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Abstract

The common observation that hearing impairment tends to affect sound perception at high frequencies more than at lower
ones has led recently to the development and evaluation of a number of innovative signal-processing techniques. These in-
clude frequency-lowering schemes that aim to provide improved audibility and discriminability of sound components by shift-
ing them into a frequency range where the listener has less impairment. For people who have usable low-frequency hearing,
but insufficient high-frequency hearing for effective use of a frequency-lowering hearing instrument, cochlear implantation is
rapidly becoming a well-accepted option. The use of a cochlear implant, in combination with an acoustic hearing aid either in
the implanted ear or the opposite ear, can provide large perceptual benefits, especially for understanding speech in noise and
for listening to music. Selecting and fitting the most appropriate configuration of hearing devices is critical in maximising the
perceptual benefits for both children and adults with severe high-frequency hearing impairment.
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HOBDBIE PEHIEHNA /14 HAPYIIEHUSA CIIYXA HA BBICOKX YACTOTAX
Pe3rome

Bpu1o 3amedeHo, 4TO HapylmeHne C1yXa 4dallle IIpoMCXOoaNT Ha BbICOKMX YaCTOTaX, Y€M Ha HU3KUX, IIO3TOMY B IIOC/IEN-
Hee BpeMA BCE 601bI11E yCI/UII/Iﬁ IIpyaraeTcAa K pa3BUTUIO Y1 OLIEHKE MHOIMX MHHOBAIIVIOHHDIX, O6pa6aThIBaIOH.U/IX CUr-
Ha/Ibl METOJOB. OHI BK/IIOYAIOT B ceOst CX€MBbI,

IIOHVDKaKM V€ 9aCTOTY, KOTOPpbIE MOT'YT obecreynThb YIYyYHIEHHYIO CIBIIIVIMOCTD U CIIOCOOHOCTD OIIpeNE/NeHNIA1 3BYKOBbBIX
KOMIIOHE€HTOB, 6naro,uap51 VIX IEPEMEIIEHNIO Ha T€ YaCTOThI, Ha KOTOPBIX MALNVIEHT JTy4YIle C/IbIIINT. B CIyvasx, Korga 'y
HIOI[eI?I CIIyX Ha HU3KUX YaCTOTaX ABIAETCA JOCTATOYIHDIM, a Ha BPICOKMX HE YNOB/I€TBOPUTEIDbHDIM VIS BQ)CbeKTI/IBHOI‘O
VICIIO/Ib30BaHNA pENIE€HNA, IIOHVIKAIOIIETO C/IyX Ha HU3KME YaCTOThI, BCE Jallle MCIIOIb3YETCA KOXJICapHasA NMIUIaHTalA.

Vcrionb3oBaHme KOX/1€apHOTO MMIIJIAHTA BMECTE C aKyCTMYIECKMM C/TyXOBBIM aIlllapaTOM Ha MMIUIAHTMPOBAHHOM W/IN JIPY-
T'OM yXe, MOXXeT 00eCIIeYnTb 3HaYMTe/IbHbIe IIePLEIIIOHHbIe BO3MOXXHOCTH, OCOOEHHO JI/IA IOHVIMAHUA PeYy B LIIyMe I
IJIs1 TOTO, YTOOBI CITyIIATh My3bIKY. BbI6OP 1 HACTPOIiKa COOTBETCTBYIOIIEH ! KOHGUIYPALM YCTPOIICTB BayKHbI /s YBe-
JIMYEHMS TIEPLENLIIMOHHBIX BOSMOXXHOCTE IeTell U BSPOC/IbIX C CEPbe3HbIMU HAPYIIEHMAMM CTyXa Ha BbICOKMX YaCTOTaX.

KnroueBbie cmoBa: 6I/IMOJIaHbeIﬁ CITyX e COKAaTME YACTOTDHI o IIEPEMENMIEHNIE JaCTOThI

NUEVAS SOLUCIONES EN CASO DE SORDERA EN LAS ALTAS FRECUENCIAS

La observacion comun, que la sordera afecta la percepcidn de los sonidos en las altas frecuencias més frequentamente que en los
bajos, ha resultado recientemente en el desarrollo y la evaluacion de varias técnicas innovadoras que tratan la sefial. Ellos incluyen

los esquemas que bajan las frecuencias para mejorar la audibilidad y discriminabilidad de sonidos cambiandolos en un rango
de frecuencia donde el oyente tiene el daio menos grave. En caso de la gente que tiene el oido utilizable en las frecuencias ba-
jas pero insuficiente en las altas para el uso efectivo de un instrumento que baja las frecuencias del oido, implantacion coclear
es una opcion mas frequentemente usada. El uso de una implantacion coclear en combinacion con un audifono actstico en la
oreja implantada o no, puede dar ventajas grandes, sobre todo para entender el discurso en el ruido y para escuchar musica. La
seleccion y la programacion de la configuraciéon mds apropiada de los dispositivos auditivos son criticas en maximizar la be-
neficia perceptual tanto en caso de nifios como de adultos con sordera grave en las frecuencias altas.

Palabras claves: audiencia de bimodal « compresion de frecuencia e transposicion de frecuencia
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Background

Every experienced audiologist knows that one of the most
common types of hearing loss is sensorineural impair-
ment that affects the high frequencies more than the low
frequencies. In many instances, the extent and severity of
high-frequency hearing impairment is such that simple
amplification of sounds by a conventional hearing aid (HA)
is insufficient to restore normal hearing acuity. In some
cases, amplification may fail to make certain high-frequen-
cy sounds audible, let alone identifiable. Excessive ampli-
fication, leading to abnormally high levels in the impaired
ear, can sometimes result in distortion and poor sound
quality. There is even evidence that people with particular
types of hearing impairment may understand less speech
when a HA is fitted to provide high-frequency amplifica-
tion in comparison with a fitting restricted to a narrower
bandwidth that avoids such amplification. This effect can
occur when there are ‘dead regions’ in the cochlea which
are unable to convert sound vibrations into neural activity.
When extensive dead regions are located in the basal part
of the cochlea, perception of high-frequency components
of sounds may be deleteriously affected [1].

Recent technological developments are enabling better out-
comes to be achieved for many people with this kind of
hearing loss. In particular, several types of digital HA now
provide sophisticated techniques for lowering frequencies
in real time. Such techniques may help listeners with high-
frequency impairment to detect and discriminate compo-
nents of sounds having high frequencies. For example, cer-
tain unvoiced fricative consonants in speech, such as /s/,
are characterised acoustically by an energy distribution that
may be concentrated at frequencies as high as 5-15 kHz but
have little energy below 4 kHz. It is important for people to
be able to discriminate and identify those consonants. In
English, for instance, /s/ is used to denote the plural num-
ber (e.g., “bat” versus “bats”), the possessive case (“bat’s”),
some contractions (“it is” = “it’s”), and the third-person sin-
gular present tense of verbs (“she bats”). Not only speech
sounds but various environmental noises are dominated
by high-frequency components. On the other hand, many
common types of background noise have most acoustic en-
ergy at low frequencies. The masking of speech phonemes
by low-frequency noise, such as that heard inside a car, is
a further reason for attempting to improve the audibility
and salience of high-frequency sound signals in general.

For people whose hearing impairment is so severe that
even frequency lowering in an acoustic HA cannot pro-
vide sufficient help, there are now new opportunities for
applying electrical stimulation. Although the cochlear im-
plant (CI) is already a widely accepted treatment for peo-
ple with severe to total hearing loss in both ears, recent
research is showing that CIs can also be beneficial for peo-
ple with usable low-frequency hearing. This article dis-
cusses briefly the use of acoustic hearing in combination
with a CI as well as the application of frequency-lowering
schemes in hearing aids.

Frequency Lowering

The idea that lowering high frequencies into a region of
hearing where they can be made more audible and more
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easily discriminated is not new. However, the advantages
of the latest digital signal-processing technology in mak-
ing complex frequency-lowering schemes practical have
led to new implementations based on this principle. Re-
cently two innovative schemes have been released commer-
cially. The first, from Widex, is a linear frequency trans-
position (LFT) scheme known as the ‘Audibility Extender’.
The other is a non-linear frequency compression (NLFC)
scheme called ‘SoundRecover’ that is provided by Phonak.
Although they are both potential solutions to the same un-
derlying problem (i.e., poor perception of high-frequen-
cy sounds by some people with hearing impairment), they
function in very different ways.

The Widex LFT processing operates on two defined fre-
quency regions designated the source octave and the tar-
get octave. Frequency components in the source octave
are analysed and a dominant peak is selected. This peak
is shifted down in frequency, typically by one octave. Sur-
rounding frequency components in the source octave are
also shifted down at the same time, but the size of the shift
applied to them is defined as a constant number of hertz.
For example, if the peak in the source octave is at 4 kHz,
it will be lowered by one octave to 2 kHz. As the amount
of this shift is 2 kHz, all frequencies in the source octave
will simultaneously be lowered by 2 kHz. This means, for
instance, that a source frequency of 3.5 kHz would be low-
ered to 1.5 kHz, which is not exactly a one-octave shift.
Because this linear frequency-shifting process, when ap-
plied to each frequency in the source octave, may result
in a target bandwidth that is wider than one octave, the
output of the process is filtered to limit it to one octave.
Lowered signals in the target octave are mixed with any
signals already present in that frequency region. Ampli-
fication and other appropriate processes are then applied
as usual. Once enabled during fitting, the LFT process-
ing is active all the time, although the frequencies of the
source and target octaves can be selected to suit individ-
ual HA users.

In contrast, the Phonak NLFC processing does not depend
on any features of the incoming sound (such as the dom-
inant peak frequency in the LFT source octave). Instead,
all frequencies above a preset cut-off frequency are lowered
by progressively increasing amounts. The steepness across
frequency of this progressive lowering is determined by
a frequency-compression ratio. For example, if the cut-off
is set to 2 kHz, and the ratio is 2:1, each octave range of
input frequencies above 2 kHz will be compressed into a
half-octave range. Thus the input range 2-4 kHz, which is
one octave wide, will become 2-2.8 kHz (half an octave)
at the output of the HA. All frequencies below the cut-off
are unchanged by the processing, and there is no overlap
or mixing of shifted frequencies with any lower frequen-
cies that may be present at the same time. When NLFC is
enabled during fitting, the cut-off frequency and compres-
sion ratio are preselected automatically based on the audi-
ogram of the HA user. Generally, lower cut-off frequencies
and larger compression ratios are recommended for audi-
ograms that show worse hearing at mid to high frequen-
cies, or a steeper downward slope. However, a relatively
high cut-off and ratio just above 1:1 might be suitable for
people with audiograms that are almost flat or even slight-
ly upward-sloping. In any case, the parameters of NLFC
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ter processing with the Phonak ‘SoundRecover’
NLFC scheme. (A) the utterance /asa/, showing
mostly low-frequency energy for the two vowel
sounds and higher-frequency energy for the
fricative consonant. (B) the same utterance af-
ter processing by NLFC, showing that the vowel
sounds are almost unchanged, whereas the en-
ergy associated with the consonant has been
shifted down and compressed into a narrower
frequency range. The NLFC settings were: cut-
off frequency =2 kHz; compression ratio =2:1.
In each panel, the vertical axis shows frequency
with a range of 0-8 kHz, while the horizon-
tal axis shows time with a range of approxi-
mately 0.7 s. Warmer colors indicate parts of
the acoustic signal with relatively more energy.
Images provided by Phonak AG.

can easily be adjusted during HA fitting to suit the indi-
vidual listener. As with LFT, NLFC operates all the time
after initial activation.

Examples of speech sounds processed by each of the above
schemes are illustrated in Figures 1 and 2. In the left panel
of Figure 1, a spectrogram of the utterance /asa/ is shown.
It can be seen that the two vowel sounds have most energy
at frequencies below about 2 kHz, whereas the dominant
energy in the fricative consonant covers a range of about
5-8 kHz. In the right panel, the same utterance is shown
after processing by the Phonak NLFC scheme with a cut-
off of 2 kHz and a frequency compression ratio of 2:1.
This setting of the NLFC parameters means that the vow-
el sounds are largely unaffected by the processing. In con-
trast, the consonant sound has been shifted down and com-
pressed in frequency to a range of approximately 3-4 kHz.

Figure 2 shows a spectrogram of the word “fish” after pro-
cessing by the Widex LFT scheme, with the start frequen-
cy of the source octave set to 2.5 kHz and the target oc-
tave set below the source by one octave. The energy in

Figure 2. Spectrogram of the word “fish” after process-
ing with the Widex ‘Audibility Extender’ LFT
scheme, plotted in a format similar to that of
Figure 1. The figure shows that the fricative
consonants /f/ and /|/ have been shifted down
into a frequency range that partially overlaps
that of the vowel. For the particular settings of
the LFT program used to generate this spectro-
gram, most energy in the consonants after pro-
cessing is in the frequency range 1.25-2.5 kHz.

the consonants /f/ and /[/, which was originally distrib-
uted across frequencies above approximately 2 kHz, has
been shifted into the range 1.25-2.5 kHz. Although some
of the higher-frequency components of the vowel sound,
particularly the second formant around 2.5-3 kHz, have
also been lowered by the LFT processing, the lower for-
mant region has not been affected. As would be expected
with this setting of the LFT parameters, there is little out-
put energy above about 3 kHz for any phoneme.

Unfortunately, there do not appear to be any publications
so far that report on a direct perceptual comparison be-
tween these two frequency-lowering schemes. However,
recent publications suggest that the Phonak SoundRecover
NLFC scheme can be beneficial for many adults and chil-
dren with sloping, high-frequency hearing impairment
[2], and that the Widex Audibility Extender LFT scheme
may help some adults with severe to profound hearing
loss recognise consonants after training [3]. Considering
the main acoustic effects of each type of processing as il-
lustrated in Figures 1 and 2, it may be that an initial se-
lection of appropriate candidates for each scheme could
be based on the configuration of the audiogram. For ex-
ample, if an individual with hearing impairment has no
useful hearing sensitivity above a relatively low frequen-
cy, such as 2 kHz, it may be that the LFT scheme will pre-
sent more information from higher frequencies into that
very restricted hearing bandwidth. On the other hand, if
such an individual does have some usable acoustic sensi-
tivity at higher frequencies, then it is plausible that an ap-
propriate setting of the NLFC scheme would improve the
perception of high-frequency sounds without also creat-
ing audible artifacts or distortion. Until independent and
reliable comparative studies on these processing schemes
are published, it may be that audiologists should regard
each scheme as having potential to help at least some HA
users, and particularly those with impairments affecting
mainly the high frequencies. However, if frequency-lower-
ing schemes do not help, or individuals have hearing im-
pairment that is severe or worse across a wide frequency
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range in both ears, then a cochlear implant is likely to be
a more effective solution. In such cases, extensive dead re-
gions are probably present in each cochlea, whereas there
is no evidence so far to suggest that the existence of dead
regions is a prerequisite for a successful fitting of a fre-
quency-lowering hearing aid.

Cochlear Implants

Today’s cochlear implants provide up to 22 intracochlear
electrodes that stimulate residual auditory neurons elec-
trically. They bypass the normal mechanical filtering and
transduction processes in the cochlea, and therefore can
create hearing sensations even in ears that are so deaf that
the hair-cell population is minimal or absent. Although
such ears cannot be aided satisfactorily with any type of
acoustic HA, modern multichannel CI devices enable the
majority of recipients to understand nearly all speech,
provided that there is no background noise [4]. However,
their performance in more-complex acoustic situations,
such as listening to music or speech in competing noise,
is often unsatisfactory [5]. To understand this problem, it
might help to imagine an analogy.

The deaf cochlea can be thought of as a blank canvas, while
the function of a CI is to paint a picture on that canvas.
The picture created is equivalent to hearing a recognisa-
ble sound. For a widely used CI system with 22 electrodes,
each electrode can be represented by a spray-can of paint.
Because the electrodes are not actually in contact with the
auditory nerves in the cochlea, the spray-cans can be im-
agined as located some distance from the canvas. What
kind of picture can be painted in this way?

It should be straightforward to create a cartoon-like sketch,
which conveys symbolic meaning but not much else. This
is analogous to understanding speech, in which the intend-
ed meaning is more important to perceive than the sound
quality. Unfortunately, however, it would not be possible
to paint an intricate landscape or detailed portrait, for ex-
ample. This is not only because there are too few sources
of paint, but also because the paint spreads out from the
spray-cans, resulting in a blurry image. A further prob-
lem is that the canvas is often imperfect; it may be torn
or incomplete. This is analogous to the patchy loss of au-
ditory neurons that often results from long-term deafness
and the occurrence of cochlear dead regions.

Future cochlear implants need to have many more elec-
trodes if their users’ perception of complex sounds, includ-
ing music, is to be greatly enhanced. Furthermore, those
electrodes must be placed closer to the auditory nerves so
that the stimulation they deliver can be focused more pre-
cisely. At present, it is not clear how many electrodes would
be required if the eventual aim is to approximate normal
hearing. In a normal cochlea, the process of converting
sound vibrations into neural activity is performed by many
thousands of hair-cells which are distributed along the
length of the cochlear spiral. Taking this fact as a guide, it
seems likely that the number of electrodes may need to be
increased by a factor of at least ten — perhaps even a hun-
dred - relative to today’s implants for large performance
improvements to be achieved. Such devices are not like-
ly to be available for routine implantation for many years.
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Bimodal Hearing

In the meantime, research is showing that the use of acous-
tic hearing in combination with cochlear implants is high-
ly beneficial. Such a combination is commonly referred to
as bimodal hearing, and, in the following, this term will
be used to describe any device configuration that enables
simultaneous use of acoustic and electric hearing. The in-
creasing usage of bimodal hearing is significant, particu-
larly because the high level of performance possible with
the best existing CI devices is leading to a rapid expansion
in the number of CI recipients who are not totally deaf.
When partially deaf implant users listen simultaneously
via the CI and one or two conventional hearing aids, they
report that their understanding of speech in noisy condi-
tions and their appreciation of music are both enhanced
[6,7]. Researchers are now developing improved sound-
processing systems and fitting techniques to maximise the
benefit available from such combined hearing devices. For
example, one existing scheme, known as Adaptive Dynam-
ic Range Optimisation (ADRO), has been shown to ben-
efit listeners who use a CI and a HA together [8]. ADRO
has been available for some years in both CI sound pro-
cessors and certain types of HA, although originally it was
developed specifically for bimodal applications. It func-
tions automatically to adjust the levels of sounds inde-
pendently in multiple frequency bands so as to maxim-
ise audibility while maintaining listening comfort. As it is
widely appreciated that balancing loudness between de-
vices as far as possible is helpful to listeners with hearing
impairment, it is not surprising that ADRO, which makes
such adjustments in real time, can be beneficial to many
bimodal device users.

The recent and continuing increase in the number of bi-
modal CI users has encouraged development of electrode
arrays and surgical techniques that have a greater likeli-
hood of preserving residual hearing. In the past, it has been
assumed that implantation of a multi-electrode array into
a cochlea would inevitably destroy any residual acoustic
hearing sensitivity. Although in fact there are numerous
recipients of conventional CIs who have retained some
hearing in the implanted ear, it is far more common for
bimodal device users to have the acoustic HA in the ear
opposite that containing the CI. However, the most usual
configuration of hearing impairment is characterised by
having better acoustic sensitivity at low frequencies than at
high frequencies. This is fortuitous in that CI electrode ar-
rays are inserted surgically from an opening near the base
of the cochlea, and typically do not extend all the way to
the cochlear apex. Therefore, if there exist hair-cells that
provide some acoustic sensitivity to low-frequency sounds,
they will be located near the apex in a cochlear region that
may not be affected by the electrode array. To exploit fur-
ther this opportunity, researchers and CI manufacturers
have developed arrays that are shorter than the conven-
tional ones, and can be inserted into the cochlea with less
surgical trauma. In cases where the use of these devices
has resulted in good preservation of acoustic hearing, it is
possible for recipients to perceive sounds acoustically in
both ears rather than only in the non-implanted ear. A de-
vice or arrangement of devices that provides both acous-
tic and electric stimulation in the same ear is sometimes
referred to as a hybrid system. Recent publications have
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Figure 3. A hybrid sound processor from Cochlear Ltd.
Intended for use by cochlear implant recipients
with usable acoustic hearing in the implanted
ear, this processor can control a Cl to generate
electric stimulation via the coil seen at the top
of the picture, while acoustic signals are avail-
able simultaneously from the transducer seen
at the lower right. Image provided by Cochlear
Ltd.

reported that CI devices with short electrodes have ena-
bled better preservation of acoustic hearing than conven-
tional devices. Because the perceptual outcomes of these
systems are generally better than would have been ex-
pected with use of a conventional CI device in combina-
tion with a HA in only the opposite ear, the range of au-
diogram configurations now thought suitable for possible
implantation has expanded. People with normal or near-
normal hearing thresholds in both ears up to at least 500
Hz have become successful users of short-electrode CI sys-
tems [9-11], although it is more common for CI candi-
dates to have a hearing loss of moderate or worse severi-
ty at these frequencies. Figure 3 shows a recent Hybrid CI
sound processor that has been developed by Cochlear Ltd.

The ongoing research outlined above is creating an ever-
expanding range of new options for people with high-fre-
quency hearing loss. Audiologists who diagnose hearing
impairment and recommend suitable treatments can now
select from several different potential solutions. In most
instances, effective assistance will be provided by fitting a
modern acoustic hearing aid. In addition, the use of a fre-
quency-lowering sound-processing scheme will improve
the perception of many HA users. Finally, in cases where
it is not feasible for an acoustic hearing instrument to pro-
vide adequate audibility particularly for high-frequency
sounds, a cochlear implant may be a more appropriate

References:

solution. Whenever there is usable acoustic hearing in an
implant recipient, the use of one HA or two HAs in com-
bination with the CI is likely to be beneficial.

Conclusions

o The common occurrence of high-frequency hearing
impairment has led to the introduction of innovative
sound-processing schemes in acoustic HAs and to the
development of new CI devices.

» Nonlinear frequency compression (NLFC) and linear
frequency transposition (LFT) function in different ways
to improve the perception of high-frequency sounds by
adults and children with suitable types of hearing im-
pairment [12].

Although there is some evidence that both NLFC and

LFT may provide perceptual benefits to suitable HA

users, it is not yet clear whether either scheme may be

more appropriate or more effective for particular listen-
ers, and if so, how the better scheme should be select-
ed and fitted for each individual.

« As it is becoming progressively more common for peo-
ple who have hearing that cannot be aided satisfactori-
ly by an acoustic HA to receive a CI, new bimodal hear-
ing systems are being developed and evaluated.

« Bimodal hearing can help many CI users to appreciate
music and understand speech in noise better than is typ-
ical for recipients of conventional CIs who have no us-
able acoustic hearing.

o The development of short electrode arrays and less-
traumatic surgical implantation procedures is increas-
ing the probability that future bimodal device users will
have acoustic hearing in both ears rather than only in
the ear opposite the CI.

o The good perceptual performance of the latest CI systems
and the reduced risk of hearing loss in the implanted
ear resulting from the surgery are encouraging further
expansion of the audiological criteria for CI candidacy.

« It may soon be routine for people with up to normal
hearing thresholds at low frequencies in both ears, but
no usable hearing at relatively high frequencies in at least
one ear, to receive a hybrid CI so as to benefit from bi-
modal hearing binaurally.
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