast wave appears to be larger at the
beginning of propagation and then gradually smaller as the
wave travels farther into the sample.'®

C. Frequency-domain analysis results of separated
fast waves and slow waves

The propagation model and Bayesian probability theory
analysis used in this study permitted the separation of the
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FIG. 2. The dependence of the attenuation, oy, Of the fast wave on propa-
gation distance using the time-domain analysis method.
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FIG. 3. The top panels show the sample waveform comprised of overlapping fast and slow waves for sample thicknesses of 6, 10, and 15 mm, respectively.
The middle and bottom panels display the individual fast waves and individual slow waves, respectively, for the three sample thicknesses.

sample waveform into fast waves and slow waves. Represen-
tative examples of the individual fast waves and slow waves
obtained from sample waveforms that have propagated
through 6, 10, and 15 mm of sample are shown in Fig. 3.
The fast waves, identified as those arriving earlier in time,
have lower amplitudes than the slow waves.

For this method of analysis, the individual fast waves
and slow waves were used in the log-spectral subtraction
technique expressed in Eq. (7). Separating the fast and slow
waves permits determination of the fast wave’s attenuation
coefficient without introducing interference artifacts from
the slow wave. Similarly, the slow wave’s attenuation coeffi-
cient can be calculated free from interference effects intro-
duced by the fast wave. Performing the frequency domain
analysis on the separated waveforms is essentially an inver-
sion of the process used to simulate them from the values
produced by the Bayesian parameter estimation. For this rea-
son, it is guaranteed that this method will recover the attenu-
ation coefficients used to initially simulate the waves.
Furthermore, these attenuation coefficients cannot vary with
distance. Figure 4 shows that, as required, the attenuation
coefficient at 1 MHz of the fast wave, o (f=1 MHz), and
the attenuation coefficient at 1 MHz of the slow wave,
0w =1 MHz), as a function of sample thickness display
no dependence on the propagation distance, and that the

2236  J. Acoust. Soc. Am., Vol. 130, No. 4, October 2011

numerical values of o, (f=1 MHz) and og.w(f=1 MHz)
are consistent with those used as input to the simulations.
This result, though only a consistency check on the method,
stands in contrast to the time-domain analysis shown above
that seems to indicate a propagation distance dependence of
the attenuation, despite the fact that the analyzed signals
were simulated to have a strictly constant-with-propagation-
distance attenuation coefficient.
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FIG. 4. The attenuation coefficient of the separated fast wave, o, (f), and
slow wave, og,w(f), at IMHz as a function of propagation distance.
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IV. DISCUSSION

Cancellous bone can support the generation and propaga-
tion of two compressional wave modes, fast waves and slow
waves. Depending on numerous factors, these two wave
modes can overlap substantially and therefore interfere in the
time-domain signal. Analysis of these overlapping waveforms
can lead to unexpected conclusions. Conventional phase spec-
troscopy analysis performed on mixed mode signals as if only
one wave were present can yield apparent negative disper-
sion.'*'>!7 Previous work has demonstrated, however, that
when decomposed, the fast wave and slow wave each exhibit
positive dispersion.'”?” Negative dispersion has been meas-
ured not only in trabecular bone*®? and cortical bone**
in vitro but also in trabecular bone-mimicking phantoms.*>-*
Several models have been proposed that predict negative dis-
persion including multilayer models,*"’ multiple scattering
models,*® and independent scattering models.*® The objective
of this study was to investigate the potential value of separat-
ing the fast waves and slow waves for determining the attenu-
ation properties of cancellous bone and to compare the results
of time-domain and frequency-domain methods for the analy-
sis of attenuation.

In this study, two methods of analysis were investigated
using the same simulated cancellous bone data. The time-do-
main analysis method applied to the mixed-mode signal
yielded a fast wave attenuation that started high at the begin-
ning of propagation and then decreased as the wave traveled

farther into the sample. However, the waves had been simu-
lated with a strictly constant-with-propagation-distance attenu-
ation coefficient. The frequency-domain analysis method
applied to the separated fast waves and slow waves that made
up that mixed-mode signal recovered the attenuation coeffi-
cients of both wave modes and did not introduce a dependence
on the propagation distance. This finding demonstrates that
application of time-domain based analysis to determine the
attenuation properties of mixed mode waves can introduce an
apparent dependence of the properties on propagation distance.

The ability to separate the fast and slow waves permits
application of frequency-domain methods. If the separation is
performed and the resulting waves are analyzed in the fre-
quency domain, the known attenuation coefficients can be
recovered. Figure 5 demonstrates that performing either these
steps in isolation can introduce an apparent dependence on
propagation distance. As illustrated, frequency-domain analy-
sis of the unseparated wave [Fig. 5, panel (b)] and time-do-
main analysis of the separated waves [Fig. 5, panel (c)] both
result in variable-with-distance apparent attenuation.

When the time-domain method was applied to the indi-
vidual separated fast waves and slow waves, the attenuation
of the fast wave, o and the attenuation of the slow wave,
2% “both showed a dependence on sample thickness [Fig. 5,
panel (c)]. This phenomenon results from estimating the
attenuation from the time-domain amplitude of a broadband
pulse. In the current system, a 1 MHz center-frequency,
broadband pulse was used as the input signal. Typically, the
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FIG. 5. The attenuation behavior as a function of sample thickness results when applying, panel (a): the time-domain method to the unseparated fast wave,
panel (b): log-spectral subtraction to the entire sample wave, consisting of overlapping wave modes, panel (c): the time-domain method to the individual fast
wave and slow wave, and panel (d): log-spectral subtraction to the separated fast wave and slow wave.
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attenuation coefficient for both fast and slow waves increases
with frequency in the range of interest. As a result, early in
the propagation, the higher frequency components of the
broadband signal are reduced more rapidly than the lower fre-
quency signals, thus resulting in a signal exhibiting propor-
tionally more of the lower frequency components. These
lower frequency components are attenuated less with distance
than the higher frequencies, resulting in a perceived attenua-
tion coefficient that appears to decrease with distance.
(Because of the shift to lower frequency components, to per-
mit a better comparison with the time-domain analysis
results, in Fig. 5 the frequency-domain attenuation coeffi-
cients for both the unseparated wave [panel (b)] and the sepa-
rated fast and slow waves [panel (d)] are shown for f=0.75
MHz rather than f=1 MHz. In panel (b) the values of otgmple
(0.75 MHz) are negative below sample thicknesses of 0.8 cm
due to interference between the fast and slow waves.)

The frequency-domain analysis method does account
for the broadband nature of the data; however, applying this
method to the mixed-mode sample waveform still yields an
apparent attenuation coefficient that depends on the thick-
ness of the sample [Fig. 5, panel (b)]. This effect, observed
previously in bone mimicking phantoms,'”-*' appears to be a
result of interference between the fast and slow waves being
perceived as attenuation. Figure 6 shows the apparent attenu-
ation coefficient of the combined wave for three propagation
distances, along with the known attenuation coefficients for
the fast and slow wave. Panel (a) shows that when the sig-
nals have propagated a short distance, there is substantial in-
terference between the two waves and a resulting anomalous
attenuation coefficient. By the time the signals propagate to
10 mm [panel (b)] and 15 mm [panel (c)], the fast wave has
been attenuated more than the slow wave, so the attenuation
coefficient of the combined wave approaches the slow wave
value. As illustrated in Fig. 4, the underlying attenuation
coefficient of each mode can be obtained if separated fast
waves and slow waves are available.

The results presented above might help in the interpreta-
tion of the recent study by Nagatani et al.'® This previous
work showed that the attenuation properties of cancellous
bone could vary substantially on the scale of millimeters.
The current work does not directly address this intrinsic
inhomogeneity, but attempts to demonstrate that in a simu-
lated sample with constant attenuation properties, some appa-
rent variation can be introduced by the analysis methods.
The nature and scale of the variation with depth reported by

Nagatani et al. do not appear to be fully accounted for by
effects originating from the analysis, but gaining a complete
understanding of this complicated system will likely rely on
isolating these effects.

As described previously, the complicated trabecular
structure of cancellous bone represents a possible cause for
the previously reported apparent decrease with distance of
the attenuation coefficient.'® The substantially higher speed
of sound within the trabeculae (approximately 3500 m/s) rel-
ative to the lower speed of sound in the intervening marrow
(approximately 1470 m/s)*° causes the portions of the propa-
gating signal that travel through the hard bone to advance
much more quickly than the signal that propagates primarily
through the interstitial marrow. When these faster signals
have propagated only a short distance through the sample
(relative to the pertinent scales determined by the trabecular
spacing and by the wavelength of the sound), their phase
fronts are generally misaligned. As a result, signals from a
relatively large (compared to the wavelength) phase sensi-
tive receiving aperture (real or simulated) will be subject to
phase cancellation at its face.*'** This phase cancellation
represents irretrievable loss of information that will appear
as apparent attenuation. Similar examples of phase cancella-
tion appearing as apparent attenuation in bone have been
reported previously.'”!4

If the fast wave is permitted to propagate farther into the
sample, the phase front will tend toward realignment as the
randomness induced by the trabeculae averages out over this
longer path.'® A phase sensitive receiver placed at the end of
such a longer propagation path will be subject to less phase
cancellation, and therefore less perceived attenuation. This
phenomenon is described more fully in Nagatani et al. and is
demonstrated in Fig. 10 of that paper.'®

This phenomenon potentially complicates the interpreta-
tion of signals propagated through cancellous bone. How-
ever, because it is intrinsically linked to the size and spacing
of trabeculae, this effect might ultimately be exploited to
infer from apparent attenuation measurements the relevant
length scales of the sample under investigation. Knowledge
of these length scales might then be used to estimate clini-
cally useful parameters such as the porosity and bone vol-
ume per total volume (BV/TV).

If the mixed-mode signal cannot be decomposed into its
individual wave modes, then both the time-domain method
and the frequency-domain method might introduce an appa-
rent dependence on distance of the attenuation properties that
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FIG. 6. The attenuation coefficients determined using the frequency-domain technique for the entire sample wave (solid line) and the separated fast and slow
waves (dashed lines) for three propagation distances: 6 mm (panel a), 10 mm (panel b), and 15 mm (panel c).
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is not representative of the underlying structure. Therefore,
the ability to separate the fast waves and slow waves is of
considerable importance. Bayesian probability theory is one
method for determining the individual properties of the inter-
fering wave modes,'*’ but in principle any method that can
isolate the two waves could be applied. Wear, for example,
recently demonstrated that the modified least squares Prony’s
method was also able to decompose a mixed-mode signal and
yield accurate estimates of its ultrasonic properties.***>

The results of this study show that overlapping fast
waves and slow waves can complicate the determination of
the attenuation properties of cancellous bone. Specifically,
the subtleties introduced by certain analysis methods applied
to these temporally overlapped waves might represent, in
part, an alternative explanation for the previously observed
dependence on propagation distance of the attenuation prop-
erties of cancellous bone. Frequency domain analysis per-
formed on the separated fast and slow waves was shown to
be the least susceptible to such artifacts.
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