Current thinking on managing
a low frequency hearing loss
supports the use of
broadband amplification with
multichannel WDRC hearing
aids instead of low-pass
filtering. In this way, both the
low frequency fibers and the
mid-to-high frequency fibers
can be stimulated. This article
examines the issues involved
in fitting reverse-slope
hearing losses and also
addresses the issue of using
paired comparisons during
the hearing aid fitting process.
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Changing With the Times:
Managing Low-Frequency Hearing Loss

Strategies for Amplifying Reverse-Slope Hearing Losses

low frequency sensorineural
Ahearing loss—sometimes called a

“reverse-slope audiogram”—is
one of the more difficult-to-fit audiomet-
ric configurations. Although many
researchers'? have proposed solutions to
manage this hearing loss configuration,
some of these solutions were not fully
achievable because of the limitations of
the hearing aid technology at the time.
With the advent of digital multichannel
nonlinear hearing aids that offer greater
flexibility of adjustment and increased
specificity, a clinician may experience
enhanced success in managing this loss
configuration. This article reviews some
of the challenges involved in fitting
reverse-slope hearing loss.

Why Does Low-Frequency Hearing
Loss Pose Unique Challenges?

Hard to Identify. Unless a person has
a familial history of low frequency hearing
loss or he/she undergoes routine audiomet-
ric testing, this type of hearing loss is not
easily identified because it is relatively
symptom-free. One reason is that low fre-
quency sounds are more intense and carry
less information than high-frequency
sounds. A person with a moderate degree of
low frequency hearing loss may not exhibit
any outward signs of a hearing loss, such as
missing speech sounds or aberrant speech
production patterns.

Relatively intact intelligibility in
quiet. One reason why people with a low
frequency hearing loss are able to identify
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the low-frequen-
cy speech infor-
mation is because low frequency informa-
tion may also be carried by high frequency
fibers through temporal coding. Thornton
& Abbas’ compared the speech recognition
ability of 3 subjects who were identified
with a low frequency dead region and 5
normal-hearing individuals in various fil-
tered conditions. In the unfiltered condi-
tion, the speech scores were 56% to 88%
for the impaired group and 94% to 100%
for the normal-hearing group. For the high-
pass condition. the scores were 34% to 46%
for the hearing-impaired group but 16% to
38% for the normal-hearing group. For the
low-pass condition, the scores were 12% to
44% for the hearing-impaired group but
76% to 84% for the normal-hearing group.

These findings suggest that amplifying
the low-frequency dead region alone may
not result in improved speech understand-
ing. In addition, it suggests that people
with a low frequency hearing loss may be
able to utilize the surviving mid- and
high-frequency hearing as effectively, if
not more effectively, than normal-hearing
subjects. Van Tasell & Turner' reached
similar conclusions. From a practical
standpoint, this means that the application
of a prescriptive target where the amount
of gain is directly proportional to the
degree of hearing loss may lead to less than
satisfactory results in many wearers.

High expectations for hearing aids.
Because of their ability to utilize mid- and
high-frequency signals, many adults who
are born with a low frequency hearing loss
develop normal speech and language skills.

Although they may have some dif-
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unrealistic expectations for the
chosen devices and reject any
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Managing Low-Frequency Hearing Loss

attempts that may be less than perfect.
Diverse etiologies and expression
of symptoms. Unlike a high frequency
hearing loss where a majority of cases are
related to prolonged exposure to loud
sounds and aging, a low frequency hearing
loss is typically not related to the same
factors. Rather, hereditary and/or genetic
origin is a common cause of a low fre-
quency hearing loss. For example,
Konigsmark et al.’ reported that a progres-
sive low frequency hearing loss may be
dominantly inherited. Lesperance &
Burmeister® reported that Wolfram
Syndrome 1 (an autosomal recessive dis-
order) is a result of mutation in the WSF1
gene. Some patients who have Mondini
dysplasia may be born with no functional
Organ of Corti in the apex of the cochlea.’
A low frequency hearing loss may also
be related to disease processes that affect
the integrity of the hair cells in the apex of
the cochlea. Sudden hearing loss," viral
infection,” renal failure,”” and Meniere’s dis-
ease'' have been associated with a low fre-
quency hearing loss. Changes in the
endolymphatic pressure, as in cases with
fistula,” intracranial hypertension,"” and
even spinal and general anesthesia* have
also been reported with varying degrees of
transient and permanent low [requency
hearing loss. The diverse etiologies, perma-
nence (transient vs permanent vs progres-
sive), and severity (moderate to profound)
would suggest that one should understand
the etiology of a particular patient’s hearing
loss in order to customize management.

Difficulties in Amplifying the
Low Frequencies

Potential dead region. Gravendeel
& Plomp" first suggested that a moderate
degree of low frequency hearing loss may
be associated with a dead region—a fre-
quency region where no surviving inner

hair cells may be found. This suspicion
was confirmed subsequently by
researchers through the use of psy-
chophysical tuning curves and/or masking
studies.’*'* Humes et al."” suggested that a
reverse slope audiogram with a slope at
the rising portion of the audiogram that
exceeds -25 dB/octave may suggest a dead
region. Moore" indicated that a hearing
loss which exceeds 50 dB HL in the low-
frequency region, with normal-to-mild
hearing loss in the mid-to-high frequen-
cies, may indicate a dead region.

If, indeed. the low frequency region is
dead, amplifving this frequency region—
like amplifying a high frequency dead
region—may not improve the wearer's
speech intelligibility. Instead. amplifying
the nearby mid- and high-frequency fibers
may improve intelligibility. This was evi-
denced in the reports of researchers such
as Thornton & Abbas’ and van Tasell &
Turner.* Subjectively, a dead region may
not yield any tonal perception™ and exhibit
poor frequency discrimination. However,
Moore'* reported erratic results on pitch
perception in low frequency dead regions.

Improved sound quality—with
trade-offs. Even assuming that the low-
frequency region is not “dead,” there are
consequences to amplifying the low fre-
quencies. On the positive side, amplifying
the low frequencies will improve audibility
of weak low frequency sounds and result
in an increase in loudness and an improve-
ment of sound quality.”*" Yet, having too
much low frequency output may mask the
audibility of the mid and high frequency
sounds.” Furthermore, over-amplification
in the lows can result in a higher ambient
noise level and an increased susceptibility
for noise interference. Unfortunately, with
linear hearing aids, it may be difficult to
provide just the right amount of low fre-
quency amplification to ensure audibility
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without over-amplifying higher inputs.
This over-amplification can lead to higher
frequencies being compromised by the
upward spread of masking, and a decrease
in intelligibility and sound quality.

Need for occluded earmold/shell. In
order to retain the low frequency output of
a hearing aid, the earmold/shell must be
occluding with minimal leakage or vents.
An increase in leakage (or vent diameter)
will decrease the amount of low-frequency
output measured in the ear canal. For
example, a 2 mm vent diameter will reduce
the low-frequency output by as much as 13
dB at 250 Hz.” Thus, to preserve the low-
frequency output, a completely occluding
earmold/hearing aid should be used. In
addition to preserving the output, an
occluded earmold also preserves the direc-
tivity index of a directional microphone.*

However, use of an occluded earmold
increases the likelihood of the occlusion
effect. It is possible that the wearer will find
his/her voice “echoic” or “hollow” with a
closed earmold. Increasing the vent diame-
ter (or leakage) could reduce the physical
occlusion effect when the wearer speaks.”
A compromise on venting is necessary
between achieving the desired low frequen-
cy output and minimizing any potential
occlusion effect. Alternatively, methods to
manage occlusion should be available to
achieve the low frequency amplification
without compromising the benefits of the
other features of the hearing aids and
affecting the wearer's voice quality.

In summary, it is difficult to identify and
to convince patients who have a low frequen-
cy hearing loss that they need to wear hearing
aids. This is mitigated by the fact that some
of these patients may have a dead region in
the low frequencies where amplification may
not result in any improvement. On the other
hand, even if that region is not “dead,” over-
amplifying the low frequency region may
have the undesirable consequence of loud-
ness intolerance and masking.

What Has Been the Strategy for
Management of LF Losses?

Previous research on the management
of a low frequency hearing loss focused on
two main issues: 1) the identification of a
dead region, and 2) the assignment of
optimum frequency-gain characteristics
on the hearing aids.

Assessing the status of the hear-
ing loss region. In the previous section
we reviewed the audiometric characteris-
tics of a low frequency hearing loss with a
dead region.”"* There are also tools that
directly measure the functional status of



-
—

naging L - nc

the low frequency fibers.

Halpin et al.? examined the effect of
ipsilateral pure-tone masking of the
basal fibers (higher frequencies) at a
high stimulus level (80-90 dB HL) while
re-determining the audiogram of the low
frequencies. An increase in thresholds in
the low frequencies will occur if the
responses are mediated by the higher
frequency fibers. Moore & Alcantara'®
recommended the use of psychophysical
tuning curve to determine the status of
the low frequencies. In an effort to make
the test more clinically feasible, Moore'*
proposed the use of the Threshold
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on audibility and sound quality as the gain setting

tion scores with the predicted
Articulation Index (Al) scores with and
without the low frequency contribution in
order to estimate functional status.’ If the
low frequency fibers are functional, the
measured word recognition scores should
change according to the predicted Al scores
when the low frequency contribution is
included. Otherwise, the measured word
scores would not be affected by the low fre-
quency contribution.

Amplifying the region of loss.
Deciding on the frequency region to amplify
and how much to amplify are not as easy.
Schum & Collins' examined speech-recog-
nition skills of 6 subjects with a low frequen-
cy hearing loss by spectrally shaping speech
materials (NST and CCT) to approximate
different amplification schemes. These
included: a) unaided; b) low-pass filtering;
¢) high-pass filtering; and d) broadband
amplification. Their results showed that
“low-pass” had the lowest intelligibility rat-
ing (4/10) and “broadband” had the highest
rating (7.5/10). This suggests that amplify-
ing the low frequency alone (or region of
hearing loss alone) is not sufficient. A broad-
band approach, where a nearby frequency
region is amplified, is desirable. These find-
ings are in line with the observations of
Thornton & Abbas® and van Tasell &
Turner.* Moore'* suggested that “possibly
amplification should be applied over a fre-
quency range extending somewhat into the
dead region...” However, the extent into the
dead region and how much to amplify will
probably depend on the etiology of the low
frequency hearing loss. Despite these recom-
mendations, a practical approach to cus-
tomize the individual fittings with linear
hearing aids has been difficult.

In summary, the current thinking on
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order to achieve comfort at a high input level.

managing a low-frequency hearing loss
would support broadband amplification
instead of low-pass filtering. In this way,
both the low frequency fibers and the mid-
to-high frequency fibers can be stimulated.
Furthermore, many would support the use
of a large vent or open mold to reduce the
low frequency output and minimize the
incidence of loudness intolerance, upward
spread of masking, and potential occlusion.

Digital Technology and
New Options for LF Losses

One difficulty in the management of
low frequency hearing loss is predicting
the appropriate level-dependent frequency-
gain characteristics based on the audio-
gram. The second is the difficulty in
achieving the recommended characteris-
tics. New DSP hearing aids allow:

1. Increased sophistication in non-
linear signal processing to ensure
audibility and comfort. Until the last 10
years, the majority of hearing loss was
managed with linear amplification. A defin-
ing characteristic of linear processing is that
the same gain is applied to all input levels.
This means that the effect of gain adjust-
ment will be felt for sounds at all input lev-
els. If someone with a low-frequency hear-
ing loss desires less than the prescribed
gain (eg, because of loudness intolerance),
such gain reduction will occur for all input
levels. Figure 1 is an input-output (1-O)
curve of a linear hearing aid where the gain
curve has been lowered from 40 dB to 20
dB in order to avoid discomfort at high
input levels, a common complaint of peo-
ple with a reverse-slope audiogram. It is
obvious that not only the output at a high
input level is reduced, but the output at
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other input levels is reduced as well. This
sacrifices the audibility of soft sounds and
potentially compromises sound quality at
conversational levels. If one recognizes that
the problems associated with masking,
occlusion, loudness intolerance, and diffi-
culty in noise are all related to a high out-
put (from amplifying high input levels) in
the wearer’s ears, one should only reduce
gain for high input level sounds and not
gain for sounds at all input levels.

The use of nonlinear or compression
hearing aids can ensure audibility while
maximizing comfort for the wearer. As a
rule, a nonlinear hearing aid provides
decreasing gain as input level increases.
Furthermore, some nonlinear hearing aids
allow clinicians to adjust gain for different
input levels (soft, medium and loud) inde-
pendently. An advantage of using digital
nonlinear hearing aids is that gain adjust-
ment at more discrete input levels can be
made. This means that one may control gain
just for loud sounds without sacrificing gain
for soft and medium level sounds.

One advantage of using digital nonlinear
hearing aids over linear ones is seen in the
hypothetical input-output (1-O) curve of the
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FIGURE 2. Hypothetical I/O curve of a digital
hearing aid that illustrates the preservation of
audibility of soft sounds as the gain pnnrnmr
for loud sounds is reduced to achieve comfort

at a high input level.

Senso Diva hearing aid in Figure 2. This
hearing aid allows gain to be adjusted at
three ranges of input levels: “IG soft” for
sounds below 50 dB, “IG normal” for
sounds between 40 and 60 dB, and “IG
loud” for sounds above 50 dB. For an indi-
vidual with a 50 dB hearing loss in the low
frequency, one can ensure comfort while
maintaining audibility for soft sounds by
reducing gain for loud inputs only. In this
example, only output above a 50 dB input
level is affected. Sounds as soft as 10 dB are

continued on page 54



Two Case Studies: Examples of Using Paired
Comparisons for Customization of Fittings
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ts that, even though 250 Hz may sound
atonal, the subject still preferred the default gain for soft sounds in the
nearby frequency region. On the other hand, the preferred gain for the low-
frequency at 65 dB SPL and 90 dB SPL input levels was lower than that rec-
ommended by the default ng, whereas the output in the 2000 Hz-4000
Hz region was higher for the self-selected settings than the default settings
Her speech-in-noise score (as evaluated by the HINT) was significantly better

. the self-selected settings than with the default settings.

Subject B did not report any occlusion problem. Although she pre-
ferred the Senso Diva over her Senso C9+, she still reported that the low

frequency sounds appeared “plain” and "atonal.” »
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Managing Low-Frequency Hearing Loss
continued from page 36

audible (whereas before, sounds are audible only above 30 dB) and
sounds below 100 dB are within the comfortable range. Thus, audi-
bility is not sacrificed to achieve comfort. Moore* also recommend-
ed the use of nonlinear WDRC hearing aids for people with a low
frequency hearing loss.

2. Increased specificity of frequency processing
(increased number of channels). In general, as the number of
channels in a hearing aid increases. the specificity at which one can
limit the type of processing to a restricted frequency region increas-
es. This is often helpful in a reverse-slope audiogram where the
change in threshold between octaves is rather abrupt. Indeed, a
steep audiogram slope is one indication of a “dead” region." In a
single-channel device, minimizing gain for the low frequencies may
be compromised by the need to provide gain to nearby frequencies.
Having multiple channels in a nonlinear hearing aid allows one to
provide appropriate amplification at one frequency region without
over-amplifying (or under-amplifying) nearby frequency regions.

3. Noise reduction strategies to manage speech under-
standing in noise. One of the main concerns of people with a low
frequency hearing loss is their difficulty understanding speech in
noise. The problem may be exacerbated when the wearer is given
significant amount of gain in the low frequencies. In this case, it
would be desirable to have hearing aids that deliver the required
amount of low frequency gain for soft sounds in quiet but are also
capable of automatically reducing thei output in noise. Many
DSP hearing aids have noise reduction algorithms and adaptive
directional microphones that minimize the impact of noise.”

4. Capability for individual tailoring. Due 10 etiologies, one
challenge in managing a low frequency hearing loss is the difficul-
ty in predicting the desired frequenc Moore™ acknowledged
that, even when one makes a diagnosis of a dead region, the
amount of amplification one provides o the dead region and to
the mid- and high-frequency region is still unclear. The recom-
mended frequency-gain characteristics should be customized to
the individual. A tool that allows stomization is desirable.

One advantage of digital technology is the capability to save alter-
nate settings of the hearing aids into a temporary memory for com-
parison of preference. These settings can be compared in pairs adap-
tively in the clinic in order to zero-in on the optimal settings for the
wearer. For example, the bandwidth and gain of the hearing aids at
each input level may be adaptively changed based on the wearer’s
preference. Alternatively, the clinicians can save different combina-
tions of settings into the different memories of the hearing aids and
have the wearer evaluate their relative performance in real-life situa-
tions. This ability to allow paired comparisons” in digital and pro-
grammable aids will be especially helpful 1o select the optimal level-
dependent frequency-gain settings on a hearing aid for people with a
low-frequency hearing loss (and other hearing loss configurations as
well). This is demonstrated in two case studies on page 36.

Summary

With the increased flexibility and specificity of digital process-
ing, and with the use of new fitting tools (eg, paired comparison),
one may conclude that:

® A digital multichannel nonlinear hearing aid has more fea-
tures than a linear hearing aid to match the gain require-
ment of people who have a low-frequency hearing loss;

m Use of wide dynamic range compression (WDRC) with a
low compression threshold (CT) and high level compres-
sion may be more effective (than linear or WDRC with
high CT) in preserving audibility and maintaining com-
fort across listening environments;



® People with a reverse-slope audio-
gram do prefer amplification in the
low frequency. However, their gain
preference, compared to the recom-
mendations of some proprietary fit-
ting targets, may vary depending
on input levels.

® A broad bandwidth, including
amplification in the normal or near-
normal frequency region, is desir-
able. However, the specific amount
needs individual customization;

B The paired comparison technique
may help customize individual
settings. b
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