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Abstract: Comparative study of longitudinal wave propagation in cancellous bone was performed.
‘We simulated wave propagation with the finite-difference time-domain (FDTD) method using a three-
dimensional X-ray computer tomography (CT) model of an actual cancellous bone. We also
experimentally measured the waves that propagated in an identical specimen under similar conditions.
The speeds of fast waves and the amplitudes of fast and slow waves at small ROls (region of interest)
in the specimen were examined. We found good correlations in fast wave speed and wave amplitudes
between simulated and measured data. The peak amplitude ratio of simulated two waves was also
similar with the experimental results. These results show the importance of FDTD simulation to
understand the wave propagation phenomena in the complicated medium.

Keywords: Cancellous bone, Fast wave, Slow wave, X-ray CT, Three-dimensional elastic FDTD
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1. INTRODUCTION

Considering the aging of Japanese society, demand is
growing for a more reliable and less onerous method of
diagnosing osteoporosis. Ultrasonic diagnosis systems are
considered a powerful tool, because ultrasomic waves
strongly reflect the elasticity. The current in vivo ultrasonic
diagnosis technique is the “Speed Of Sound/Broadband
Ultrasound Attenuation” (SOS/BUA) method [1]; how-
ever, as a simple measurement of averaged ultrasonic
wave speed and attenuation of whole bone in the wave
propagation path, this method does not really reflect the
precise bone structure and the amount of minerals present.

In order to improve the accuracy of ultrasonic diagnosis
System, our group has proposed a new approach to evaluate
bone that utilizes the separation of longitudinal waves as
they pass through cancellous bone [2-4]. We have reported
the separation of longitudinal waves into fast and slow
waves, a phenomenon that is especially dependent upon the

=l“e-n:u’ﬂ'l: nagatani @kobe-kosen.ac.jp
"e-mail: mmatsuka @mail.doshisha.ac.jp

[doi:10.1250/ast.30.257]

alignment of bone trabecula in cancellous bone [5-7]. It is
hoped that this interesting phenomenon will become a
powerful tool in the diagnosis of osteoporosis because the
wave propagation behavior apparently depends on the bone
structure. However, the details of wave propagation in
cancellous bone have not yet been examined, because of
the structural complexity and inhomogeneity.

Several theoretical approaches have been taken to
elucidate the phenomenon of wave propagation in porous
material. In Biot’s theory [8], or the multi-layer model [9],
the porous structure is described according to several
parameters in an effort to predict the generation of fast and
slow waves in cancellous bone. Hosokawa has reported the
separation of waves by means of a numerical solution using
Biot’s theory with the finite-difference method [107;
however, difficulties in bone analysis remain because of
the limited applicability of Biot’s theory to cancellous bone
[11,12], which exhibits significant anisotropy and inhomo-
geneity.

The difficulties of analytic evaluation have led to the
direct approach of attempting to solve the wave equation. If
an exact simulation of wave propagation were to succeed,
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it would give us a visual image of complicated wave
propagation in the bone. This would be helpful for
constructing a novel and optimum in vivo ultrasonic
measurement system [13].

Using a three-dimensional (3-D) synchrotron micro-
tomograph of actual trabecula, Bossy et al. [14] and Padilla
et al. [15] reported the generation of fast and slow waves
using finite-difference time-domain (FDTD) simulation.
Hajat et al. [16] investigated the influence of trabecular
bone microstructure and material properties on SOS/BUA
parameters using numerical simulations. However, a
quantitative comparison between simulation and experi-
mental results has not been investigated. Therefore, our
group sought to confirm the applicability of the elastic
FDTD method to the simulation of wave propagation in
cancellous bone using three-dimensional X-ray CT images
[17,18] by focusing on the comparative studies between the
FDTD simulation and experimental data. The tendency of
the simulated results showed good agreement with exper-
imental data; however, there were still a problem due to the
lack of spatial resolution of simulation model [17]. Recent
investigations of Padilla et al.'[19] and Jenson er al. {20]
show the similar tendency of SOS (or phase velocity) and
BUA between simulated and experimental results; how-
ever, they have not examined the characteristics of two-
wave phenomenon.

In this study, therefore, we simulated wave propagation
in a cancellous bone with the elastic FDTD method using
a more precise three-dimensional X-ray CT model of an
actual cancellous bone. We also experimentally measured
the waves that propagated in an identical specimen under
similar conditions in order to investigate the adequacy of
the simulation technique, especially focusing on the two-
wave phenomenon.

2. MEASUREMENT

2.1. Experimental Setup

For this comparative study, the waves propagated
through the bone were experimentally measured with
PVDF transducers. The size of the bovine cancellous bone
used was 20 x 20 x 9 mm’>. Figure 1 shows the photograph
of the bone specimen. The specimen was obtained from the
head of 36-month-old bovine femur.

During the measurements, the bone specimen was
immersed in degassed water at room temperature. Before
measurement, the air in the porous structure was eliminated
by degassing. The geometric focal length of the star-shaped
concave PVDF transmitter (custom-made by TORAY,
Tokyo, Japan) was 40 mm and the radius was 10 mm. The
surface of the transmitter was star-shaped in order to
decrease the edge effect [21]. In water, the beam width at
half maximum value of the wave amplitude was approx-
imately 1.5mm at the focal point [21]. The transmitted
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Fig.1 Photograph of the specimen. The bone marrow
inside the cancellous bone was removed.

< Concave
Transmitter
/

40}mm) |

Focal Point E.

20tmm} }

Dotk
3 lnm]

Fig.2 Schematic representation near the specimen of
the measurement system. The inside porous area and
outside the specimen was filled with degassed water.

wave focused in the specimen at the mid point of the
thickness. The radius of the plane PVDF receiver (home-
made with PVDF film) was 2.5mm. Figure 2 shows the
measurement system. In this measurement, the bone
specimen was fully immersed in water. The z-axis position
of the transmitter was fixed to maintain the focal point at
the mid point of the specimen thickness without consid-

“eration of refraction. The distribution of the wave proper-

ties was investigated by changing the positions of the
transmitter and receiver along the x-y plane. They were
moved in 1-millimeter-increments. The total number of
measured points was 144.

A single sinusoidal wave at 1 MHz, 5 Vp-p from a
function generator (WF1945, NF Corporation, Kanagawa,
Japan) was amplified by a 20-dB power amplifier
(4055, NFE Corporation, Kanagawa, Japan), and applied
to the transmitter. By changing the positions of the
specimen along the x-y plane, we investigated the distri-
bution of wave properties with a digital oscilloscope
(TDS 524A, Tektronix Inc., Oregon, United States) with
40-dB preamplifier (5307, NF Corporation, Kanagawa,
Japan).
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Fig.3 Experimentally observed waveforms. Waves
pass through the experimental setup, (a) without the
specimen, or (b) with the specimen.

2.2. Experimental Results

Examples of the experimentally observed waveforms
are shown in Figs. 3(a) and (b). Figure 3(a) shows the
result when the transmitted wave passes only through
water; Figure 3(b) shows the result when the transmitted
wave is focused on the center portion of the specimen. In
Fig. 3(b), the separation into fast and slow waves can be
seen. Here, we adopted the first positive peak as the fast
wave amplitude and the maximum amplitude of whole
waveform as the slow wave amplitude.

3. SIMULATION

3.1. Elastic FDTD Method

The followings are the governing equations for the 3-
dimensional elastic FDTD method [22,23] for the isotropic
medium. Deputized equations related to the x direction are:

%=(A+2u)%+i?ﬂ+l@—z, (1)
ot ax ay az
0075y dv, o,
o5 w) @
9v: - 1 (éc_r:“_’i 90y i a‘jrx), 3)
ot p\ Ox ay az

where o, and o, are normal and shear stresses, v, is
particle velocity, A and u are Lame’s coefficients, and p is
the density of the medium. These equations are digitized
using the central difference method. Figure 4 shows the
configuration of the parameters of FDTD simulation. The
stress and particle velocity were calculated alternately both
in the spatial and time domains, which is called “the
leapfrog method.” Absorption layers ‘were implemented
on each end face of the model [24]. Making use of the
advantage of simulation, we set the attenuation of the
values of the normal and shear stresses in each calculation

Fig.4 The spatial configuration of the parameters of
FDTD simulation.

1[mm)

Fig.5 A specimen of bovine cancellous bone used in
the simulation and experiment. (a) One slice of the 2-D
X-ray CT image before binarization. (b) 3-D recon-
structed model of cancellous bone after binarization.

step of wave propagation, considering dx (spatial resolu-
tion). The attenuation for each step was determined
from the experimentally observed longitudinal attenuation
value of cortical bone at 1 MHz [25,26]. The attenuation
used did not exhibit frequency dispersion. In this simu-
lation, the elastic anisotropy of the solid portion was not
considered.

3.2. Simulation Model

The wave propagation was simulated using the iden-
tical bone specimen that was experimentally measured in
chapter 2. Figures 5(a) and (b) are X-ray micro-focus CT
images (MCT-12505MF, Hitachi Medical, Tokyo, Japan).
The spatial resolution of the CT images was 64.5 um. This
field was smaller than the experimental measurement area
due to the memory limitaion of computer. The values of
each point in the CT images were binarized in order to
allow separation of the ambiguous border between the solid
portions (trabecula) and liquid portions at a specific
threshold. The threshold was determined as the median
value of the grayscale tones of the image.
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Fig.6 The FDTD simulation model. The concave
transmitter faces the specimen immersed in water.
Absorption layers were implemented on each end face
of the model.

The total simulation field was 23 x 23 x 18 mm’® with
cube lattice of 64.5 um. The time increment of simulation
was 5 ns. As the initial particle velocity in z direction at the
surface of the concave source shown in Fig. 6, the single
sinusoidal wave at 1 MHz was used. The Hanning window
whose length was 1ps was applied to prevent the
discontinuity of the waveform.

In this simulation, the surface of the transmitter was
star-shaped in order to decrease the edge effect [21]. This
comes from the actual transducer used in the experiments.
The surface polygon had 16 apexes. The outer radius of the
star shape was 2.5 mm and the inside radius was 1.25 mm.
The geometric focal length of concave transmitter was
10mm. Because of the lack of memory capacity of the
computer, the configuration of the transmitter in this
simulation was set proportional to the actual experimental
system. The receiver was 1.5 mm in radius, and the results
of the simulated sound pressures were obtained from the
integrated values on the receiver surface, where the sound
waves were not reflected nor interrupted. The transmitter
and the receiver have the acoustical axis in common.

In this model, the bone specimen was fully immersed in
water. The z-axis position of the transmitter was fixed to
maintain the focal point at the mid point of the specimen
thickness without considering the refraction. The distribu-
tion of the wave propagation was investigated by changing
the positions of the transmitter and receiver in the x-y
plane. They were moved in about 1-millimeter-increments.
The total number of simulated points was 144.

The experimentally observed values in the bovine
cortical bone were used as the wave speed and attenuation
in the trabeculae part of the cancellous bone. Yamato et al.
[27-29] reported that the speed of the longitudinal wave in
cortical bone varied from 4,000 to 4,400 m/s. In this study,
the simulations were performed at the longitudinal wave
speed of 4,400m/s because much higher velocities were
reported in the trabeculae in the GHz range [30]. In the
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Table 1 Parameters used in the FDTD simulation.

Material Water Bone trabecula
Density [10° kg/m?] 1.0 2.0
Velocity [m/s] Longitudinal 1,500 4,400
Shear — 2,200
Lame’s constant [GPa] A 2.2 20.0
o — 9.4
Attenuation [neper/m] Longitudinal 0.025 80
Shear — 160

simulation, the speed of shear wave was the estimated
value, assuming Poisson’s ratio of 0.34 [2]. We adopted the
experimentally observed attenuation in the cortical bone as
the attenuation coefficients of longitudinal wave in frabe-
culae [25,26]. The attenuation coefficient of the shear wave
in the solid portion was estimated as twice that of the
longitudinal wave, considering the properties of polymeric
materials [31]. The parameters used in this simulation are
shown in Table 1. The FDTD simulation software was
originally programmed by our group [32].

3.3. Numerical Results

Figures 7 show the screenshots of the distribution of
sound pressure (in liquid portion) or root-mean-square
value of normal stresses (in solid portion) at the central x-y
plane of the three-dimensional simulation field. Figures (a)
to (c) show the results without specimen, (d) to (f) show the
results with specimen. The separation of fast wave and
slow wave can be seen [18].

The calculated waveforms are shown in Figs. 8(a) and
(b). Figure 8(a) shows the result when the transmitted wave
passes only through the water. The slight vibration at the
tail of the waveform in Fig. 8(a) seems to result from the
spatial resolution in simulating. Figure 8(b) shows the
result when the wave is focused on the center portion of
the specimen, which is in a simular condition to that of
Fig. 3(b). The estimated BV/TV (bone volume/total tissue
volume, or bone volume fraction) around the area of this
result was 32.9%. Here, the BV/TV is the averaged value
of the cuboidal area in the model of 3 x 3 x 9 mm® around
the focal point of the concave source. This cuboidal ROI
(region of interest) was estimated considering the focal
area of transmitted wave in experiments [7]. Here, both fast
and slow waves can be seen. The fast wave is considered to
propagate mainly in the solid portion of bone specimen.
The amplitude of the fast wave was smaller than that of the
slow wave, which has also been reported from experimen-
tal studies [2—4].

4. DISCUSSION

In these simulations and experiments, we obtained the
peak amplitudes of the fast and slow waves and the speed of
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slow wave

fast wave

Fig.7 Screenshots of the distribution of sound pressure
in the x-z plane of the three-dimensional simulation
field inluding the specimen center. Figures (a) to (c)
show the results without specimen, (d) to (f) show the
results with specimen.
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Fig.8 Simulated waveforms. Waves pass through the
simulation model, (a) without the specimen, or (b) with
the specimen.

the fast wave estimated from the arrival time of the wave
front. Here, we adopted the first positive peak as the fast wave
amplitude and the maximum amplitude of whole waveform
asthe slow wave amplitude. In this study, we could not obtain
the speed of slow waves because superposition with fast
waves affected the wave fronts of the slow waves.
Figure 9(a) shows the relationship between BV/TV
around the focal point and the speed of the fast wave. We
can see correlations in both the simulated and experimental

results. Both results increased in proportion to the BV/TV.
This indicates that the fast wave speed depends on the
amount of trabecula in the wave propagation path.

The relationships between the BV/TV and the peak
amplitude of the fast and slow waves are shown in
Figs. 9(b)(c). Here, all values are normalized by the peak
amplitude of the wave that passed only through the water.
The amplitude of the fast wave has a positive correlation to
the BV/TV, while the amplitude of the slow wave has a
negative correlation. The fast wave passes mainly through
the solid portion (trabeculae) and the slow wave passes
mainly through the liquid portion [2-4]. The increase in the
BV/TV results in a minimization of liquid path or the
generation of closed liquid portions swrrounded by solid
bone, which rapidly increases the amplitude of the fast
wave and contrarily decreases that of the slow wave. These
characteristics are also supported by the former exper-
imental studies [2,3,7].

Table 2 shows the correlation coefficients of the BV/
TV and each indicator of the simulated and experimental
results. These data show clear correlation between simu-
lations and experiments: The correlation coefficients of the
fast wave speed, the amplitudes of the fast and slow waves
between simulation and experiments were 0.58, 0.74, and
0.83 (p < 0.01), although we adopted the velocity and
attenuation values of cortical bone, because the values in
the trabeculae are unknown. There seem to be other causes
for these differences in addition to the velocity and
attenuation values. For example, the selection of the
threshold for the modeling of CT image [16,33] and
present assumption of isotropic elasticity in the trabeculae.
We also should point the difference of simulation field
from the measurement due to memory problem: The
transmitter in the simulation was smaller than that in the
actual experimental system, which results in wider beam
width at the focal area because the ratios of the wavelength
and the radius of the transducer are disparate. In addition,
due to the limitation of simulation field, we put the smaller
receiver near the specimen. We can also point out the effect
of the frequency dispersion of attenuation coefficients in
trabeculae, and the influence of boundary friction at the
interface of the liquid and solid portions [17]. These
problems should be considered in future studies.

Despite the problems, however, the simulation reveals
some interesting results. Figure 9(d) shows the relation-
ships between the BV/TV and the peak amplitude ratio
between fast and slow waves. Differences at low BV /TV
area in Fig. 9(c) and high BV/TV area in Fig. 9(b)
disappeared. Some agreements between the simulated and
experimental results becomes apparent. The amplitude
ratio concerns the separation mechanism of the initial wave
into the fast and slow waves; therefore, this agreement of
simulation and experiment suggests the possibility of
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assumed to be 4,400 m/s. All values are normalized by the peak amplitude of the wave that passed through the water only.
The same unique specimen was used for both the simulation and the experiment.

Table 2 Correlation coefficients (R) of (i) BV/TV v.s. simulated results, (ii) BV/TV v.s. experimental results, and (iii)
simulated results v.s. experimental results. (p < 0.01 in all cases).

. @ BV/TV (ii) BV/TV (iii) Simulation

Indicator v.s. Simulation v.s. Experiment v.s. Experiment
Wave speed 0.71 0.66 0.58
Normalized amplitude ratio of fast wave 0.6 0.93 0.74
Normalized amplitnde ratio of slow wave -0.81 —-0.87 0.83

understanding the generation mechanism of wave separa-
tion by FDTD simulation using X-ray CT images. The
separation phenomena of longitudinal wave into fast and
slow waves seems to depends on the BV/TV.

Figures 10 show the results when the londitudinal wave
speed were assumed to be 4,060 m/s, where the Poisson’s
ratio was 0.34. A comparison of Figs. 9 and 10 clarifies
that the selection of the longitudinal wave speed in the
trabeculae affects the results: a higher longitudinal wave
speed results in not only the higher fast wave speed but also
the smaller fast wave amplitude and larger slow wave
amplitude. These results are believed to be caused by the
change in the acoustic impedance of trabeculae, suggesting
the importance of the initial properties used in the
simulation. The comparison of Figs. 9 and 10 tell us that
more special attenuation to the wave properties for
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simulation will give us better correlation between simu-
lation and experiments.

5. CONCLUSION

Using a 3-D X-ray CT model of a bovine cancellous
bone, the generation of fast and slow waves was confirmed
by the elastic FDTD simulation. We also experimentally
measured the waves propagated in an identical bone
specimen under the same conditions. Comparing the results
in detail, we found the similar tendency between the
simulated and experimental results.

The simulated speed of fast wave, the peak amplitude
of fast and slow waves, and the amplitude ratio between
those two waves showed clear correlations with BV/TV.
The discrepancy of values between experiments and
simulation seems to come from the modeling difficulties
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(c) peak amplitude of slow wave, and (d) peak amplitude ratio of fast and slow waves. The longitudinal wave speed was
assumed to be 4,060 m/s. The Poisson’s ratio was 0.34, which is same as the condition of Fig. 9. All values are normalized
by the peak amplitnde of the wave that passed through the water only. The same unigne specimen was used for both the

simulation and the experiment.

(adopted values for wave properties, friction loss, etc.).
However, the peak amplitude ratio between the fast and
slow waves agreed with the experimental results. This
simulation technique can help us understand wave prop-
agation in a complicated medium and can be an effective
tool for designing a new in vivo ultrasonic measurement
system for osteoporosis.
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Abstract

Conclusion: N1m growth indicates the differences in central auditory processing between bone-conducted ultrasound and
air-conducted audible sound. Objectives: Bone conduction enables ultrasound to be heard by the hurman ear. Despite many
studies, the perceptual mechanism of bone-conducted ultrasound has not yet been clarified completely. Therefore, this
study investigated the ultrasonic perception of humans, especially as regards the effects of stimulus intensity or loudness.
Subjects and methods: The effect of the stimulus level on N1m amplitude was measured over the psycho-acoustical dynamic
range. Results: The dynamic range for 30 kHz bone-conducted ultrasound (18.2+43.3 dB) was found to be significantly
narrower than that for 1 kHz air-conducted sound (85.9+11.9 dB). As the stimulus level increased, the N1m amplitude in
response to bone-conducted ultrasound grew faster than that to air-conducted sound. Although the growth of the N1lm
amplitude for air-conducted sound saturated below the uncomfortable loudness level (UCL), that for bone-conducted

ultrasound continued to grow above the UCL.

Keywords: Ultrasonic perception, uncomfortable loudness level, dynamic range, magnetoencephalography

Introduction

In general, the upper frequency limit of human
hearing is approximately 20 kHz, and sounds above
this frequency are called ultrasound. However, if
ultrasound is delivered by bone conduction, ultra-
sound up to at least 100 kHz can be heard [1,2].
Although several hypotheses about this ultrasonic
perception have been suggested [2], ultrasonic per-
ception has not yet been clarified. According to the
previous reports, while the cochlea may possibly be
the peripheral receptor of ultrasonic perception [2,3],
bone-conducted ultrasound is difficult to mask with
air-conducted audible sounds [2,3], and some pro-
foundly deaf individuals are able to hear bone-
conducted ultrasound [3-5]. These results indicate
that the perceptual mechanism of bone-conducted
ultrasound differs from that of air-conducted audible
sound in several respects.

Several clinical applications of ultrasonic percep-
tion have been suggested, such as the treatment of

tinnitus [6,7] and the diagnosis of sudden deafness,
Meniere’s disease [8], and noise-induced hearing
loss [2]. The most interesting application may be to
hearing aid technology. Lenhardt et al. [4] reported
that bone-conducted ultrasonic hearing supported
frequency discrimination and speech detection not
only in subjects with normal hearing, but also in the
elderly hearing-impaired and the profoundly deaf.
They suggested that bone-conducted ultrasonic
hearing might be used as an alternate communica-
tion channel in the rehabilitation of hearing dis-
orders. Recently, Hosoi et al. observed the brain
region activated by bone-conducted ultrasound
using magnetoencephalography (MEG) [5]. They
reported that the auditory cortex was activated by
bone-conducted ultrasound, and that ultrasound
modulated by different speech sounds can be
discriminated in the auditory cortex. These results
support the concept that bone-conducted ultra-
sound is recognized as an auditory sense in the

Correspondence: Tadashi Nishimura MD PhD, Department of Otolaryngology, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8522, Japan.
Tel: +81 744 22 3051. Fax: +81 744 24 6844. E-mail: t-nishim@naramed-u.ac.jp

(Recetved 19 March 2009; accepred 23 March 2009)

ISSN 0001-6489 print/ISSN 1651-2251 online © 2009 Informa UK Lid. (Informa Healthcare, Taylor & Francis As)

DOI: 10.1080/00016480902915707



brain, and that it is possible to create an ultrasonic
hearing aid for the profoundly hearing impaired to
be used instead of a cochlear implant.

Despite the great potential of ultrasonic percep-
tion, it is difficult to use it clinically due to the poor
establishment of its perceptual mechanism.
Although the auditory cortex is involved in ultra-
sonic perception, how bone-conducted ultrasound is
processed in the central auditory system is not well
known. If the effects of ultrasonic stimuli were
determined in detail, the results would contribute
to the clarification of ultrasonic perception. In this
study, the dynamic range and the growth of Nlm
amplitude over the dynamic range were measured,
to determine the effect of the stimulus level on bone-
conducted ultrasound processing in the central
auditory system.

Subjects and methods

Nine volunteers with normal hearing took part in
this study (two females and seven males; aged 24—
30 years; all right-handed). The dynamic range for
bone-conducted ultrasound was first compared with
that for air-conducted audible sound. Second, the
auditory cortical activations evoked by both sounds
were compared using a neuromagnetometer (Neu-
romag-122, Neuromag Ltd, Helsinki, Finland). In
both experiments, the ultrasound frequency was set
at 30 kHz and that of the air-conducted sound at
1 kHz. The ultrasound was delivered to the mastoid
via a newly devised ceramic vibrator which produces
no magnetic noise. The air-conducted sound was
delivered to the ear by a headphone and an earphone
(E-A-R TONE 3A, Cabot Safety Co., Indianapolis,
IN, USA) for the psycho-acoustical measurements
and MEG study, respectively. Both sounds were
generated by a function generator (WF1946, NF
Electronic Instruments Co., Yokohama, Japan). The
ultrasound signal was increased by a high-speed
power amplifier (HHSA4011, NF Electronic Instru-
ments Co.). The signal intensities were controlled
logarithmically by an attenuator (PAS5, Tucker-Davis
Technologies, Gainesville, USA) in order to use a
decibel scale.

‘Measurement of the psycho-acoustical dynamic range

The experiment was performed in a soundproof
room. The thresholds for both sounds were first
measured using an ascending technique. The stimu-
lus duration was set at 300 ms, including rise and fall
ramps of 50 ms. The stimulus rate was set at 2 Hz.
The incremental steps of the bone-conducted ultra-
sound and air-conducted sound were set at 1 and
5 dB, respectively. The threshold was determined
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when the subject responded to the signal at the same
threshold in at least three ascending series. After
measuring the threshold, the uncomfortable loud-
ness level (UCL) was measured twice. The second
UCL was used to estimate the dynamic range for
each subject. The dynamic range was calculated by
subtracting the threshold from the UCL.

MEG study

The -auditory cortical activations evoked by the
bone-conducted ultrasound and air-conducted
sound were recorded using the neuromagnetometer
in a magnetically shielded room. The magnetic
responses were compared using the NIm peak
amplitude measurements. Taking the results of the
dynamic range measurement into consideration, the
intensity level of the bone-conducted ultrasound was
set at 5, 10, 15, and 20 dB SL (sensation level, based
on each subject’s threshold measured before the
experiment) and that of the air-conducted sound
was set at 45, 65, 85, and 105 dB HL. The bone-
conducted ultrasound and air-conducted sounds
were delivered to the left mastoid and left ear,
respectively. The stimulus durations were 30 ms
including rise and fall ramps of 10 ms. The inter-
stimulus interval was set at 2.0 +0.1 s. The subjects
watched a self~chosen silent movie and were in-
structed to pay no attention to the acoustic stimuli
during the experiment. The magnetic data were
sampled at 0.4 kHz after bandpass filtering between
0.03 and 100 Hz, and then averaged more than
100 times. Any responses coinciding with magnetic
signals exceeding 3000 fI/cm were rejected from
further analysis. The averaged responses were digi-
tally bandpass filtered between 0.1 and 30 Hz. The
analysis epoch was 0.6 s, beginning 0.1 s before the
simulus onset. The average 0.1 s pre-stimulus
period served as the baseline. The neuromagnet-
ometer has two pick-up coils in each position, which
measure two tangential derivatives, JBz/dx and
0Bz/oy, of the field component Bz. We determined:

B = \ﬂSBz/ax)z + (6Bz/6y)
for each sensorposition.

For the amplitude of each subject, we employed a
Nim peak amplitude with the maximum amplitude
placed over the right temporal area. According to the
previous report [9], N1m was determined as follows:
the latency of the peak ranges between 70 and
150 ms, and the direction of the equivalent current
dipole (ECD) points toward the neck. The Nlm
amplitudes evoked by the bone-conducted ultra-
sound and air-conducted sound were normalized to
the respective maximum values.
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Results
Psycho-acoustical measurement

The threshold and UCL for the 1 kHz air-conducted
sound were 3.847.4 and 89.7+10.5dB HL,
respectively. The dynamic ranges for the bone-
conducted ultrasound and air-conducted sound
were 18.2+3.3 and 85.9411.9 Db, respectively
(Figure 1). The dynamic range for the bone-con-
ducted ultrasound was significantly narrower than
that for the air-conducted sound (p <0.01).

MEG study

Figure 2 shows the magnetic response to the 20 dB
SL bone-conducted ultrasound stimulus in a subject.
The responses were observed over the right and left
auditory cortex, and the N1m deflections over the
right auditory cortex (contralateral to the stimulation
side) were larger than those over the left. Figure 2
also shows the waveform of the N1m amplitude at
the sensor where the maximum N1m amplitude was
measured, and the isocontour map at the peak
amplitude latency. The ECD was estimated over
the right auditory cortex. Figure 3 shows the N1m
amplitude at the sensor where the maximum N1m
amplitude was measured in another subject. In this
subject, the N1m in response to bone-conducted
ultrasound showed a broad deflection in comparison
with that to the air-conducted sound. The higher the
intensity, the larger the mean N1lm amplitude for
both stimuli. For the 20 dB SL bone-conducted
ultrasound stimulus, an artifact deflection made by
the vibrator was observed. A similar artifact deflec-
tion was observed in some subjects at high stimulus
levels. Figure 4 shows the mean N1m amplitude as a
function of stimulus level. Basically, the higher the
intensity, the larger the mean Nlm amplitude for
both stimuli. As the intensity increased, the growth of
the N1m amplitude decreased. While the growth of
the N1m amplitude for the air-conducted sound was

30 kHz
bone-conducted
ultrasound

1 kHz
air-conducted —
sound

1 L 1

20 40 60 80
Dynamic range (dB)

Figure 1. Dynamic ranges for 30 kHz bone-conducted ultrasound
(shaded bar) and 1 kHz air-conducted sound (open bar). The bars
indicate standard deviation.

saturated at approximately 85 dB HL, the growth of
the N1m- amplitude for the bone-conducted ultra-
sound increased beyond the UCL. Finally, the Nim
amplitude in response to the bone-conducted ultra-
sound was approximately half as large as that to the
air-conducted sound in almost all subjects.

Figure 5 shows the latency of the N1m amplitude
peak. The higher the stimulus level, the shorter the
latency of the amplitude peak for both stimuli.
However, no significant difference was found among
the stimulus levels.

Discussion

The results show that the dynamic range for the
bone-conducted ultrasound is significantly narrower
than that for the air-conducted sound. A similarly
narrow dynamic range was also observed in the
cochlear hearing-impaired [10] and those with
cochlear implants [11]. Since the wide dynamic
range for air-conducted sounds depends upon the
outer hair cell (OHC) function [10], the lack of
OHC function results in a narrow dynamic range.
Therefore, the narrow dynamic range for bone-
conducted ultrasound suggests the possibility that
the perceptual mechanism of bone-conducted ultra-
sound is independent of the OHC function. In
animal models, Ohyama et al. [12] investigated
ultrasonic perception by electrocochleography using
kanamycin-poisoned guinea pigs with damaged
OHC function. While a reduction in auditory nerve
action potential (AP) responses evoked by clicks was
observed in the kanamycin-poisoned animals, no
difference was observed in the AP responses evoked
by bone-conducted ultrasound between normal and
kanamycin-poisoned guinea pigs. They concluded
that ultrasonic perception was mediated by inner
hair cell function, independent of the OHC func-
tion. Thus, it appears that the perceptual mechanism
of bone-conducted ultrasound is independent of the
OHC function in man, and the narrower dynamic
range of ultrasonic perception may depend on a
peripheral perceptual mechanism. However, Ohya-
ma’s hypothesis originated from animal models
whose ultrasonic range is different to humans. It is,
therefore, necessary to address whether ultrasonic
perception in man is identical to ultrasonic percep-
tion in animals.

In the MEG results for bone-conducted ultra-
sound, the N1m amplitude showed various shapes,
for instance, a sharp deflection like an air-conducted
sound (Figure 2) or a broad deflection (Figure 3).
Since such distributed isocontour was observed,
particularly at low stimulus levels, it was difficult to
identify a reliable ECD with a single dipole model.
For the reliability of intensity estimation, this study
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Figure 2. (a) Waveform of brain magnetic field in response to 20 dB SL bone-conducted ultrasound stimulus from 122 channels except 1
bad channel. The selected sensor indicates the maximum Nlm amplitude measured. The vertical bars indicate the stimulus onset. Arrows
indicate an artifact. (b) Waveform of the amplitude of the brain magnetic field (B") at the selected sensor. (c) The isocontour map (10 T
steps) at the N1m amplitude peak. The thick and thin lines indicate outgoing and incoming fields, respectively. The arrow indicates the

approximate position of the equivalent current dipole.
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Figure 3. Waveforms of the amplitude of the brain magnetic field
(B”) in response to 30 kHz bone-conducted ultrasound (a) and 1
kHz air-conducted sound (b) at each intensity of a single subject.
These waveforms were measured in the channel that showed the
maximum amplitude over the right auditory cortex.

investigated the effects of stimulus level with max-
imum N1m amplitude.

In regard to N1m amplitude for the air-conducted
sound, as the stimulus level increased, the growth of
the Nlm amplitude decreased, and was saturated
below the UCL. Previous studies found the slow
N1m amplitude growth at moderate stimulus levels
[13]. Furthermore, at high stimulus levels, not only
saturation of the growth [14] but also a decay of N1
amplitude was observed in the previous studies [15].
Thus, the growth of the N1m amplitude in Figure 4
is consistent with the previous studies. On the other
hand, for bone-conducted ultrasound, the growth of
the N1m amplitude decreased as the stimulus level
increased, but was not saturated below the UCL.
Therefore, these results revealed differences in N1m
amplitude growth between the bone-conducted
ultrasound and air-conducted sound.

To address the differences in central auditory
processing of both sounds, the neural activity in the
peripheral auditory pathways may be considered as
follows. In previous reports, the growth of AP
responses for air-conducted sound showed a typical
two-segment curve (L-part and H-part) [16]. On the
other hand, despite the results from animal models,
the growth of AP responses for bone-conducted
ultrasound showed a simple monotone curve, lacking
the L-part [12]. Thus, the peripheral activity is
assumed to be like that shown in Figure 6. While
the N1m amplitude in response to air-conducted
sound is less affected by change in the peripheral
activity, the growth of the N1m amplitude for bone-
conducted ultrasound was similar to that in Figure 6,
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1 kHz air-conducted sound (right vertical dashed line). The bars
indicate standard deviation.

implying that the Nlm amplitude in response to
bone-conducted ultrasound largely depends on per-
ipheral activity.

Judging from these growth curves (Figure 4 and 6),
recruitment may account for the current results. For
the hearing-impaired subjects, the dynamic range is
smaller than that in the normal-hearing subjects {10].
The AP growth shows a steep curve similar to that in
response to bone-conducted ultrasound in Figure 6
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Figure 6. A schematic illustration of the activity in the peripheral
audirory pathways as a function of the sumulus level for bone-
conducted ultrasound and air-conducted sound. For air-
conducted sound, the curve consists of two segments termed the
L-part and the H-part. On the other hand, for bone-conducted
ultrasound, the curve shows a simple monotonic growth, lacking
the L-part.

[17], and the N1 amplitude grew faster than that in
the normal-hearing subjects [15]. These character-
istics correspond to those observed for bone-con-
ducted ultrasound in our results. Therefore, the faster
growth of N1m amplitude for bone-conducted ultra-
sound may depend on the same mechanism as
recruitment in the hearing impaired. Since the thresh-
old of hearing increases rapidly above a high fre-
quency even in normal hearing, all subjects may be
considered to be hearing impaired at high-frequency
tones. Thus, our results suggest that bone-conducted
ultrasound is perceived by the human auditory system
in the same manner as the hearing impaired perceives
air-conducted sound.

In this study, the vibrator used emitted no air-
conducted audible sound, and no response was
evoked if the vibrator was kept away from the
body. In terms of the perceptual mechanism of
bone-conducted ultrasound, several reports have
indicated the possibility of sub-harmonic audible
sound generation in the transmission path [2,18].
Since it is difficult to estimate sound field accurately
in the cochlea, it has not yet been concluded whether
ultrasonic perception is provided by ultrasound itself
or by sub-harmonic sounds. However, even if sub-
harmonic sounds are generated, ultrasound cannot
be perceived by air conduction, implying that the
perceptual mechanism of bone-conducted ultra-
sound may differ from that of air-conducted audible
sound in several respects.

Conclusion

In this study, the effect of the stimulus level on
bone-conducted ultrasound was measured using a



psycho-acoustical method and MEG. The psycho-
acoustical dynamic range for 30 kHz bone-conducted
ultrasound was found to be significantly narrower
than that for 1 kHz air-conducted sound. If bone-
conducted ultrasound is used in clinical applications,
its output level should be carefully set to avoid noise-
induced hearing loss. In regard to central auditory
processing, the effect of the stimulus level on the
growth of N1m amplitude for the bone-conducted
ultrasound was larger than that for air-conducted
sound. Although the growth of the N1m amplitude
for air-conducted sound was saturated below the
UCL, the N1m amplitude for bone-conducted ultra-
sound continued to grow above the UCL. Consider-
ing the activity in the peripheral auditory pathways, it
appears that the N1m amplitude in response to bone-
conducted ultrasound is largely affected by the
stimulus level, similar to the growth of the Nlm
amplitude in the hearing impaired. These results
show the differences in the central auditory proces-
sing between bone-conducted ultrasound and air-
conducted sound. '
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Comparison between bone~-conducted ultrasound and audible sound
in speech recognition

AKINORI YAMASHITA, TADASHI NISHIMURA, YOSHIKI NAGATANI,
TADAO OKAYASU, TOSHIZO KOIZUMI, TAKEFUMI SAKAGUCHI & HIROSHI HOSOI

Department of Otolaryngology, Nara Medical University, Kashihara Nara, Fapan

Abstract

Conclusion: This study showed that it is possible to transmit language information using bone-conducted ultrasound (BCU)
in normal-hearing subjects. Our results suggest the possibility of a difference in speech recognition between BCU and air-
conducted audible sound (ACAS). Objective: Ultrasound was audible when delivered by bone conduction. Some profoundly
deaf subjects as well as normal-hearing subjects can discriminate BCU whose amplitude is modulated by different speech
sounds. These findings suggest the usefulness of developing a bone-conducted ultrasonic hearing aid (BCUHA). However,
the characteristics of BCU are still poorly understood. The aim of the present study was to compare BCU and ACAS in
terms of their associated speech perception tendency and to investigate the different perceptual characteristics of BCU and
ACAS. Subjects and methods: Speech discrimination tests using both BCU and ACAS were performed with normal-hearing
subjects. BCU and ACAS were compared for intelligibility and hearing confusion. Resuits: With BCU, the maximum
percentage correct totaled about 75%. Our comparison of the hearing confusion with ACAS and BCU according to the
individual syllabic nuclear group showed a clear difference in the incorrect rates. In addition, the stimulus nuclear groups
were often perceived in other nuclear groups in BCU.

Keywords: Ultrasonic speech perception, List 67-S, amplitude wmodulation, bone-conducted ultrasonmic hearing aid,
ntelligibility, monosyllable, hearing confusion

Introduction audible sound (ACAS) have been reported. For
instance, the subjective pitch elicited by BCU is
similar to the pitch of air-conducted sound in the
8-16 kHz range [3,4,6]. BCU can mask perception of
ACAS in the 10-14 kHz range, and this masking
phenomenon is independent of ultrasonic frequency
[8]. The dynamic range of BCU is narrower than that
of ACAS [8]. The most interesting characteristic of
ultrasonic perception is that some profoundly hear-
ing-impaired individuals can perceive BCU. Len-
hardt et al. reported that frequency discrimination is
possible in those who perceive BCU [10]. They also

It is generally thought that humans can perceive
sound by air conduction in the frequency range of
approximately 16 Hz to 24 kHz [1]. However, several
studies have reported that ultrasound in a frequency
range up to at least 120 kHz can be perceived through
bone conduction [2—4]. Since this phenomenon
was first reported [2], several hypotheses about this
ultrasonic perception have been suggested. One
report postulates that a certain biomechanical system
demodulates the ultrasound into low-frequency audi-
ble sound [5], while others hypothesize a contribu-

. tion by cochlear hair cells [3,4,6—8] or vestibular hair
cells [9,10]. Despite many later studies, however, no
consensus has emerged regarding the perception
mechanism of bone-conducted ultrasound (BCU).
In terms of the perceptual characteristics of BCU,
several differences between BCU and air-conducted

reported that the speech signals that modulate the
carrier wave of BCU can be detected not only by
normal-hearing subjects but also by elderly hearing-
impaired and profoundly deaf subjects. These find-
ings support the idea of an ultrasonic hearing
aid system for profoundly deaf subjects. Recently,
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magnetoencephalography (MEG) and positron ermnis-
sion tomography (PET) studies have objectively
demonstrated that the auditory cortex of some
profoundly deaf subjects can discriminate ultra-
sounds whose amplitudes are modulated by different
speech sounds [11-13]. These studies also support
the potential for the development of a bone-con-
ducted ultrasonic hearing aid (BCUHA) that could
be used by elderly hearing-impaired and profoundly
deaf subjects. Using the findings of these reports,
Nakagawa et al. developed a BCUHA and investi-
gated its usefulness for profoundly deaf subjects [14].
In that study, all normal-hearing subjects could sense
BCU modulated by speech signals and 50% of them
could clearly detect Japanese words; however, in the
case of deaf subjects, only 40% could sense BCU and
20% could detect Japanese words. Okamoto et al.
investigated the intelligibility of bone-conducted
ultrasonic speech in normal-hearing subjects using
a Japanese monosyllable list compiled in a commer-
cially available database (NTT Advanced Technology
Corporation) [15]. They reported that the highest
average score from monosyllable intelligibility tests
with BCU was about 60%. The monosyllable list is
usually used for speech discrimination tests in Japan;
however, the list is not often used in the speech
discrimination test for evaluation of the hearing
impaired in Japan. The list most commonly used in
the speech discrimination test is List 67-S authorized
by the Japan Audiological Society. List 67-S com-
prises 20 monosyllables used frequently in daily
conversation. This list is also used for adaptation to
hearing aids, hearing aid evaluations, and adaptation
to cochlear implants. In BCU, therefore, the use of
List 67-S in speech discrimination tests is very
important for the development of BCU through
comparison with the enormous quantity of data
available.

In this study, we used List 67-S to measure the
intelligibility of Japanese monosyllables in BCU and
ACAS among normal-hearing subjects. We com-
pared BCU and ACAS in terms of the tendency to
perceive speech and investigated the difference
between BCU from ACAS in terms of perceptual
characteristics.

Subjects and methods
Subjects

Thirteen adults (seven males and six females) took
part in the experiment. All were native Japanese
speakers. All subjects had hearing within 20 dB HL
at all frequencies from 125 to 8000 Hz as measured
by conventional pure tone audiometry (AA-78; Rion,
Tokyo Japan). All subjects encountered BCU for the

first time in this experiment. The subjects’ ages
ranged from 21 to 29 years. Informed consent was
obtained from each subject after the nature of this
study was explained.

Stimuli

Speech discrimination tests were performed with
both BCU and ACAS using List 67-S, which
comprises 20 monosyllables (/a/, /ta/, /ha/, /ba/, /gal,
fwal, [/, Ishi/, fji/, i/, i/, o, Ik, /sw, /tel, /nel,
o/, /mol, /tol, fyol). In the experiment with BCU, a 30
kHz sinusoidal wave was used as the carrier wave
because the resonance frequency of the vibrator was
around 30 kHz, and this signal wave was amplitude-
modulated with speech signals. For calibration, a 1
kHz sinusoidal wave for level proofreading attached to
List 67-S CD was used. This wave taped at the average
output level of speech signals. Modulation was set at
100% of this sinusoidal wave. The modulated signal is
expressed in the following formula:

U(t) = (S(t) — S,,) * sin(@nf )

where S(t) indicates the speech signal, S is the
minimum amplitude value of S(t), and £, indicates the
30 kHz carrier wave. Figure 1 shows an example of the
waveform of a monosyllable speech signal and the
ultrasonic waveforms modulated by the speech signal.
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Figure 1. Waveforms of a monosyllable signal (/a/). (a) Mono-
syllable signal in the audible range. (b) Monosy]lable signal
amplitude modulated into the ultrasonic range.
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Procedure

The ultrasonic stimuli were delivered to the right
mastoid via a custom-made ceramic vibrator. At the
beginning of the experiment, the subjects’ ability to
hear ultrasound by bone conduction was investigated
with a 30 kHz sinusoidal wave amplitude-modulated
with a 1 kHz tone burst. (Stimulus duration was set
at 200 ms with rising/falling ramps of 20 ms and a
stimulus rate of 2 Hz.) The tone burst was made from
the sinusoidal wave at 1 kHz for level proofreading.
For subjects who could hear BCU, the sensation
threshold was measured and the threshold was set at
0 dB. After measurement of the thresholds, we
measured the uncomfortable loudness level (UCL)
and the most comfortable loudness level (MCL).
The threshold of sensation, MCL, and UCL of each
subject were determined by an ascending technique.
Measurements were performed at least three tirnes. If
differences in threshold of measurement were within
1 dB, we employed the average. If the response was
unstable, measurement was discontinued and begun
again. The stimulus rate was set at 2 Hz. The step
size was 0.1 dB.

After the measurement of the MCL and UCL,, the
speech discrimination test with BCU was performed.
The carrier wave was modulated with monosyllable
sounds output from the CD provided with List 67-S.
This modulation was performed with a function
generator (WE1946; NF Electronic Instruments
Co., Yokohama, Japan). The ultrasound signals
were increased with a high-speed power amplifier
(HSA4011; NF Electronic Instruments Co.). The
signal intensities were controlled logarithmically with
an attenuator (PA5; Tucker-Davis Technologies,
Gainesville, FL, USA) in order to use the decibel
scale. The intensity levels of BCU were set at 0, 5, 10,
and 15 dB. The monosyllable intelligibility test with
BCU was performed at every signal intensity.

The monosyllable intelligibility test with ACAS
was also performed. The audible sound stimuli
output from an audiometer (AA-78; Rion) were
delivered to the right ear though a headphone. The
intensity levels of ACAS were set at 0, 10, 20, 30,
and 40 dB HI. By agreement with the Japan
Audiological Society, the intensity of 0 dB generated
from this audiometer is prescribed at 14 dB SPL.

The inter-stimulus interval for the monosyllable
intelligibility tests both in BCU and ACAS was 3.0 s.
The same 20 monosyllables were used at each sound
level. The stimuli were presented in random order.
Each subject was instructed to record by hand
during the interval what he or she had heard. All
the experiments were carried out in a soundproof
rooml.

Result

All subjects detected a pitch when the 30 kHz
sinusoidal wave amplitude modulated with a 1 kHz
tone burst was delivered by bone conduction. MCL
was 8.6 +3.3 dB SL and UCL was 18.6+4.6 dB SL
on average.

The results of speech discrimination tests with
BCU and ACAS are shown in Figure 2. In the
speech discrimination test with BCU, one subject
could not perceive any speech information from the
stimmulus signal; therefore, this subject was excluded
from the statistics. In each stimulus condition, the
differences in the intelligibility of the sound levels
were tested for significance by one-way ANOVA.
The sound level had a significant effect for both
BCU and ACAS (p <0.01). This significant effect
was observed in all pairs of sound levels for BCU in
post hoc analysis. In the speech discrimination test
with ACAS, the percentage correct totaled about
100% at a sound level of 40 dB HL; however, for
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Figure 2. Averaged score of speech discrimination tests with (a)
ACAS and (b) BCU. Vertical bars indicate standard deviations.
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BCU, the maximum percentage correct totaled only
about 75% at a sound level of 15 dB SL.

Table I shows all hearing confusion in 12 subjects
with BCU at 15 dB. We compared hearing confusion
at 15 dB for BCU with that at 20 dB for ACAS. The
percentage correct was approximately equal in each
case. Table IT shows the total number of cases of
hearing confusion for the individual syllabic nuclear
group of /a/, /i/, W/, /el, and /o/. The wrong rates with
the nuclei /i/ for ACAS and BCU were 28.3% and
15%, respectively. On the other hand, the wrong rate
with the nuclei /e/ for ACAS was 5.0%, increasing
significantly to 45.8% for BCU. Table III shows the
confusion matrix for the individual syllabic nuclear
groups. The numbers in the table indicate the
percentages of incorrect responses in each syllabic
nuclear group. Almost all stimuli for ACAS resulted
in a score of 100%; for BCU, the stimulus nuclear
groups of /a/ and /i/ showed hearing confusion with
the same nuclear groups; however, the stimulus
nuclear groups of /u/, /e/, and /o/ often showed
hearing confusion with other nuclear groups.

Discussion

Measurements of MCL and UCL levels are generally
required to determine the parameters to be used for
hearing aid devices. In this study, the MCL. for BCU
was 3.3-12.7 dB SL. and 8.6 dB SL among all subjects
on average. Although no speech discrimination test
was performed at MCL, it is predicted from the
results of the sound levels at 5 and 10 dB SL that the
percentage correct at MCL would be about 50%. Itis
generally agreed that the intensity of conversational
speech should be amplified to MCL for the hearing

Table I. All incorrect responses from 12 subjects with BCU at 15 dB.

impaired [16]. Therefore, the hearing impaired will
require the hearing aid gain to be set to the intensity of
MCL. If the levels of intelligibility are similar in
profoundly deaf subjects who can sense BCU, we can
anticipate the practical application of a BCUHA.

In the experiment, one subject could not perceive
any speech information from the stimulus signal.
Because the mechanisms of BCU perception are still
unclear, it is difficult to specify the reason for this.
One possible reason for it involves the characteristics
of BCU, especially pitch. The subjective pitch
elicited by ultrasonic stimulation has been found to
be independent of its frequency, and it is perceived
as if 1t were due to air-conducted stimuli of 8-16 kHz
[3,4,6]. This characteristic indicates that the pitch of
BCU fluctuates and that pitch change is unstable, 1.
e. that increase in frequency does not always lead to
subjective increase in pitch. There are thus large
differences between subjects in perception of BCU
modulated by speech signals. Moreover, some sub-
jects find BCU stimulation uncomfortable due to its
high pitch. The subject at issue might thus not have
been able to recognize speech sounds included
within the ultrasound. We will examine this subject
in greater detail in future work, since this may yield
important findings concerning the mechanism of
ultrasound perception.

Okamoto et al. [15] reported that the highest
average scores from monosyllable intelligibility tests
for BCU were about 60% and that the monosyllable
intelligibility scores for BCU at 25 dB and 30 dB
showed no significant difference. They noted that
the intelligibility of BCU is not necessarily relative to
the sound level. This phenomenon might arise
because the subjects perceive both the speech sound

Stimulus Incorrect responses

la/ - /ni/

ftal — /sa/ /tsu /a/

fha/ - fta/ /ta/ fra/ /ta/ /hi/ Ika/ /al
/ba/ — /ka/ [ral /da/ /da/ /ta/
/gal — /da/ /do/ /de/

fwal — /ra/ rol/ /ha/

[ki/ — i/ i/

/shi/ — /hi/

31/ — /chi/ /chi/

/ni/ — v fri/

I/ - /bi/ fii/

h/ — /al 1/ 1/ ) /ni/
[a/ — kol

fsu/ — /shi/ /sa/

/te/ — /ko/ /ko/ /me/ /to/ /ha/ /ne/ /de/
/ne/ - /to/ /me/ [ba/ i/

fo/ - /a/ /ga/

/mo/ — /da/ i/ /no/

[tof - /ko/ /ho/ /pa/ /of

fyol — /na/




