
� NTT Technical Review

1.   Introduction

Knowing how listeners perceive sounds or how 
sound information is processed in the brain is impor-
tant not only in understanding basic mechanisms of 
the auditory system, but also in establishing guide-
lines for designing effective auditory displays or in 
evaluating devices for hearing aids. The use of psy-
chological tests is a standard approach to examine 
perception, but it has limitations. There is no guaran-
tee that the listener will be able to report his/her sen-
sations accurately when the sensation does not have 
an associated correct answer or cannot be expressed 
in words or by pressing a button. It can also happen 
that the sensation varies each time even when the 
same stimuli are presented repeatedly to the same 
person. Furthermore, the results of a psychological 
test do not directly indicate what biological mecha-
nisms underlie the sensation.

Biological measures are attracting increasing atten-
tion as an alternative approach to probing auditory 
perception. Recent technological advances in mea-
surement techniques and accumulated knowledge in 
cognitive neuroscience have brought us new tools to 
examine how we hear. Biological measures allow us 
to gain information about the listener’s perception 

and its underlying mechanisms without requiring the 
listeners to report their sensations explicitly.

2.   Probing auditory perceptual content 
through neural activity

Recent attempts to probe perceptual content have 
mainly focused on cortical neuron activity. However, 
we should not forget that what can be observed as 
cortical neuron activity is only a small portion of the 
functions of the entire sensory system. We emphasize 
that the brainstem, often viewed as a physiological 
component of a low-level processing stage, plays an 
important role in perception. We are studying the 
brainstem by focusing on the frequency-following 
response (FFR). The FFR is a class of auditory 
evoked potentials, which can be recorded through 
electrodes placed on the scalp. 

The FFR waveform is isomorphic to the stimulus 
waveform (Fig. 1(c)), and is believed to reflect char-
acteristics of brainstem mechanisms for processing 
stimulus temporal structures. When tone bursts A and 
B, which differ in frequency, are presented alternat-
ingly (ABA-ABA-ABA-…; Fig. 1(a)), a typical lis-
tener reports two patterns of percepts (Fig. 1(b)). One 
pattern is a single stream in which the short phrase 
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ABA- is repeated. The other consists of two parallel 
streams with the same frequencies, that is, A-A-A-A- 
and -B---B---. The perception of those two patterns is 
not stable; the two patterns switch spontaneously and 
randomly during a prolonged listening session. Since 
the physical parameters of stimuli are unchanged, 
such perceptual switching should reflect what is hap-
pening in the individual listener’s brain. Our research 
group discovered that the instantaneous perceived 
pattern and the strength of the FFR correlate with 
each other (Fig. 1(d)) [1]. 

Although the stimuli used in the experiment were 
simple and artificial, the discovery has marked impli-
cations in everyday listening. In natural environ-
ments, the sounds around us are not always clear. 
Nevertheless, the brain silently and continuously 
explores rational interpretations based on ambiguous 
auditory information. We consider that the spontane-
ous switching of the perception of the ABA sequence 
reflects brain processes involved in this exploration 
process. Our discovery indicates that supposedly 
low-level brainstem mechanisms play a significant 
role in interpreting acoustic information, which is 
usually regarded as a high-level process. This demon-
strates an important contribution of the cross-level 
neural network in auditory perception. Our achieve-
ment also has a marked technological implication; it 
presents possibilities that continuously changing 
auditory perceptions within individual listeners can 
be captured as brainwaves.

3.   Reading auditory perceptual content 
through the eyes

Electrical signals from neurons are not the only 
indicators reflecting brain activity. Our research 
group is also examining the eyes to study audition. 
The locus coeruleus, a brainstem nucleus, is known to 
contribute to controlling alertness and selective atten-
tion, and its neural activity appears to be reflected as 
pupil diameter [2]. We tested whether this mechanism 
could be used to evaluate the salience (tendency to 
attract attention) of sounds. We presented various 
sound samples, including environmental sounds and 
abstract tones, while recording the listener’s pupil 
diameter. The results showed not only that the pupil 
dilates after the onset of a stimulus, but also that the 
strength of the dilation response correlates well with 
the subjective salience rating of the sounds (Fig. 2) 
[3]. The relationships between pupil diameter and 
cognitive load or attention have already been report-
ed. However, to our knowledge, we were the first to 
find a relationship between pupil diameter and a basic 
subjective property of sound. Critical questions as to 
the acoustic properties of sound and the biological 
mechanisms that evoke pupil dilation response are 
yet to be studied. Nevertheless, it may become pos-
sible in the future to measure the degree to which 
listeners are attracted to given sounds by observing 
their eyes.

4.   The ear’s protection mechanism

The brainstem not only relays auditory signals from 
the ears to higher-level processing stages but also has 

Fig. 1.   Sound stimuli that evoke ambiguous percepts, and auditory brainstem responses.

(a) Experimental stimuli

(b) Typical patterns of percepts (c) Spectrograms of stimulus (top) 
and brainstem response (bottom)

(d) Correspondence between
percepts and responses
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downward pathways (referred to as the efferent sys-
tem) that control the ears. Currently, however, there is 
as yet no standard view as to what practical role the 
efferent system plays in a real environment.

The inner ear does not simply transmit or convert 
acoustic signals but actively and mechanically ampli-
fies the signals. This nonlinear amplifier can return 
the vibrations back to the eardrum, thereby emitting 
sounds (known as otoacoustic emissions or OAEs; 
Fig. 3(a)). The OAEs provide information about the 
amplification gain of the inner ear. It is known that the 
amplification gain often decreases when an intense 
sound is presented, which is likely due to the efferent 
system as mentioned earlier. This mechanism may 
function to protect the delicate inner ear from damage 
caused by intense sounds. 

To test this hypothesis, we designed experiments 
involving violinists (violin students at a music 
school). In their daily instrument practice, violinists 
are exposed to intense sounds emitted from the 
instruments close to their ears. In fact, we observed 
significant, although temporary, elevations in their 
hearing threshold (known as a temporary threshold 
shift, TTS) after each practice session. The magni-
tude of TTS varied among individuals. We found a 
marked correlation between the TTS magnitude and 

the degree of the individual’s amplification gain 
adjustment evaluated with OAE measurements 
(Fig. 3(b)) [4]. The results demonstrate that the effer-
ent system serves as a protection mechanism. Noise-
induced hearing loss is becoming a social issue in 
modern society, in which generations of people from 
teenagers to the elderly listen to music for many 
hours a day through the earphones of a portable audio 
device. In the future, evaluations of the functionality 
of the efferent system, as was done in the present 
study, may be used to estimate an individual listener’s 
risk of noise-induced hearing loss, which would help 
to prevent hearing impairment.

5.   Objective audiometry

Auditory detection thresholds in clinical audiome-
try are simple but very important measures in audiol-
ogy since they are used as principal data for diagnos-
ing hearing impairment. However, traditional meth-
ods for measuring detection thresholds have a critical 
problem. They are all subjective methods, which 
means that listeners report their percepts themselves. 
If the listener cannot report the percepts or deliber-
ately reports them incorrectly, the methods are unreli-
able. Consequently, objective methods are sometimes 
used as an alternative. However, existing objective 
methods are used to evaluate the physiological func-
tions of particular structures such as the inner ear and 
brainstem, but they do not directly indicate the listen-
er’s perceptions. Our research group has built on our 
accumulated knowledge and experience in sensory 
and motor studies in attempting to develop a concep-
tually novel objective method.

Our idea incorporates a so-called sensorimotor syn-
chronization task in which the participant is required 
to tap their finger rhythmically and synchronously 
with iso-interval visual flashes. The subject perfor-
mance in this task is known to be strongly influenced 
by the timing of simultaneously presented auditory 
stimuli (e.g., tone bursts). When the timing of the 
auditory stimuli is slightly delayed relative to that of 
the visual stimuli, the tap timing tends to shift to the 
auditory timing, even though the participant does not 
notice this (Figs. 4(a) and 4(b)). Our study quantita-
tively indicated that this disturbance by auditory 
stimuli occurs even with very weak sounds that are 
close to the detection threshold [5]. This phenomenon 
is the principle of our objective method; that is, by 
examining the presence of the auditory disturbance, 
we can determine whether the sound is audible or not 
to the participant, without requiring subjective 

Fig. 2.   �Relationship between pupil diameter and subjective 
rating of sound salience.
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reports. It should be noted that this method involves 
psychophysical tasks but is nearly feigning-proof. In 
this task, it is difficult for a participant to pretend that 
an audible sound is not audible, because the perfor-
mance of the task would be poorer for audible sounds 
than for inaudible ones, unlike typical psychophysi-
cal tasks (including those adopted in traditional audi-
ometry), in which the opposite would be true. As well 
as being a feigning-proof test, our new method is 
expected to be used as a diagnostic tool to reveal 
hearing problems that have not been sufficiently 

described by traditional methods.

6.   Future perspectives

The findings described in the present article are 
exciting, as they open doors to new technologies to 
measure hearing. They also remind us that our audi-
tory perception involves not only the sensory system 
but also complex interactions of multiple biological 
systems such as the motor, autonomic, and endocrine 
systems. New cognitive-neuroscientific paradigms 

Fig. 3.   Evaluation of the protection function by measuring otoacoustic emissions OAEs.
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are demanded in order to understand and make use of 
such complex mechanisms. Rapidly developing sens-
ing technologies and/or machine-learning techniques 
may provide solutions. We also should not forget the 
importance of conducting basic research that disen-
tangles complex systems step-by-step. In this article, 
we presented new ideas incorporating concepts that 
would initially appear to be unrelated to audition. 
Those new ideas would not have been conceived 
without referring to the painstaking research efforts 
of many scientists in various fields. 

Acknowledgment

The work described in sections 2 and 5 include 
products of the SCOPE project (121803022) com-
missioned by the Ministry of Internal Affairs and 
Communications. The study described in section 4 
was performed in collaboration with Kyoto City Uni-

versity of Arts.

References

[1]	 S. Yamagishi, T. Ashihara, S. Otsuka, S. Furukawa, and M. Kashino, 
“Neural Correlates of Auditory Streaming in the Human Brainstem,” 
Abstract of 36th Annual Midwinter Meeting of Association for 
Research in Otolaryngology (ARO Midwinter Meeting), Vol. 36, pp. 
84–85, Baltimore, USA, Feb. 2013.

[2]	 G. Aston-Jones and J. D. Cohen, “An Integrative Theory of Locus 
Coeruleus-norepinephrine Function: Adaptive Gain and Optimal Per-
formance,” Annu. Rev. Neurosci., Vol. 28, pp. 403–450, 2005.

[3]	 H.-I. Liao, S. Kidani, M. Yoneya, M. Kashino, and S. Furukawa, “Cor-
respondences Among Pupillary Dilation Response, Subjective 
Salience of Sounds, and Loudness,” Psycho. Bull. & Rev., DOI 
10.3758/s13423-015-0898-0, 2015.

[4]	 S. Otsuka, M. Tsuzaki, J. Sonoda, and S. Furukawa, “Effects of Short-
duration Instrument Practice on the Auditory Peripheral Functions of 
Violin Players,” Abstract of 38th ARO Midwinter Meeting, Vol. 38,  
p. 307, Baltimore, USA, Feb. 2015.

[5]	 S. Furukawa, K. Onikura, S. Kidani, M. Kato, and N. Kitagawa, “An 
Objective Measure of Auditory Detection Threshold based on a Light-
synchronized Tapping Task,” Abstract of 38th ARO Midwinter Meet-
ing, Vol. 38, p. 157, Baltimore, USA, Feb. 2015.



Vol. 13 No. 11 Nov. 2015 �

Feature Articles

Shigeto Furukawa
Senior Research Scientist, Supervisor, Group 

Leader of Sensory Resonance Research Group, 
Human Information Science Laboratory, NTT 
Communication Science Laboratories.

He received a B.E. and M.E. in environmental 
and sanitary engineering from Kyoto University 
in 1991 and 1993, and a Ph.D. in auditory percep-
tion from University of Cambridge, UK, in 1996. 
He conducted postdoctoral studies in the USA 
between 1996 and 2001. As a postdoctoral asso-
ciate at Kresge Hearing Research Institute at the 
University of Michigan, USA, he conducted 
electrophysiological studies on sound localiza-
tion, specifically the representation of auditory 
space in the auditory cortex. He joined NTT 
Communication Science Laboratories in 2001. 
Since then, he has been involved in studies on 
auditory-space representation in the brainstem, 
assessing basic hearing functions, and the 
salience of auditory objects or events. In addi-
tion, as the group leader of the Sensory Reso-
nance Research Group, he is managing various 
projects exploring mechanisms that underlie 
explicit and implicit communication between 
individuals. He was the principal investigator of 
a MIC SCOPE commissioned research project 
on auditory salience. He is a member of the 
Acoustical Society of America, the Acoustical 
Society of Japan (ASJ) (member of the Executive 
Council), the Association for Research in Otolar-
yngology (ARO), and the Japan Neuroscience 
Society (JNS).

Shimpei Yamagishi
Ph.D. student, Department of Information 

Processing, Tokyo Institute of Technology 
(External collaborative program with NTT). 

He received a B.E. in astrophysics from Tokyo 
University of Science in 2011 and an M.E. in 
auditory neuroscience from Tokyo Institute of 
Technology in 2013. He has been studying neural 
processing for auditory object formation at the 
subcortical level. He received the 2012 Student 
Best Presentation Award from ASJ. He was 
granted a Research Fellowship for Young Scien-
tists from the Japan Society for the Promotion of 
Science (2015–). He is a member of ASJ, JNS, 
and ARO.

Hsin-I Liao
Research Associate, Sensory Resonance 

Research Group, Human Information Science 
Laboratory, NTT Communication Science Labo-
ratories.

She received a B.S. and Ph.D. in psychology 
from National Taiwan University in 2002 and 
2009. She joined NTT Communication Science 
Laboratories in 2012 and has been studying audi-
tory salience, music preference, and preference 
of visual images. She has also explored the use of 
pupillary response recording to correlate human 
cognitive functions such as auditory salience and 
preference decision. During 2007–2008, she was 
a visiting student at California Institute of Tech-
nology, USA, where she studied visual prefer-
ence using recorded eye movements and visual 
awareness using transcranial magnetic stimula-
tion. She received a Best Student Poster Prize at 
the Asia-Pacific Conference on Vision (APCV) 
in 2008, a Travel Award by the Association for 
the Scientific Study of Consciousness (ASSC) in 
2011, and a Registration Fee Exemption Award 
by the International Multisensory Research 
Forum (IMRF) in 2011. She is a member of the 
Vision Sciences Society (VSS), ARO, and JNS.

Makoto Yoneya
Researcher, Sensory Resonance Research 

Group, Human Information Science Laboratory, 
NTT Communication Science Laboratories.

He received a B.E. and M.Sc. in engineering 
from the University of Tokyo in 2010 and 2012. 
He joined NTT Communication Science Labora-
tories in 2012 and has been studying biological 
signal processing, especially of eye movements. 
He is also interested in decoding people’s 
thoughts based on brain or neural activity using 
machine learning methods and has researched 
decoding of the ‘internal voice’ using magneto-
encephalography signals and multi-class SVM 
(support vector machine). He is also studying 
auditory signal processing and is currently devel-
oping a mathematical model of auditory salience. 
He received the 2011 Best Presentation Award 
from the Vision Society of Japan. He is a member 
of ASJ, JNS, and ARO.

Sho Otsuka
Research Associate, Sensory Resonance 

Research Group, Human Information Science 
Laboratory, NTT Communication Science Labo-
ratories.

He received an M.A. and Ph.D. in environmen-
tal science from the University of Tokyo in 2011 
and 2014. He joined NTT Communication Sci-
ence Laboratories in 2014 and has been studying 
the assessment of hearing difficulties using oto-
acoustic emissions (OAEs) and frequency-fol-
lowing response. He is also investigating hidden 
hearing loss, which is a form of hearing disorder 
that does not show up in conventional auditory 
tests, by evaluating inner-ear mechanical proper-
ties using OAEs. He received a Student Presenta-
tion Award and an Awaya Prize Young Research-
er Award from ASJ in 2012 and 2013, respec-
tively. He is a member of ASJ and ARO.

Makio Kashino
Senior Distinguished Scientist/Executive Man-

ager of Human Information Science Laboratory, 
NTT Communication Science Laboratories.

He received a B.A., M.A., and Ph.D. in psycho-
physics from the University of Tokyo in 1987, 
1989, and 2000. He joined NTT in 1989. From 
1992 to 1993, he was a Visiting Scientist at the 
University of Wisconsin (Prof. Richard Warren’s 
laboratory), USA. Currently, he is a Visiting 
Professor in the Department of Information Pro-
cessing, Tokyo Institute of Technology (2006–), 
and PI (principal investigator) of a JST CREST 
project on implicit interpersonal information 
(2009–). He has been investigating functional 
and neural mechanisms of human cognition, 
especially auditory perception, cross-modal and 
sensorimotor interaction, and interpersonal com-
munication through the use of psychophysical 
experiments, neuroimaging, physiological 
recordings, and computational modeling.


