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The finding of active function by the outer hair cells for sound processing prior
to neural transduction in the inner hair cells represents the basic mechanism for the
generation of Otoacoustic Emissions in the cochlea. Among them the so-called Dis
tortion Product Otoacoustic Emissions represent a tool for an in depth knowledge
of the Organ of Corti micromechanics, more advantageous than others, based on
their properties, that makes possible an objective frequency-specific study: The
response in a group of normally hearing subjects is presented and characterized to
ascertain the basic features to be used in further testing of deaf people.
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It was postulated 30 years ago that the
sharp frequency selectivity exhibited by
the cochlea was due to a double mecha
nism for sound transduction in which a
process of mechanical-to-electrical trans
duction was coupled to an electrical-to-
mechanical process (5). This hypothesis
was never demonstrated until Kemp dis
covered that energy is emitted by the
cochlea and registered in the ear canal as
sound pressure level variation which he 
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called Otoacoustic Emission (8, 9). It was
subsequently proposed that such energy
might be the by-product of the electro
mechanical converter which works in the
cochlea as an amplifier of the stimuli de
livered to the inner ear, so that non-lin
earities found in the cochlear function
were easily explained.

The search for a «second amplifier® and
generator of the response evoked by the
cochlea was directed to hypothetic active
mechanisms in the inner ear for sound
analysis, which led to the redefinition and
better understanding of some findings that 
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point to the possible oscillatory motion of
the Outer Hair Cells (OHC) in the Organ
of Corti. Anatomical considerations are
the existence of actin, myosin and tropo
myosin in the stereocilia and cuticular
plate of the OHC (4) and their attachment
to the inferior aspect of the tectorial mem
brane (10). The innervation of the Organ
of Corti supports the idea of a double sys
tem for signal analysis, so that the inner
hair cells contribute to 90-95 % of the af
ferent pool in the auditory nerve while the
efferent endings terminate in both groups
of cells with a higher representation in the
OHC (14). The effect that the exposition
to intense noise, administration of ototox
ic drugs and suppression contour obtained
with the use of additional tones have on
OHC and acoustic emissions was enough
to assign a cochlear origin to these emis
sions. Finally, the experimental observa
tion of the electromotility of the OHC
produced evidence that they generated the
Otoacoustic Emissions (2) or that they
were at least one of their most relevant
factors.

In the peripheral auditory system the
OHC works as an amplifier of the move
ment of the basilar membrane (travelling
wave) induced by the sound transmitted
to the oval window. In a very specific
point, tonotopically situated along the
cochlea, the displacement of the Organ of
Corti produces a relative motion between
the tectorial membrane and the reticular
lamina and the deflection of the cilia of the
OHC that induces its depolarization, orig
inating a movement of consecutive elon
gation and shortening of the cell.

This activity augments the amplitude of
the wave, which makes possible the de
polarization of the inner hair cells due to
a similar phenomenon of ciliary displace
ment creating, thus, a change in their rest
ing potential. This is propagated to the
basal pole of the cell where it induces the
release of certain chemical transmitters
that diffuse across the synaptic cleft to ac
tivate postsynaptic receptors at the affer

ent ending of the auditory nerve with
enough intensity to generate an action po
tential. In this model the olivocochlear ef
ferent system plays an inhibitory role by
reducing the contractil movement of the
OHC so that it limits the stimulation of
the inner cells. The mechanical modula
tion done by the OHC is backwardly
transmitted through the basilar membrane
to the oval window, stapes, ossicular
chain, tympanic membrane and is regis
tered in the ear canal.

The existence of distortion or inter
modulation products is related to the non
linear function of the inner ear in sound
processing and it is easy to observe dif
ferent distortion products as harmonics,
precisely defined by mathematical for
mulae, after the stimulation of the system
with any combination of tones, also called
primaries. In humans the most prevalent
distortion product is that found at 2FrF2
and it has been studied by psychoacoustic
means (6), registered in the auditory nerve
in single fiber recording as cochlear mi
crophonics (3). More recently, with the
advent of systems for the study of oto
acoustic emissions, it has been possible to
study them in the acoustic domain (7) and
to use them for the diagnosis of sensori
neural hearing loss (11).

The study of the prevalence of the
DPOAE and their characteristics in a
group of normally hearing subjects is the
aim of our work.

Materials and Methods

Subjects. — Recordings were obtained
from a total of 42 ears from 21 subjects (10
women and 11 men) with an age range
from 21 to 30 years (mean — 26). The cri
teria for normal-hearing was based on
normal otoscopic findings, pure-tone au
diometric threshold of 10 dB hearing level
or less, at octave frequencies between 0.25
and 8 kHz, intelligibility threshold for
spondees words of 10 dB hearing level or 
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less and normal middle ear pressure eval
uated by means of tympanometry and sta
pedius muscle reflex threshold. No one of
the subjects reported personal histories of
ototoxic drug ingestion, ear infections,
long-term noise exposure or a family his
tory that included known hereditary deaf
ness.

Method. — Signal generation and re
sponse analysis are controlled by a com
puter system (Virtual 330) installed in a
Macintosh Ilci. Two continuous primary
tones (Ft, F2) are generated and attenuated
separately by a two-channel frequency
synthesizer and delivered independently
to a pair of insert earphones being mixed
acoustically in the ear canal. In it the
sound pressure is measured by a low-noise
microphone system incorporated in the
same probe where the tones are taken; this
arrangement is sealed in the canal with an
impedance probe protector. The F2 to Fj
ratio (F2/Fi) of the stimuli is kept constant
at 1.21 and their intensity remains always
the same (Li = L2).

The microphone signal is delivered to a
dynamic-signal analyzer for extraction of
the Fourier components at the 2FrF2 fre
quency. To provide a measure of the level
of the noise floor at which the measures
are done, a Fourier analysis is also per
formed for the frequency 20 Hz below the
emission frequency of the distortion
product. If the response at 2F]-F2 fre
quency is at least 4 dB SPL above the level
of the noise a Distortion Product Oto-
acoustic Emission (DPOAE) is considered
to be present.

DPOAE audiogram or DPgram is the
representation of the DPOAE amplitude
plotted at geometric mean of primary
tones which represents the most probable
place of the emission generation in the in
ner ear. The intensity of stimulation is 75
dB SPL and the number of pairs of pri
maries presented is 24, at 1/6 per octave
between 500 Hz and 8810 Hz.

Input-output functions are done with 

primaries varying from 918 Hz to 8810
Hz so that their geometric mean repre
sents auditory frequencies 1, 2, 3, 4, 6 and
8 kHz; equilevel stimuli are delivered
from 35 dB SPL to 75 dB SPL in 5-dB
steps, so that an estimate of the growing
pattern of the response as a function of the
intensity of stimulation is obtained. In the
frequencies just mentioned DPOAE-
threshold is defined as the level of the pri
maries in which a DP emission is found.

Results

All ears have been observed to have
measurable DPOAE well above the noise
floor of the recording system.

In figure 1 the response obtained with
the use of primaries at 75 dB SPL is
shown. DPOAE amplitude and noise
floor are plotted at geometric mean of pri
maries, presenting the first one as mean ±
1 SD and the second as the mean + 1SD,
so that the significance of the response is
incremented due to the evaluation of the
acoustic emission in relation to the highest
level of noise. This and the study of its
growing pattern referred to below points

Fig. 1. Distortion product emission (DPE) audio
gram.

Mean DPE amplitude ± 1 SD is presented as fine
lines and noise floor plus 1 SD as solid line. They
are plotted at geometric mean of primary tones to
correspond to region of generation on basilar
membrane; the intensity of stimulation is 75 dB

SPL for LI = L2.
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PRIMARY LEVELS (dB SPL)

Fig. 2. Distortion product emission (DPE) input-output functions obtained at six frequencies with equi
level primaries whose geometric means represent the frequency of study.

Mean DPE amplitude ± 1 SD is presented in fine lines and associated noise floors plus 1 SD as solid
line.

at the biological origin of the emission
evoked, which is not an artifactual har
monic due to the peculiar resonant prop
erties in the ear canal.

The results indicate the existence of two
dips in the amplitude function at 3 kHz
and 6 kHz unaccounted by the change in
the system noise; overall the amplitude re
mains constant throughout the frequency
domain, ranging from 5 to 30 dB SPL
above noise floor closely dependent on the
frequency of study. Otherwise noise floor
is of very low intensity due to the proper
placement of the subject under study in
side an acoustically insulated room as well
as to the process of repetitive acquisition
of the signal and averaging.

In figure 2 average I/O functions col
lected at the 6 individual frequencies are
shown. Detection threshold is situated at
35-40 dB SPL across frequency and dy
namic ranges vary between 30 and 45 dB
SPL. The growing pattern is non-linear at
intensities of stimulation lower than 55 dB
SPL, which is most prevalent in lower fre

quencies. All these results depend greatly
on the frequency of study.

Discussion

The fact that DPOAE testing allows the
study of the micromechanics involved in
sound processing by the peripheral audi
tory system in the Organ of Corti (13),
constitutes its most important feature.

The primary purpose of the present
study was to collect information from
normally hearing subjects to ascertain the
characteristic of the response and param
eters for further testing and identifica
tion on inner ear deficiencies in patients.
There is no doubt that Otoacoustic Em
issions represent a potential tool for the
evaluation of the physiological status of
the cochlea with no interferences from the
central auditory system or from the ex
ternal and middle ear, being classified ac
cording to the stimulus that evokes the
response. Spontaneous otoacoustic emis
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sion (SOAE) is the narrow band acoustic
energy generated naturally within the
cochlea when no stimulus is present; tran
siently evoked otoacoustic emissions
(TEOAE) are defined as the acoustic ener
gy elicited by presenting brief stimuli to
the ear, while distortion product oto
acoustic emissions (DPOAE) are the
acoustic energy elicited by presenting two
tones simultaneously to the ear.

In close agreement with other studies
several features are important for the iden
tification of the response. The prevalence
of 90 % to 100 % in normally hearing
subjects was first precluded by Kemp (9)
and observed by Lonsbury-Martin et al.
in adults (11), and by Bonfils et al. in
neonates (1). The amplitude of the re
sponse is similar to that found by others
(11, 13). Average I/O functions display
some important properties such as dy
namic range of 30 to 45 dB SPL (11, 12),
detection threshold within 10 dB SPL cen
tered at 35 dB SPL (11, 13) for all fre
quencies, and differences in growing func
tion for frequencies and level of stimula
tion (1).

Unlike other authors we found two dips
in the amplitude of the response at 3 and
6 kHz. The first one, also observed by
others (11), is displaced toward the lower
frequencies as the intensity of stimulation
increases and is probably related to an in
teraction of resonances in the ear. The
high frequency dip, usually not found by
other authors is due to an attenuation of
the response by the middle ear transfer
function.

The presence of the evoked emission in
all normally hearing subjects indicates that
a particular property of the inner ear nec
essary for its correct function is being ex
plored so that its absence call for further
study to locate the origin and type of le
sion.

As a test for hearing impairment eval
uation, the following characteristics of the
response are noteworthy. High sensitivi
ty, in as much as the evoked emission has 

an audiometric threshold situated well be
low the psychoacoustic. On the other
hand the dynamic range is wide enough
for changes to be considered in the be
havior of the growing function, accounted
by subtle changes in the morphological in
tegrity of the cochlea. As a practical de
velopment this is considered to be an ob
jective test, so that the subject does not
interfere voluntarily with the signal or has
to be aware of the level at which the stim
uli elicit the desired response. This is of
great importance for the screening of
hearing dysfunction and testing of diffi-
cult-to-test subjects.

Pre-neural origin of the response makes
possible to separate the sensorial subset in
mixed lesions of the peripheral auditory
system. This attribute is enhanced by the
outer hair cell specificity of the evoked
otoacoustic emission, which is uniquely
frequency-specific with the DPOAE, so
that a tonotopic diagnosis of sensorineural
hearing loss (ototoxicity, presbyacusis,
congenital genetic deafness) can be had in
terms of site of the lesion (neural vs. sen
sorial), mechanism of cochlear transduc
tion involved (active vs. passive) and fre
quency pattern of hearing loss or inner ear
location of the damage.

Another very appreciated characteristic
is noninvasiveness related to patient com
fort and absence of interference with
physiological properties of the external
and middle ear for sound transmission.

All these properties render this test
highly valuable for hearing assesment, and
future work should be conducted for the
evaluation of its specificity and sensitivity
for hearing loss detection in different clin
ical entities.

Resumen

La actividad mecanica de las cclulas ciliadas
externas, responsable de la transduccion pre-
neural del sonido, representa uno de los gc-
ncradores de Otocmisiones Acusticas. De es
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tas, las Otoemisiones Acusticas de Productos
de Distorsion representan un sistema nucvo
para la valoracion de la situacion del Organo
de Corti basado en la funcion micromecanica
coclear inherence a las distorsiones creadas por
la onda viajera y permiten una valoracion to-
notdpica y objetiva. Sc prcscnta la rcspuesta en
un grupo de sujetos normo-oycntes que per-
mite conocer los parametros basicos que sirvan
para compararlos con los resultados de sujetos
con lesiones del oido interno manifetadas por
hipoacusia.

Palabras clave: Coclca, Audicion, Amplificador co
clear.
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