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Table II. Total number of incorrect responses for each syllabic nuclear group with both ACAS and BCU.

Vowel syllabic nuclear group

Monosyllables in List 67-S

Total Errors with ACAS Errors with BCU

a (6 monosyllables)
1 (5 monosyllables)
u (3 monosyllables)
e (2 monosyllables)
o (4 monosyllables)

1/, Ishi/, i/, ini/, /ri
M, ke, Isw/

/re/, Ine/

lol, ltol, Imol, lyol

/al, ftal, /bal, /bal, Fwal, /gal

72 20 23
60 17 9
36 11 8
24 1 11
48 6 10

and carrier signal simultaneously. On the other
hand, our results show that the highest average score
for the speech discrimination tests for BCU was
about 75% at 15 dB SL and that the score of the
speech discrimination test with BCU increased
significantly in all pairs of sound levels. These results
show that the intelligibility of the speech discrimina-
tion test for BCU is not saturated and that our
highest score was better than their results. It is
evident that the listeners perceived high tones
induced by the carrier signal more strongly as the
sound levels increased. However, our results did not
show an influence in carrier frequency, although this
may be a result of our use of a different list, speaker,
degree of modulation, and threshold search method.

Safety considerations require that the stimulating
mtensity be set to less than UCL. Although Oka-
moto et al. [15] indicated that ultrasonic stimuli
were delivered without discomfort, UCL was not
measured strictly in their report. In our experiments,
after measuring UCL — which was 15.1-33.1 dB SL.
and 18.6 dB SL on average — speech discrimination
tests with BCU were performed at an intensity less
than UCL. In our results, the highest average score
was about 75% at 15 dB SL. For safety reasons and
to support the development of BCUHA, it is very
important that this high intelligibility be obtained at
less than UCL.

Table III. Confusion matrix for the individual syllabic nuclear
groups based on the results of monosyllable intelligibility tests
with ACAS and BCU.

Incorrect response group

Stimulus group a i u e o No response
ACAS

a 100

i 100

u 91 9

e 100

o 33 67

BCU

a 70 9 4 4 9 4
i 89 11

u 25 63 13

e 18 9 36 36

o .50 10 40

Our comparison of hearing confusion between
ACAS and BCU according to individual syllabic
nuclear groups showed a clear difference in the
incorrect rates. In addition, the stimulus nuclear
groups were often perceived in other nuclear groups
in BCU stimuli, although most incorrect responses
showed hearing confusion with the same nuclear
group in ACAS stimuli. These facts indicate the
possibility of a difference between BCU and ACAS
in terms of speech recognition methods. Further
study is needed to clarify the factors behind this
difference because the mechanisms of BCU percep-
tion are still unclear.

Our results indicate that vowel articulation in
BCU 1is inferior to that of ACAS. However, this
result might have been influenced by the unpracticed
subjects, as all subjects in this study heard BCU for
the first tume in this experiment. Therefore, it is
assumed that intelligibility can be improved with
training.

Conclusion

In this study, we compared BCU and ACAS in terms
of speech perception tendencies in subjects with
normal hearing. Our results suggest that it is possible
to transmit language information with BCU stimula-
tion to normal-hearing subjects. Although the high-
est average score from speech discrimination testing
with BCU was about 75%, it may be possible to
improve intelligibility through training or by improv-
ing signal processing. However, the possibility that
BCU and ACAS differ in terms of the mechanism of
speech recognition has alsc been suggested. There-
fore, further investigation is important. This result
cannot be applied directly to profoundly deaf
subjects. The present findings provide important
clues for the development of BCUHA. Improved
sound processing and further study with hearing-
impaired subjects are needed to develop the BCUHA
for elderly hearing-impaired and profoundly deaf
subjects.
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Estimation of factors influencing the results of tinnitus

retraining therapy
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Abstract

Conclusion: The factors of tinnitus loudness and Tinnitus Handicap Inventory (THI) score in tinnitus patients have the
potential to relate to therapeutic results of tinnitus retraining therapy (TRT). Objectives: To confirm what factors in tinnitus
influence the results of TRT. Parients and methods: Twelve factors were investigated in 53 patents with tinnitus, examining
the relationship between these factors and the results of TRT. A THI score was determined before and 6 months after TRT
introduction (pre- and post-TRT). Moreover, the change of THI score from pre- to post-TRT (ATHI) was referred to as
the therapeutic effect of TRT. Based on the 12 factors, subjects were respectively divided into two groups, comparing A THI
between groups. Results: Two groups of greater tinnitus loudness and higher THI score showed significant increases in
ATHI, indicating that two factors of tinnitus loudness and THI score were related to the therapeutic effect of TRT.

Keywords: Tinnitus Handicap Inventory (THD), nnnitus loudness, sound therapy, sound generator, prognostic factor

Introduction

In recent years, the concept of therapy for chronic
tunnitus has shifted from removing to relieving the
symptom. Tinnitus retraining therapy (TRT) is
aimed not to resolve unnitus completely, but to
habituate to and to alleviate the symptom of tinnitus,
being a clinically selected therapy for chronic tinnitus
[1,2]. TRT has been performed since the 1990s,
obtaining therapeutic results in approximately 80%
of tinnitus patients [1-3] without remarkable side
effects. Although TRT is currently one of the most
effective and popular therapies for tnnitus, it still
requires the accumulation of many clinical experi-
ences and studies.

TRT is introduced to tnnitus padents who can
understand its method and theory, and who can
accept this therapy actively [1,2]. Based on the
introduction criteria, TRT can be widely performed
in padents with any characteristics of tnnitus,
especially patients who are mentally restricted in
daily life by unnitus [1,2,4]. Nevertheless, we
occasionally experience cases with poor therapeutic

results after long-term TRT. Methodologically, TRT
administration requires a long period of at least
6 months because it is a method of psychotherapy
and rehabilitation. In order not to waste long
periods of time in the treatment of tinnitus patients,
information about the validity of TRT is valuable.
Bstimation of facrors influencing the therapeutic
results of TRT may be useful for the introduction
of this therapy, since few reports are available on
factors related to the results of TRT [4-7].

In this study, 12 factors concerning tinnitus
patients were investigated, and we examined the
relationship between these factors and the results of
TRT in order to confirm which factors influence
the results of TRT.

Patients and methods

The subjects were 53 patients with tinnitus (21 males,
32 females, mean 56.1+15.8 years old) who con-
sulted the specialized tinnitus clinic in our depart-
ment from July 2003 to December 2004, and
who selected TRT as a method for tinnitus therapy.
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The conditions of tinnitus in all subjects were
characterized as follows: tinnitus was continuously
perceived for at least 3 months, tinnitus pitch and
annitus loudness did not fluctuate greatly, hearing
level was not severely impaired, and a follow-up
period was more than 6 months after TRT introduc-
tion. Subjects were excluded from this study if they
were diagnosed as requiring other treatments for the
primary disease of tnnitus.

At the first medical consultation, the subjects
were asked to evaluate subjectve symptoms of
tinnitus using a queston table for tinnitus, includ-
ing a Tinnitus Handicap Inventory (THI) score
[8,9], an index (ranging from 0 to 100 points)
reflecting difficulties in daily life or the psycholo-
gical distress caused by tnnitus (100 points means
maximally distressed). In turn, otolaryngological
findings (ear, nose, and throat), auditory find-
ings (pure tone audiometry and recruitment phe-
nomenon), and tnnitus characteristics (tinnitus
pitch and tinnitus loudness) were also examined.
Brain imaging and auditory evoked responses were
examined, if necessary.

The program of TRT was uniformly introduced to
all subjects. TRT consisted of directive counseling
and sound therapy. Directive counseling was a
detailed explanation to enable understanding of the
cause, course, and treatment of tinnitus. Sound
therapy was performed to reduce tinnitus perception
by listening to noise from a sound generator (TCI
Tinnitus Control Instrument, Siemens Hearing In-
struments Ltd). After the introduction of TRT, the
subjects consulted our clinic approximately once
every 2 months, After completing the TRT program
for 6 months, subjective symptoms of tinnitus, in-
cluding a THI score, were re-evaluated.

The following 12 factors of interest were invest-
gated: age, sex, laterality in the ear with tinnitus,
period of tinnitus, primary disease leading to tinnitus
or hearing loss, hearing level, existence of recruitment
phenomenon, tinnitus pitch, tinnitus loudness, THI
score, existence of concomirant drugs with TRT,
and number of consulting doctors. Each factor
was calculated concerning the frequency distribu-
tion, mean value, and median value. For each of the
12 factors, the subjects were respectively divided into
2 groups (group A and B), determining the borderline
based on the frequency distribution (age, sex, later-
ality in the ear with tinnitus, period of tinnitus,
primary disease leading to tinnitus or hearing loss,
recruitment phenomenon, tinnitus pitch, concomi-
tant drug use, and number of consulting doctors), or
on the study data in an early tinnitus study (THI score
[4], hearinglevel [10], and tinnitus loudness [11,12]).

For statistical analysis, firstly, the overall result of
TRT in all subjects was analyzed by paired r test,
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comparing the THI score before and 6 months
afrer TRT introduction (pre- and post-TRT). For
the results of TRT based on each of 12 factors,
changes in the THI score from pre- to post-TRT
(ATHI), referred to as the therapeutic effect of TRT,
were compared respectively between groups A and B
with Student’s unpaired ¢ test. A THI score on pre-
TRT was also compared independently, to evaluate
the variance of THI score in advance. As for positive
or negative values for ATHI, the condition whereby
a THI score had decreased 6 months after TRT
was defined as positive, and that when a THI score
had increased was defined as negatve. In all cases,
p<0.05 was considered significant.

Results ’

The overall results of TRT in all subjects are shown
in Figure 1. The THI scores were significantly
decreased between pre- and post-TRT (pre-TRT:
47.3423.1 >post-TRT: 30.44+22.1).

The distributions of subjects concerning the 12
factors are shown in Table I. Since the number of
subjects was hierarchically distributed, seven factors
of age, period of tinnitus, hearing level, tinnirus
pitch, tinnitus loudness, number of consulting
doctors, and THI score were additonally calculated
concerning their frequency distribution, as shown
in Figure 2.

The changes of THI score from pre- to post-TRT
(ATHI) of each factor are shown in Table II. On the
analysis of THI score on pre-TRT, two factors
showed a significant difference between A and B
groups (Al vs B1): the THI score and the existence
of concomitant drugs with TRT. In analysis of
ATHI, two factors showed a significant difference
between groups A and B (A3 vs B3): tnnitus

p <0.001

Six months after TRT
introduction (post-TRT)

Before TRT
introduction (pre-TRT)

Figure 1. Overall results of TRT in all subjects. The graph shows
mean +standard deviation values; #» =53, paired ¢ test.
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Table I. Dismibution of subjects based on the 12 factors investigated.

Facror Distribution
Age Mean: 56.1+15.8 years Median 60 years
Sex Male: n =21 Female: n =32

Larterality in ear with tinnitus

Period of tinnitus

Primary disease leading to tinnitus
and hearing loss

Hearing level

Recruitment phenomenon
Tinnitus pitch

Tinnitus loudness

THI score

Concomitant drug

Number of consulting doctors

Absent: n =30

Absent n=16

Unilateral: n =33

Mean: 48.5+79.9 months
Unknown: n =27
(presbyacusis 21, idiopathic 6)

Mean: 30.6+22.5 dB HL
Under 500 Hz: n=9
Mean: 14.2+10.0 dB SL
Mean: 48.2+24.2

Mean: 1.62+1.02

Bilateral: n =20

Median: 18 months

Known: n =26 (Sudden hearing
loss 8, Méniére’s Disease 7,
head trauma 3, cerebral
drug-induced 2, noise-induced 2,
ottis media 2)

Median: 25 dB HL

Present: n =23

Over 2 kHz: n =44

Median: 13 dB SL

Median: 44

Present: n =37

Median: 1

loudness (under 9 dB SL.: 8.9 +9.9 <over 10 dB SL.:
20.4+21.5), and THI score (under 50 points: 9.8 +
14.7 <over 50 points: 26.9 +21.1).

Discussion

The group with tnnitus loudness over 10 dB SL
showed significantly higher ATHI than that under
9 dB SL. Thatis, TRT was more effective in patients
with dnnitus over 10 dB SL, indicating a greater
therapeuric effect in padents with larger tdnnitus
loudness. This relationship between tinnitus loud-
ness and the results of TRT in this study was
probably caused by an external sound device in
TRT, a sound generator. In the methodology of
TRT, listening to noise from a sound generator,
mixed with the perception of tinnitus, acts to reduce
the sound contrast of tinnitus [1,2]. The volume of
noise is adjusted to the degree that a patient can
perceive simultaneously with tinnitus, depending on
tinnitus loudness [1,2]. For patients with lower
tinnitus loudness, environmental sounds that pa-
tients perceive with the naked ear fulfill a role similar
to noise from a sound generator. Thus, the group
with tinnitus loudness <9 dB SL probably showed
few therapeutic effects of TRT. For patients with
greater tinnitus loudness, on the other hand, envir-
onmental sound alone is too small to replace the
noise from a sound generator. Since the noise
amplified by a sound generator was required, TRT
with a sound generator was able to provide a more
beneficial therapeutic effect in the group with > 10
dB SL.

The group with THI score >50 points also
showed a higher ATHI than that with a score <50
points on pre-TRT. This implies that TRT with a
sound generator is more effectve in patients with

THI score >50 points, probably in patients with
higher THI score. Comparing patients who were
severely distressed and those who were slightly
distressed by unnitus, commonly, the patients who
were severely distressed are estimated to benefit
more greatly from tnnitus treatment. Therefore,
the results suggest that the THI score adequately
reflects the degree of distress in tinnitus patients.
Moreover, the results provide supportng evidence
that the criterion for TRT introduction in tinnitus
patients should be the THI score >50 points [4].
Essentially, the purpose of TRT is not to recover
radically from tinnitus, but to alleviate the distress
caused by tinnitus, by means of directive counseling
and sound therapy jointly. Since directive counseling
is performed to help patients clearly understand the
cause, course, and treatment of tinnitus, it seems that
the therapeutic effect of TRT is influenced by how
well therapists can grasp the degree of distress in
tinnitus patients. However, within the short time
available for routine consultation in otolaryngology,
therapists are limited in their understanding of the
complaints of padents by being able to ask only a few
questions. Considering the results of this study, an
investigation of THI score is a powerful tool for the
screening of a tinnitus patient, because it facilitates
the understanding of the degree of distress in tinnitus
patients and can be used for the estmation of the
therapeutic effect of TRT before its introduction.
Factors that estmate the therapeutc effect are
probably useful to introduce new teatment, and
provide further improvement to poorly responding
diseases or symptoms. Few reports are available on
factors that influence the therapeutic effect of TRT,
while a THI score [4], a psychology test (CMI,
SRQD) [6], mental and physical conditions [7], and
cognitive ability [7] have been reported on. Since
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Figure 2. Frequency distribudon for seven factors. (A) Age; (B) period of tinnitus; (C) hearing level; (D) tinnitus pitch; (E) tinnitus

loudness; (F) THI score; (G) number of consulting doctors.

TRT is still under investigation to accurmulate more
clinical experiences and studies, many discussions
on TRT will be required in the future.

In conclusion, the relationships between 12 fac-
tors of tinnitus patients and changes in the THI
score before and 6 months after TRT (ATHI) were
examined to estimate factors influencing the results
of TRT. Consequently, two groups with greater
tinnitus loudness or higher THI score before TRT

showed significant increases in ATHI, indicating
that two factors — tinnitus loudness and THI score —
influenced ATHI. These results suggest that inves-
tgations of tinnitus loudness and THI score are
useful before introducing TRT.

Declaration of interest: The authors report no

conflicts of interest. The authors alone are respon-
sible for the content and writdng of the paper.
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Table II. Changes in THI score from pre- to post-TRT (ATHI).

12 Ny I By

THI score
THI score THI pre-TRT ATHI
THI score post- A group THI score  score post- B group analysis analysis
Group A pre-TRT TRT(A2) ATHI(A3) Group B pre-TRT(B1) TRT(B2) ATHI(B3) (Al vs Bl) (A3 vs B3)
(A
Age Under 60 47.3422.0 33.9+24.0 13.44+17.0 Over 60 47.34+24.6 27.1+19.8 20.3:4+21.2 NS NS
years years
(n=26) (mean+ (n=2T7) (mean +SD)
SD)
Sex Male 46.84+21.8 30.9421.9 15.94+14.1 Female 4774243 30.1+22.5 17.6+22.4 NS NS
(n=21) (n=32)
Laterality in the car Unilateral 43.5423.3 26.1+19.7 17.34+21.6 Bilateral 53.7421.9 37.5+24.3 1624155 NS NS
(n1=33) (n=20)
Period of tinnitus Under 1 year 41.3421.3 28.0422.7 13.34+16.0 Over 1 year 53.1423.6 32.74+21.6 2044221 NS NS
(11 =26) (n=27)
Primary disease Unknown 41.8+22.4 25.94+18.2 15.94£20.9 Known 53.1422.8 35.1425.0 18.04+18.0 NS NS
(=27) (n=26)
Hearing level Under 30 dB 47.1422.8 30.6+23.9 16.5+18.5 Over 30 dB 47.6424.0 30.2+19.9 17.4420.9 NS NS
HL HL
(n=30) (n=23)
Recruitment phenomenon  Absent 50.6--21.4 3254240 18.1:4+17.4 Present 43.04+25.0 27.7+19.4 15.3-22.0 NS NS
(n=30) (n=23)
Tinnitus pitch Under 500 Hz 51.8:4+24.1 28.0£30.6 23.84+16.9 Over 2 kHz 46.4-+23.1 30.9+20.3 15.5+19.7 NS NS
(n=9) (n=44)
Tinnitus loudness Under 10 dB 40.44+16.3 31.5+16.1 8.949.9 Over 10 dB 50.3425.1 29.9+24.4 20.4+215 NS »<0.05
SL SL
(n=16) (n=37)
THI score Under 50 31.14+10.6 21.34+13.8 9.84+14.7 Over 50 70.2+15.0 43.3+425.3 26.9+21.1 p< 0.001 p<0.001
(n=31) (n=22)
Concomitant drug Absent 37.5419.5 22.14+12.9 15.4+15.9 Present 51.6+23.5 34.0+24.2 17.6+20.9 p<0.05 NS
(n=16) (n=3T7)
Number of consulting Under 1 45.1423.5 32.5422.3 12.6 +14.5 Over 2 49.8+22.9 28.1+22.0 21.84+23.0 NS NS
doctors
(n=28) (n=25)
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The effect of visual information in speech signals

by bone-conducted ultrasound
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\ prototype for a bone-conducted ultrasonic hearing aid
vas developed for the profoundly deaf. Previous studies
1sing bone-conducted ultrasonic hearing aid revealed
ntelligibility only with the use of acoustic media in
ransmitting language information. In this study, we
nvestigated the effects of visual information (lip-reading
nformation) on intelligibility in bone-conducted uftrasound
»erception of normal-hearing individuals. We found

hat lip-reading information had clear effects on
»one-conducted ultrasound perception, showing that
simultaneous presentation of audio and visual information
mproved intelligibility to levels sufficient for speech
serception. Our findings also suggested the efficacy

>»f use of signal processing techniques in improving the

ntroduction
I'he auditory perception of bone-conducted ultrasound
s not well known in general. However, after the first

esearch about ultrasonic perception in 1948 [1], sev-

;ral hypotheses concerning such perception have been
wggested. The possibility of audible sound generation
n transmission through nonlinear processes has been
uggested [2-4]; for instance, nonlinearity in transfer
rom transducer to skull demodulates ultrasound into low-
requency audible sounds [4]. In contrast, some research-
;rs also suggested that ultrasonic perception takes place
vithin the cochlea, with Important contibutions by
‘ochlear hair cells [3,5-8] or vestibular hair cells [9,10].
Jne study suggested that bone-conducted ultrasound-
nduced vibration of the basilar membrane directly
ctivated inner hair cells without outer hair cell function
n the basal turn of the cochlea [8]. In other studies of
nimal models, ultrasonic perception was considered to be
nediated by the inner hair cell system without enhance-
nent by the outer hair cell system [7,11]. Although several
iypotheses have been suggested, the mechanisms of
tltrasonic hearing have yet to be clearly determined.

jeveral differences between bone-conducted ultrasound
nd air-conducted audible sound have been considered in
erms of perceptual characteristics. For- instance, the
itch of bone-conducted ultrasound is independent of its
requency [3,6], and is perceived as if derived from air-
onducted stimuli of 8-16kHz [5]. Bone-conducted
lrrasound can mask the perception of air-conducted
udible sound in the 10-14 kHz range, and this masking
3 independent of ultrasonic frequency [8]. The dynamic
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range of bone-conducted ultrasound is narrower than that
of air-conducted audible sound [8]. The most interesting
characteristic of bone-conducted ultrasound is the avail-
ability of ultrasonic frequency discrimination, and speech
detection 1s not only restricted to normal-hearing
individuals, that is, they are also available in some deaf
patients [10]. Regarding this Interesting phenomena,
several studies have been conducted from physiological
perspective [12,13]. Among them, one study showed that
bone-conducted ultrasound stimuli activated the auditory
cortex, and showed using magnetoencephalography that
ultrasound that is amplitude modulated by different
speech sounds can be discriminated in the auditory
cortex in some profoundly deafs [12]. Putting these
findings together, practical use of an ultrasonic hearing
aid system for profoundly deaf individuals would be
possible. Recently, a bone-conducted ultrasonic hearing
aid for profoundly deaf individuals has been developed
and its utility has been evaluated [14,15]. The recogni-
tion of bone-conducted ultrasound modulated by speech
signal and the intelligibility of Japanese words were 100
and 50% for normal-hearing individuals, and 40 and 17%
for deaf individuals, respectively [14]. Another study
investigated the intelligibility of bone-conducted ultra-
sonic speech in normal-hearing individuals using a
Japanese monosyllable list and reported that the highest
average score from monosyllable intelligibility tests with
bone-conducted ultrasound was about 60%. Although
these findings suggest the potential commercial viability
of bone-conducted ultrasonic hearing aid, they also
claimed to improve intelligibility of bone-conducted
ultrasound are required in further studies.
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Regarding the practical use of bone-conducted ulera-
sound, however, i1t should be noted that the experimental
conditions in these studies are unnatural. In normal
conversation, not only audible information but also visual
information related to speakers is used. This visual
information is termed lip-reading information, and its
roles have been investugated by several researchers. For
example, lip-reading information has been found to be
particularly useful in noisy environments [16] and for
speech perception by patients with cochlear implants
[17]. Normal-hearing individuals also rely on visual cues
[16]. The advantages of visual information are important
for practical application of bone-conducted ultrasonic
hearing aid. For the purpose of development of bone-
conducted ultrasonic hearing aid, hearing performance
should be evaluated in actual environmental conditions,
in which listeners use both audio and visual information.
However, the degree of improvement of the intelligibility
of bone-conducted ultrasound using lip-reading informa-
tion has yet to be determined. In this study, we assessed
the effects of lip-reading information on intelligibility in
bone-conducted ultrasound perception.

Materials and methods

Participants

Thirteen adult volunteers (nine males and four females)
participated in the study. They were all native Japanese
speakers with normal hearing and normal or corrected
vision. The participants’ ages ranged from 22 to 30 years.
None of the participants had experience with lip-reading
training. They provided written consent after being
informed of the nature and purpose of this study. The
procedure used in this study was approved by the Ethics
Committee of the Nara Medical University.

Stimuli

Speech discrimination tests were performed in three condi-
tions: (1) audio-alone condition, (i1) audio-visual condition,
and (ii1) visual-alone condition. A video to evaluate auditory
perception for cochlear implant patients [17] comprised
of 50 Japanese monosyllables (Table 1), which was used
for audio and visual presentation. In this tape, the face
of a female Japanese speaker pronouncing 50 syllables was
recorded. In the visual presentation, visual sumuli were
presented on a color monitor placed 1 m in front of part-
cipants. A life-sized speaker appeared on the monitor
In the audio presentation, a 30kHz sinusoidal wave

Table1 Classification of Japanese Monosyllables used in this study
a ka sa ta na ha ma ja ra wa ga da ba
ik fi tfiomio¢ mi i d3i

u ku  su fsu Qu mu ju ru dzu

e ke se te ne he me re de

o ko so to no ho mo jo o go da

Fifty Japanese monosyllables used for intelligibility testing. Each line indicates a
monosyllabic group having the same vowel nucleus.

was used as a carrier wave as the resonance frequency
of the vibrator was approximartely 30kHz. The signal
wave was amplitude modulated with speech signals.
For calibration, we used a 1kHz sinusoidal wave adjusted
to the equivalent continuous A-weighted sound pressure
level of the 50 monosyllables. The degree of modulation
was set at 100% of this sinusoidal wave. The modulated
signal is given by the following formula:

Uz) = [$() - SLAeq}X sin(2nfer)

where S(7) indicates the speech signal, Spaeq is the
minimum amplitude value of the equivalent continuous
A-weighted sound pressure level of §(z), and f; indicates
the frequency of the carrier wave.

Procedure

The ultrasonic stimuli were delivered to the right
mastoid through a custom-made ceramic vibrator. At the
beginning of the experiment, the participants’ ability to
hear ultrasound was investigated with a 30 kHz sinusoidal
wave amplitude modulated with a 1kHz tone burst
(stimulus duration was set at 200 ms including 20 ms rise/
fall times and a stimulus rate of 2 Hz). The tone burst
was prepared from the 1kHz sinusoidal adjusted to the
equivalent continuous A-weighted sound pressure level
of the 50 monosyllables. The step size was 0.1 dB SL.
The threshold of sensation was determined by ascending
technique, which was performed at least three times. If
differences were within 1 dB SL, we used the average.
If the difference of responses were more than 1 dB SL,
measurement was begun again.

After the measurement of sensation level, the speech
discrimination tests were performed under the three condi-
tions noted above. Audio-alone condition, audio-visual
condition, and video-alone condition were presented in
separate sequences. In the audio-alone and audio-visual
conditions, the carrier wave was modulated with mono-
syllable sound output from the DVD provided with the
videotape. This modulation was performed with a function
generator (WF1946; NF Electronic Instruments Co,,
Yokohama, Japan). The ultrasound signals were increased
with a high-speed power amplifier (HSA4011; NF Electronic
Instruments Co.). Signal intensities were controlled
logarithmically with an attenuator (PAS5; Tucker-Davis
Technologies, Gainesville, Florida, USA) to permit use of
the dB scale. The intensity levels of bone-conducted
ultrasound were set at 0, 5, 10, and 15dB SL. The mono-
syllable intelligibilicy test was performed at every signal
Intensity.

The inter-stimulus interval for each monosyllable pre-
sentation was 3.0 s. The same 50 monosyllables were used
at each sound level. The stimuli were presented in
random order. All the experiments were carried out in 2
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sound-proof room. Each participant was sitting and
instructed to write the monosyllables presented on a
prepared answer sheet during testing.

Results

In audio-alone and audio-visual conditions, mean per-
centages of correct responses increased markedly at
10dB SL, and then plateaued (Fig. 1). In the audio-
alone condition, the maximum percentage of correct
responses of 66.5% was obtained at 15dB SL. Addition of
visual information increased the correct response rate to
79.2% at 15dB SL. These data were examined by two-
way analysis of variance, with experimental condition and
sound level as within-subject factors. Analysis of variance
revealed significant effects of condition [F(1,12)=87.59,
P < 0.001] and sound level [F(3,36)=92.05, P < 0.001].
The interaction between condition and sound level was
also significant [F(3,36)=21.18, P <0.001]. Post-hoc
comparison revealed significant differences from 0 to
10dB SL in each condition, but not between 10 and
15dB SL. In visual-alone condition, mean percentage of
correct responses was 20.6%. A r-test was performed
between visual-alone condition and 0dB SL in audio-
visual condition, the minimum sound level, and revealed
a significant difference between the two conditions
[2(24)=5.26, P < .001].

Discussion

The results of speech discrimination tests in this study
revealed that lip-reading information strongly affected
bone-conducted ultrasound speech perception. The
speech intelligibility of bone-conducted ultrasound with
visual information was significantly higher than that
without visual information at each sound level tested.
The maximum percentage of correct answers in the
audio-visual condition totaled about 79% at a sound level
of 15dB SL. Moreover, at the level at 0dB SL, the mean
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percentage of correct responses (46.9%) in audio-visual
condition was clearly higher than the arithmetc sum of
the percentages of correct responses (29.0%) in audio-
alone condition (8.4%) and video-alone condition (20.6%).
This result suggests that the synchronization of audio
and visual information increased intelligibility in speech
perception through bone-conducted ultrasound compared
with the stand-alone condition. Our findings showed that
the use of audio-visual information with bone-conducted
ultrasound markedly enhanced the availability of informa-
ton in normal-hearing individuals. Generally, hearing-
impaired individuals rely on lip-reading information more
strongly than do normal-hearing individuals. Lip-reading
information may play important roles in the transmission of
language information for the hearing-impaired who make
use of bone-conducted ultrasonic hearing aid. Although
intelligibility with bone-conducted ultrasonic hearing aid is
as low as 17% [14], use of lip-reading information and
training in lip reading will improve intelligibility in deaf
individuals.

At 15dB SL, the percentages of correct vowe!l perception
including following vowels in the audio-alone and audio-
visual conditions were 91.4 and 98.1%, respectively. This
indicates that lip-reading information aids the listener in
enabling near-perfect discrimination of vowels. In con-
trast, the percentage of correct perception of prior
consonants in audio-alone and audio-visual conditions
remained at 684 and 80.1%, respectively. The score
for prior consonants was lower than that for vowels,
and intelligibility was not sufficient for transmission of
language information through bone-conducted ultra-
sound. Sound processing techniques, including emphasis
on the prior consonant, will thus need to be improved.

In the audio and audio-visual conditions, mean percen-
rage of correct responses increased markedly at 10 dB SL,
and then plateaued. A similar type of saturation has been
reported [15]. They conducted Japanese monosyllable
intelligibility tests with bone-conducted ultrasound and
found that monosyllable intelligibility scores for bone-
conducted ultrasound at 25 and 30dB did not differ
significantly. The discrepancy in intensity levels at
saturation between present and previous studies might
be caused by differences in degree of modulation and
methods of measurement of sensation. They noted that
the intelligibility of bone-conducted ultrasound is not
necessarily related to sound level. This might occur
because participants perceive speech sounds and carrier
signals simultaneously. The higher the level of sound
was, the more strongly participants perceived carrier
signals sounds. As the subjectve pitch elicited by
bone-conducted ultrasound is similar to the pitch of
air-conducted sound in the 8-16kHz range [5], our
participants perceived high-tone pitch more strongly,
possibly making it difficule for them to understand
speech information. For reasons of safety, stimulation
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intensity was set to less than uncomforrable level, and

it is important to transmit sound information using bone-
conducted ultrasound without discomfort. No partici-
pants complained of uncomfortable sensation at 10dB SL
sumulation, the saturating intensity in our experiments.
The percentage of correct responses reached 72% at
10dB SL in the audio-visual condition. Our findings
showed that the use of simultaneous presentation of
audio and visual information lead to efficient transmission
of speech information using bone-conducted ultrasound,
while satisfying safety requirements.

Conventonal hearing aids cannot improve auditory
sensation in deaf individuals. Bone-conducted ultrasonic
hearing aid is one possible option for them. The greatest
benefit of bone-conducted ultrasonic hearing aid is that
auditory perception is possible for profoundly deaf
individuals without surgery. Cochlear implants are widely
used by partially and severely hearing-impaired indivi-
duals to restore hearing ability. However, cochlear implants
require surgery. Even if performance after surgery is
inadequate, presurgical condition cannot be restored. As
the bone-conducted ultrasonic hearing aid is far easier to
attach than cochlear implants, it can easily be tried by
deaf individuals before a cochlear implant. Our findings
suggest both that bone-conducted ultrasound may be
useful for sound transmission for deaf individuals and
that the use of the bone-conducted ultrasonic hearing aid
may be practical. In future work, we should carefully
confirm the efficacy of visual information in deaf people,
as we unveiled the improvement only in normal-hearing
individuals in this study.

Conclusion

Our findings showed that synchronization of audio and
visual (lip-reading) information contributes to intelligibility
in speech perception using bone-conducted ultrasound
in normal-hearing individuals. The availability of bone-
conducted ultrasonic hearing aid to deaf people should
be checked in future study. The score for prior conso-
nants was lower than that for vowels, and intelligibility

was not sufficient for transmission of language informa-
tion through bone-conducted ultrasound. Sound proces-
sing techniques will also need to be improved.
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