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Benefits of bimodal hearing

It is well known that the majority of people with
a sensorineural hearing impairment have less
sensitivity to sounds at high frequencies than at
low frequencies. This type of hearing loss is
associated with a particular pattern of damage
to structures in the inner ear. Figure 1a is a
schematic illustration showing a cross-section of
the ear. Sounds are picked up by the pinna (outer
ear) and set the eardrum in motion, causing
vibrations to be transmitted into the ossicular
chain (middle ear). Within the spiral-shaped
cochlea (inner ear), where the mechanical
vibrations of sound are converted to neural
responses, high-frequency sounds cause most
activity near the base, whereas sounds having
lower frequencies result in activity closer to the
apex. This tonotopic organization of the cochlea
is illustrated schematically in Figure 1b. For
various anatomical and physiological reasons,
the commonest causes of hearing loss (such as
exposure to excessive levels of noise) tend to
have a greater effect on the structures near the
basal end of the cochlea. As a result, it is often
found that people with severe or profound
hearing impairment have some residual
sensitivity to low-frequency sounds even when
they have minimal or no ability to detect high
frequencies. In extreme cases, there may be so-
called ‘dead regions’ in the cochlea where sound
vibrations cannot be converted into perceptible
neural activity. Dead regions seem to occur more
commonly towards the basal end of the cochlea,
corresponding to loss of high-frequency hearing.

The development of CI devices has enabled
useful perception of sounds for many individuals
with hearing impairment, including people with
bilateral total deafness. All modern CI systems
bypass the dysfunctional parts of the cochlea by
delivering electrical stimulation directly to the
auditory nerve. The stimuli usually comprise of
brief pulses of current that are conducted in a
cyclical or overlapping sequence to selected
electrodes. An array of 12-22 electrodes is

Figure 1a
Cross-section of a human ear

Figure 1b
Schematic illustration of the cochlea (inner ear), showing its tonotopic organization: high-
frequency sounds cause most activity near the base, whereas sounds having lower frequencies
result in activity nearer the apex

has resulted in some CI recipients having usable
acoustic hearing in both ears. Most often,
however, better acoustic sensitivity will be found
in the ear that was not implanted.

Benefits for understanding speech with bimodal
hearing have been shown particularly for
listening in noisy conditions. Many studies have
confirmed this general finding. As summarized
in an extensive review (Ching et al., 2007), the
advantages of bimodal hearing vary considerably
among individuals and across listening
conditions. On average, the magnitude of the
overall benefit amounts to approximately 2 dB in
terms of signal-to-noise ratio. This means that
the use of a HI simultaneously with a CI, relative
to the use of a CI alone, improves speech
understanding by the equivalent of about a
2 dB reduction in the noise level. Although this

Figure 2
Recommendations for fitting of different types of hearing device according to the configuration of the
audiogram. Thresholds for normal hearing are shown at the top. The blue line illustrates a typical sloping
hearing loss that may be aided adequately with a conventional acoustic hearing instrument. The green
line indicates minimal hearing sensitivity; in this case a cochlear implant would probably be appropriate.
A range of possible audiograms between these extremes may be suitable for a bimodal fitting.
The red line illustrates a hearing loss that may indicate a hybrid implant, in which the high frequencies
are audible with a cochlear implant and the low frequencies aided with a hearing aid combined in one
device.

implanted surgically in the cochlea. For ease of
electrode insertion, the array is introduced from
a position at or near the round window at the
base of the cochlea. This means that many of the
electrodes stimulate cochlear regions that would
normally have responded to high-frequency
sounds. The location of the most-apical
electrode corresponds to a specific acoustic
frequency, consistent with the cochlea’s
tonotopic organization. The exact value of that
frequency depends on various factors, including
the design of the electrode array and how deeply
it was inserted into the cochlea during the
surgery. In ears where some natural acoustic
sensitivity remains, the cochlear regions beyond
the most-apical electrode respond to sounds
having relatively low frequencies. This frequency
range is difficult to determine precisely, but
researchers have found that a typical upper limit
is approximately 500-1500 Hz. Although the
surgical insertion of the electrode array is likely
to damage the hair-cells and other cochlear
structures that play a crucial role in sound
detection, it is possible for cochlear regions
occupied by the electrode array to retain useful
acoustic sensitivity in some cases.

Current candidates for cochlear implantation
generally have hearing impairment that is so
severe that a CI would be expected to provide
better understanding of speech than the best
available acoustic HI (see Figure 2). Because so
many recipients of today’s CI systems obtain
very high scores on tests of speech
understanding (Helms, et al., 2004), it is
justifiable for some people with usable acoustic
hearing in at least one ear to be implanted. If the
audiograms for each ear are not identical,
clinicians are likely to select the ear with the
poorer hearing for implantation. Even when the
hearing loss is symmetrical, it is not inevitable
that the implantation surgery will destroy all the
acoustic sensitivity in the ear that receives the
CI. In an effort to preserve hearing, special short
electrode arrays and surgical techniques that are
minimally traumatic have been developed. This
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Further benefits of bimodal hearing have been
reported in relation to the perception of pitch
and the tonal quality of sounds. It seems
coincidental that the basal region of the
cochlea, where the deleterious effects of hearing
impairment are generally most evident, is also
the region where the introduction of the
electrode array is most likely to cause damage.
Interestingly, this coincidence has some
beneficial implications for CI recipients (see
Figure 3a). Although today’s CI devices provide
most users with an adequate ability to
understand speech, they are less effective at
providing accurate information about the pitch
of sounds. Despite a considerable research effort
directed towards improving the performance of
CI sound processors in conveying pitch
information to their users, the perceptual results
have remained unsatisfactory. For example,
many CI recipients have difficulty recognizing
familiar melodies or judging the pitch
relationships between different musical notes.
However, listeners with acoustic hearing often
show excellent ability to perceive pitch even
when their hearing sensitivity is much poorer
than normal. Furthermore, pitch information is
typically available in the low-frequency
components of acoustic signals. Therefore, the
combination of acoustic and electric stimulation
can provide listeners with complementary types
of auditory information at the same time (see
Table 1). While the CI conveys information about
the temporally varying frequency content and
level of sounds, particularly over the mid- to
high-frequency part of the spectrum, an
acoustic HI can simultaneously deliver signals
having frequencies in a generally lower part of
the spectrum. These signals contain detailed
information about pitch that is not clearly
available from the electric stimuli generated by
the CI. By being able to perceive these two types
of stimuli together, bimodal listeners have
access to more information about sounds than
is present in the signals provided by either
device alone (McDermott, 2009).

may seem to be a relatively small effect, the
corresponding increase in the intelligibility of
speech may be relatively large. For example, if
the relationship between speech intelligibility
and signal-to-noise ratio is steep, as is true for
most CI users, the proportion of words that
could be identified correctly in noise would
increase by about 20 percentage points for a
2 dB reduction in noise level. Similar benefits
have been reported for both adult and child CI
recipients who make use of bimodal hearing.

A further potential benefit of bimodal device
usage is improved ability for listeners to identify
the direction from which sounds are emanating.
For listeners who have hearing in only one ear
(whether mediated by a CI or a HI), localization
of sound sources is challenging, if not
unfeasible. Determining the direction of a sound
is much easier when information about the
acoustic signal is available in both ears. Several
studies have confirmed that CI users who have
some acoustic hearing in the non-implanted ear
have improved ability to localize sounds
compared with the use of the CI by itself (Ching
et al., 2004).

Figure 3a and 3b
(a) Schematic diagram of a cochlea, ‘unrolled’ to show how different acoustic frequencies correspond to different places of maximal activity. In some cases the basal
location of the electrode array allows continued use of low-frequency acoustic hearing after implantation.
(b) Two illustrative audiograms that represent the acoustic hearing thresholds of hypothetical bimodal listeners. The blue curve shows acoustic sensitivity largely restricted
to the lowest frequencies, beyond the depth to which an electrode array is typically implanted. Such an audiogram could be measured in some recipients of a CI with a
special short electrode. The green curve shows an audiogram that may be more typical of the hearing available in the non-implanted ear of many bimodal listeners.
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Further benefits of bimodal hearing have been
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most CI users, the proportion of words that
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increase by about 20 percentage points for a
2 dB reduction in noise level. Similar benefits
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the direction from which sounds are emanating.
For listeners who have hearing in only one ear
(whether mediated by a CI or a HI), localization
of sound sources is challenging, if not
unfeasible. Determining the direction of a sound
is much easier when information about the
acoustic signal is available in both ears. Several
studies have confirmed that CI users who have
some acoustic hearing in the non-implanted ear
have improved ability to localize sounds
compared with the use of the CI by itself (Ching
et al., 2004).
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(a) Schematic diagram of a cochlea, ‘unrolled’ to show how different acoustic frequencies correspond to different places of maximal activity. In some cases the basal
location of the electrode array allows continued use of low-frequency acoustic hearing after implantation.
(b) Two illustrative audiograms that represent the acoustic hearing thresholds of hypothetical bimodal listeners. The blue curve shows acoustic sensitivity largely restricted
to the lowest frequencies, beyond the depth to which an electrode array is typically implanted. Such an audiogram could be measured in some recipients of a CI with a
special short electrode. The green curve shows an audiogram that may be more typical of the hearing available in the non-implanted ear of many bimodal listeners.
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the score for sound identification and the
perceived quality rating were higher, on average,
for the bimodal condition than for each of the
other two conditions.

Bimodal hearing or bilateral
implantation?

For many people who are either monaural CI
users or considering cochlear implantation, or
parents who are making decisions about the
management of their child’s hearing impairment,
it can be difficult to choose between bimodal
hearing or bilateral cochlear implantation.
Unfortunately, there are few unequivocal
guidelines available from the research at present.
As with other aspects of cochlear implantation
in general, the outcome for each recipient is
hard to predict. Individuals who appear to have
very similar hearing characteristics before
implantation may obtain widely differing types
and degrees of benefit from the CI, and their
rate of adaptation to the information provided
through electrical stimulation is also largely
unpredictable. Furthermore, the conventional
measurement of acoustic hearing sensitivity
shown by an audiogram is not a completely
accurate predictor of the perceptual benefit an
individual is likely to obtain either from an
acoustic HI or from a CI. However, it is known
that implantation surgery will probably damage
any acoustic hearing. In many cases, no useful
acoustic sensitivity will remain after insertion of
a cochlear implant. Therefore, the required
decision is essentially between bilateral
implantation, with no expectation of acoustic
hearing being available post-operatively, or
bimodal hearing, in which acoustic hearing will
almost certainly be restricted to the non-
implanted ear.

Comparisons between bimodal hearing and
bilateral cochlear implantation are complicated
by the fact that the information conveyed by the
electric and acoustic modes of stimulation is
complementary rather than redundant. For
instance, CI stimulation includes information

Pitch information is an important component of
almost all types of music. It would be expected,
therefore, that better perception of pitch would
be associated with more-accurate identification
of melodies. A number of studies have reported
improved melody recognition for listeners using
bimodal hearing, particularly when subjects were
tested in the absence of cues such as sung lyrics
or distinctive rhythmic patterns. For example, a
recent review (McDermott, 2011) summarized
the results of four separate studies that
compared CI users’ identification of melodies
between conditions with and without
simultaneous use of a hearing aid. All studies
showed a substantial improvement in
recognition scores for the bimodal listening
condition relative to the CI-alone condition. The
range of mean score increases was
approximately 10-30 percentage points. This
finding is consistent with the results of a recent
questionnaire study that sought information
from CI users about their use of bimodal hearing
(Fitzpatrick et al., 2009). In that study, more than
half the respondents indicated a preference for
using a HI together with their CI when listening
to music rather than using either of the devices
on its own.

In addition to pitch, timbre is a salient
perceptual characteristic of any type of sound. In
the case of musical sounds, timbre is the tonal
quality that enables listeners to distinguish
between two instruments playing the same note
(i.e., the same pitch) at the same loudness.
Information about timbre is conveyed by several
acoustic properties of sounds, including the
overall spectral shape. The amount of detailed
information about timbre that is available to CI
users can be increased when they have
simultaneous access to acoustic signals, even
over a limited frequency range. In one published
study (Sucher & McDermott, 2009), bimodal
device users were asked to identify the sources
of complex sounds (such as musical
instruments), and to provide quality ratings to
those sounds, when listening in three conditions:
CI alone, HI alone, and CI together with HI. Both

about the time-varying spectral shape of sound
signals across a broad bandwidth, whereas
acoustic stimulation from a HI is usually limited
to a relatively narrow range of frequencies at the
low end of the spectrum. On the other hand, a HI
can generally provide much better information
about the pitch of most types of sounds than is
available from a CI. If listening to music, for
example, is considered particularly important,
then making best use of all available acoustic
hearing might be preferable to bilateral
implantation. The acoustic modality will almost
certainly provide more accurate pitch
information, whereas bilateral implantation
would be more likely to provide information that
improves speech understanding and perhaps
sound-source localization. 

Another factor that might influence this decision
is cost. Generally, the provision, fitting, and
maintenance of two cochlear implants will be
more expensive than the use of a HI in
combination with a monaural CI. For most users
of bimodal hearing, the same HI that was used
before the CI surgery can still be used
successfully in the non-implanted ear post-
operatively. In some cases, there will also be
increased discomfort and risk associated with
having both ears operated on rather than just
one. Nevertheless, it is clear that many CI
candidates who have some acoustic hearing in
both ears pre-operatively should choose bilateral
implantation, even though this decision could
result in the loss of all natural acoustic
sensitivity.

How much acoustic hearing is useful?

Although it is hard to specify a definite lower
limit on the amount of acoustic hearing that can
be used successfully in combination with a CI,
some recent studies have provided data that
may help clinicians and implant candidates (or
their caregivers) to make an informed decision.
This research suggests that both the shape of
the audiogram and the absolute threshold levels
need to be taken into account. The benefits of

bimodal hearing are likely to differ if, for
example, the audiogram has a steep slope with
near-normal low frequency thresholds rather
than a relatively flat shape with all thresholds in
the region indicating severe to profound
deafness (see Figure 3b). For most individuals, a
reasonable initial estimate of the usefulness of
their acoustic hearing can be obtained simply by
measuring their hearing threshold at 250 Hz. If
that threshold level is greater (worse) than
approximately 80 dB HL, then the likelihood of
benefit being obtained with bimodal stimulation
is lower than for people who have better hearing
sensitivity. Interestingly, one study reported that
almost half of the CI recipients at a particular
clinic had thresholds at 250 Hz that were better
than 80 dB HL (Dorman & Gifford, 2010). This
suggests that, in the near future, the majority of
CI users may be able to utilize acoustic hearing
in combination with their implant.

Much of the benefit of acoustic hearing for
bimodal listeners’ understanding of speech,
especially in noise, and for perceiving pitch
seems to be conveyed by the fundamental
frequency of complex sounds. Adult speakers
have fundamental frequencies up to about 
250 Hz (for women; the typical upper limit for
men is about one octave lower). Children’s voices
often have fundamental frequencies as high as
500 Hz. In musical terms, the notes in the lower
half of the standard piano keyboard have
fundamental frequencies up to approximately
300 Hz. Therefore, making the components of
sounds audible even within this limited
frequency range can contribute to the benefits
of bimodal hearing (Dorman & Gifford, 2010).

Bimodal device fitting

For most CI recipients who have usable acoustic
hearing, the ability to understand speech is
provided predominantly by their cochlear
implant. For example, in one study reporting on
the word recognition of 11 bimodal listeners, the
mean score with use of the CI alone was about
30 percentage points higher than the score for
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The second issue that needs particular attention
in bimodal fittings is loudness matching
between devices. The ideal fitting would result in
all equidistant sounds, regardless of level and
frequency content, being perceived through the
CI and contralateral HI as having identical
loudness. In practice, this goal is difficult if not
impossible to attain, mainly because of the
limited acoustic bandwidth available to most
bimodal listeners. Typically, all high-frequency
sounds can be made appropriately loud through
the CI, whereas they may be inaudible through
the HI, or become uncomfortable when
amplified. Nevertheless, it is important that the
loudness be approximately equalized between
devices as far as possible (Ching et al., 2007). As
well as ensuring maximum audibility of sounds,
this strategy should help bimodal listeners to
localize sound sources. With any type of binaural
hearing, information about the direction from
which sounds are emanating is available in the
inter-aural level differences (ILDs). An ILD is
perceived as a difference in loudness between
ears, and therefore the relationship between
loudness and level should be consistent for each
ear if ILD localization cues are to be preserved.
The conversion of acoustic level to perceived
loudness is a function of several variables in
each type of device. Some of these variables
depend on the characteristics of the listener’s
hearing; for example, people with a more-severe
hearing impairment usually report that loudness
grows more steeply with level than for normal
hearing.

As the CI will be the dominant source of auditory
information enabling good speech
understanding for most bimodal listeners,
generally the HI should be adjusted so that it
provides loudness equal to that of the CI
stimulation (for the same input sound). First it
needs to be determined whether the loudness is
balanced between devices while a sound is
presented from directly in front of the listener.
This can be done either by enabling and
disabling each device in turn and asking the
listener which one was louder, or by enabling

(Stakhovskaya et al., 2007). That electrode is
activated by acoustic signals that pass through a
corresponding filter in the sound processor. The
center frequency of that filter is typically about
250 Hz.  It is chosen so that important
components of speech signals and other sounds
are presented as electrical stimuli to a relatively
apical location in the cochlea. This allocation of
acoustic frequency to electrode position would
be expected to result in a shift in the perceived
pitch for at least some kinds of sounds. For
example, a pure tone at 250 Hz picked up by the
microphone would activate the most-apical
electrode, and therefore would be expected to
have a pitch corresponding to approximately
600 Hz, or even higher. There is evidence that
such a pitch shift is experienced by some CI
recipients, at least immediately after device
activation (McDermott et al., 2009). Because the
contralateral ear is stimulated acoustically in
most bimodal listeners, the pitch of the 250 Hz
tone would be perceived as lower in that ear
relative to the implanted ear. However, it appears
that plasticity in the auditory system results in
changes to the pitch perception arising from
electrical stimulation (Reiss et al., 2007).
Generally, the pitch perceived often seems to
become lower over time, and may approach the
pitch associated with the center frequency of
the filters assigned to the electrodes (e.g., 250 Hz
in the above example). If this does happen, then
there may be no need to adjust the bimodal
fitting specifically to ensure pitch compatibility
between devices. Although more research is
needed to examine this issue further, one
published study found little difference in speech
perception between a condition in which the
allocation of frequencies to electrodes was
altered to minimize pitch mismatches and a
condition using the standard frequency
allocation (Simpson et al., 2009). Except in
unusual cases, such as the implantation of
special short electrodes, it is probably
appropriate to retain the standard CI frequency
allocation for most users of bimodal hearing.

9

other ear will be unaffected by the operation,
they will obtain most benefit from acoustic
stimulation in the non-implanted ear. In the
majority of cases, therefore, the bimodal fitting
in the period immediately following CI activation
post-operatively will be a combination of the CI
in one ear and the same acoustic HI in the other
ear as was used pre-operatively. 

The goal of adjustments to each hearing device
after implantation is to provide the recipient
with as much information as possible about
speech and other sounds while ensuring
listening comfort in all conditions that are
commonly experienced. In general, the CI will
provide most information about speech,
especially in quiet listening conditions. As with
any CI fitting, optimization of the sound-
processor settings should be carried out
intensively over the weeks or months following
initial activation, with further fine-tuning
sessions being scheduled at intervals as required.
In some clinics, there is a tendency for CI
recipients to be advised not to use a
contralateral HI during the initial period of
acclimatization to the implant. However, there is
little evidence to support this strategy, and it
seems probable that CI recipients will obtain the
greatest benefit from use of the CI together with
their usual HI in the non-implanted ear in most
situations.

There are two specific issues which arise in
bimodal fittings that are not relevant to most
fittings involving only CIs or only HIs. These are:
(1) making the pitch compatible between
devices, and (2) equalizing the loudness
perceived with each device. It is plausible that 
CI recipients may perceive different pitches for 
a given sound when it is heard through each
type of device. The main reason is illustrated in
Figure 3. The electrode array of the implant is
inserted into the cochlea from an opening at the
basal end, and therefore even the most-apical
electrode typically stimulates a region that
would normally respond to frequencies in the
vicinity of 600-900 Hz with acoustic stimulation

8

use of the acoustic HI alone (Gifford et al., 2007).
When the same subjects used both types of
device simultaneously, their mean score
increased further, by about 18 percentage points.
A similar pattern of results was obtained for
tests assessing those subjects’ understanding of
sentences in noise. In most cases, HI users who
choose to be implanted with a CI do so because
of an expectation that the CI will enable better
speech perception than their acoustic HIs.
According to the published evidence, such an
expectation is well-founded; few studies have
reported significantly poorer results for the
bimodal hearing condition compared with the
CI-alone condition (Ching et al., 2007). This
reflects, in part, that people who obtain
satisfactory performance from their acoustic HIs
are unlikely to proceed to cochlear implantation.

Users of HIs (or their caregivers) who consider
that cochlear implantation may improve their
hearing should first ensure that their existing
devices are providing as much auditory
information as possible. This means that factors
such as the choice of the most suitable devices,
the selection of sound-processing features, and
the adjustment of parameters during fitting are
each given close and careful attention. Advanced
signal-processing techniques such as frequency
compression should be enabled where available
and whenever there is any likelihood of benefit
for the listener. Verification of the HI fitting, for
example using real-ear measurements, should be
carried out when appropriate. Preferably each HI
user should be permitted at least several weeks
of everyday listening to acclimatize to any
changes in the device and/or its settings.
Adequate time should also be allowed for fine-
tuning of parameters to attain the best possible
performance. Such a process of optimization and
acclimatization, followed by a thorough
assessment of the individual’s aided hearing,
should be completed before deciding finally
whether or not to proceed with implantation.
People who subsequently do have a CI implanted
in one ear should expect to lose much or all of
the acoustic hearing in that ear. Because their
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unlikely to be beneficial (Moore, 2001), and 
(2) the loudness may be dominated by the HI
gain provided along the audiogram slope or in
the dead region, which would make loudness
balancing difficult. Therefore, in cases where the
audiogram has a very steep slope or there is
other evidence of a high-frequency dead region
it would be appropriate to apply a HI fitting that
provides little or no gain at frequencies along or
above the slope.

In some instances, particularly when the pre-
operative audiograms for each ear are more like
the blue curve than the green curve in Figure 3b,
there may be useful hearing in the implanted ear
post-operatively. However, the hearing
sensitivity is likely to be reduced in that ear
relative to pre-operative levels, necessitating a
fresh fitting of the HI on that side. In such cases,
a loudness-balancing procedure similar to that
described above may be applied with appropriate
modifications. The overall aim is still to equalize
loudness between ears for sound signals
received across a range of levels. In certain cases,
a CI with a special short electrode array (or a
partially inserted array) may be selected in an
attempt to preserve hearing in the implanted ear.
In these cases, device fitting should be carried
out in much the same way as for a more-typical
bimodal listener (i.e., a CI recipient with usable
aided hearing only in the non-implanted ear). It
is probable, however, that the pitch mismatch
between acoustic and electric modes of
stimulation will be relatively large. This may
require a non-standard ‘mapping’ of the sound
processor, particularly if only a small number of
intracochlear electrodes is available for
stimulation (Gfeller, et al., 2007). Unfortunately,
it is not clear at present whether or to what
extent pitch mismatches between devices may
need to be taken into account during the
loudness-balancing procedure.

Special considerations

The main points discussed thus far apply to a
large majority of users of bimodal hearing.
According to the published evidence, there are
few important differences in the requirements
for fitting adults or children, and the perceptual
benefits of bimodal hearing seem to be generally
independent of age. The procedures for fitting
young children and assessing outcomes may
need to be simplified versions of those outlined
above. For example, the signals used for
loudness balancing could be recorded stories
with age-appropriate content and language,
perhaps presented in an audio-visual mode. If
necessary, only one signal level could be used,
such as 60 dB SPL, rather than several levels.
Visual scales illustrated with pictures indicating
relative loudness could be used to help children
express their perception of sounds heard via
each type of device. When very young children
are being fitted, it might be necessary to rely
more on prescriptive rules and objective
measures of hearing (including real-ear
measurements for HIs and neural response
measurements for CIs) rather than on subjective
reporting.

At present, most users of bimodal hearing have
limited acoustic sensitivity even in the non-
implanted ear. For example, the green curve in
Figure 3b shows a relatively flat loss with
thresholds indicating a severe to profound
impairment at all frequencies. However, it is
becoming increasingly common for CI recipients
to have better acoustic sensitivity than that, at
least for lower frequencies. The blue curve in
Figure 3b shows a steeply sloping audiogram
with thresholds at the lowest frequencies in the
normal range. At frequencies above about 1 kHz,
little hearing sensitivity is indicated, and it is
probable that a cochlear dead region is present
corresponding to that frequency range. In such
cases, it is likely that providing amplification
along or above the audiogram slope would be
problematic. This is because: (1) amplification
across the full extent of the dead region is
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automatic noise reduction, and some types of
automatic gain control, especially those having
long time constants. In relation to this there are
two particularly relevant issues. First, the same
processing may not be available in both the HI
and the CI, or, when it is available, the parameter
settings may differ. Secondly, even if the
processing is identical in each device, it may
function to reduce ILD information. For example,
if a sound source is located closer to the HI than
the CI, it would be expected to sound louder in
the HI ear, thus indicating correctly to the
listener which direction the sound is coming
from. If, however, the HI gain decreases in
response to the relatively high level of the sound
on that side while the CI sensitivity remains
constant, the loudness difference perceived by
the bimodal listener will be reduced, and
consequently the ILD information will be less
salient. In practice, there may be no reliable
solution to this problem available at present in
the fitting process. Future devices designed
specifically for bimodal listeners will provide
processing of acoustic and electric signals that is
designed to preserve loudness balance and ILD
cues for all frequently encountered listening
conditions. Such devices may require certain
information about sound signals to be
transferred between ears via wireless links.

Another source of information available to
bimodal listeners about the direction of sound
sources is the difference in time of arrival of a
sound signal at each ear. Reliable and accurate
perception of inter-aural time difference (ITD)
cues requires that the delays incurred when
sound is processed by each device be equalized.
Usually the processing delay of a CI is shorter
than that of an acoustic HI, although the delays
depend on certain technical details of the
processing (Francart et al., 2011). At present, it is
not feasible for processing delays to be adjusted
during bimodal device fitting. In future, the
signal processing in bimodal hearing systems
will need to be designed taking into account
these delays so that provision of ITD cues to
listeners can be optimized. 

both devices simultaneously and asking the
listener whether the overall sound is centered. A
suitable sound signal for this test is one which
can easily be made loud enough with each
device; therefore the signal should have most
energy in the low- to mid-frequency range.
Appropriate signals include a speech-shaped
noise presented in short bursts, or running
speech, preferably presented from a recording so
that the level can be monitored and kept
constant. The balancing procedure needs to be
carried out with the test signal presented at
several different overall levels (e.g., 45 and 65 dB
SPL). The adjustments to the HI settings for
equalization of loudness relative to the CI
depend on which HI device is used, and what
amplification prescription is applied (if any). In
some cases, a frequency-shaped linear
amplification strategy may have been selected,
in which only the overall gain and maximum
output may be adjustable. More commonly, the
HI amplification will be based on a non-linear
paradigm in which the gain applied at different
input levels can be adjusted at a number of
frequencies. In an iterative procedure, the gains,
compression thresholds, and compression ratios
at relevant frequencies may need to be adjusted
to attain balanced loudness at each of the
chosen signal levels. For example, if the HI is
softer than the CI at the lower signal level, but
equal in loudness at the higher level, then the
gain applied at only the lower level should be
increased. After the balancing procedure has
been completed, the HI settings should be
validated by asking the listener to turn off their
CI temporarily. In this condition, the HI should
produce sounds of acceptable quality and
intelligibility, without intrusive noise or excessive
loudness for high-level input signals.

Whenever the CI and HI are used together, it is
possible that loudness balance and ILD cues will
be affected by any signal processing that varies
the gain relatively slowly in response to
changing input conditions. Examples of such
processing include Adaptive Dynamic Range
Optimization (Blamey, 2005), various kinds of
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commented on the advantage of their child
wearing a second device if one happens to stop
working unexpectedly. On the other hand,
however, some users of bimodal hearing
occasionally decide to discard one of their
devices (usually the acoustic HI) even though the
benefits of using both together may have been
firmly established. In these instances, the fitting
needs to be reviewed carefully, and appropriate
counseling should also be provided. 

In general, bimodal hearing will provide better
perceptual outcomes to almost all CI recipients
with enough acoustic sensitivity in one ear or
both ears. Optimal performance will be achieved
through a combination of: (1) fine tuning in the
fitting procedure, and (2) provision of relevant
information to CI users about the advantages
that can be expected through continued use of
both types of device together. Based on current
trends, it seems clear that in the future most
recipients of cochlear implants will benefit from
a bimodal fitting. 

Conclusions

Both adult and child CI recipients can benefit
from bimodal hearing if they have some
sensitivity to acoustic signals in at least one ear.
The benefits (relative to the use of either type of
device alone) include:

• increased speech understanding, particularly
in noisy conditions

• better subjective sound quality
• improved perception of pitch and other

aspects of musical sounds
• improved ability to localize sound sources
• better speech production (particularly for

children)

Further benefits that have been reported by CI
recipients include the more-natural sensation of
hearing with two ears rather than one, and the
feeling of greater security associated with
having two independent hearing devices
available simultaneously. In relation to the latter
point, the parents of some young CI users have
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commented on the advantage of their child
wearing a second device if one happens to stop
working unexpectedly. On the other hand,
however, some users of bimodal hearing
occasionally decide to discard one of their
devices (usually the acoustic HI) even though the
benefits of using both together may have been
firmly established. In these instances, the fitting
needs to be reviewed carefully, and appropriate
counseling should also be provided. 

In general, bimodal hearing will provide better
perceptual outcomes to almost all CI recipients
with enough acoustic sensitivity in one ear or
both ears. Optimal performance will be achieved
through a combination of: (1) fine tuning in the
fitting procedure, and (2) provision of relevant
information to CI users about the advantages
that can be expected through continued use of
both types of device together. Based on current
trends, it seems clear that in the future most
recipients of cochlear implants will benefit from
a bimodal fitting. 

Conclusions

Both adult and child CI recipients can benefit
from bimodal hearing if they have some
sensitivity to acoustic signals in at least one ear.
The benefits (relative to the use of either type of
device alone) include:

• increased speech understanding, particularly
in noisy conditions

• better subjective sound quality
• improved perception of pitch and other

aspects of musical sounds
• improved ability to localize sound sources
• better speech production (particularly for

children)

Further benefits that have been reported by CI
recipients include the more-natural sensation of
hearing with two ears rather than one, and the
feeling of greater security associated with
having two independent hearing devices
available simultaneously. In relation to the latter
point, the parents of some young CI users have
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