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Background and Objectives: Non-linear frequency compression (NLFC) technology com-
presses and shifts higher frequencies into a lower frequency area that has better residual hear-
ing. Because consonants are uttered in the high-frequency area, NLFC could provide better
speech understanding. The aim of this study was to investigate the clinical effectiveness of
NLFC technology on the perception of speech and music in patients with high-frequency
hearing loss. Subjects and Methods: Twelve participants with high-frequency hearing loss
were tested in a counter-balanced order, and had two weeks of daily experience with NLFC
set on/off prior to testing. Performance was repeatedly evaluated with consonant tests in quiet
and noise environments, speech perception in noise, music perception and acceptableness of
sound quality rating tasks. Additionally, two questionnaires (the Abbreviated Profile of Hearing
Aid Benefit and the Korean version of the International Outcome Inventory-Hearing Aids) were

Received June 9, 2020
Revised September 16, 2020

Accepted November 10, 2020

Address for correspondence

11 Joon Moon, MD, PhD

Department of Otorhinolaryngology-
Head and Neck Surgery,
Sungkyunkwan University

School of Medicine,

Samsung Medical Center,

administered. Results: Consonant and speech perception improved with hearing aids (NLFC
on/off conditions), but there was no significant difference between NLFC on and off states.
Music perception performances revealed no notable difference among unaided and NLFC on
and off states. The benefits and satisfaction ratings between NLFC on and off conditions were
also not significantly different, based on questionnaires, however great individual variability
preferences were noted. Conclusions: Speech perception as well as music perception both
in quiet and noise environments was similar between NLFC on and off states, indicating that
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Sound.

Introduction

Many patients with sensorineural hearing loss have a slop-
ing high-frequency loss with relatively good threshold level

This is an Open Access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial License (https:/creative-
commons.org/licenses/by-nc/4.0/) which permits unrestricted non-com-
mercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.

real world benefits from NLFC technology may be limited in Korean adult hearing aid users.
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at low frequencies. Based on data from the hierarchical clus-
tering method of the 2009—2012 Korean National Health and
Nutrition Examination Survey, among eleven hearing-impaired
audiograms (27.89%), 7 (17.81%) were flat-type and 4 (9.08%)
were sloping-type [1]. These listeners with sloping loss often
miss out on high-frequency components of speech, such as
consonant sounds, and can have difficulties in understanding
speech in a noisy background. Many sounds or phonemes that
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contribute significantly to speech recognition primarily in-
clude high-frequency components. For example, recognizing
important grammar markers such as /s/ and /z/ in English re-
lies heavily on access to high frequencies [2].

Restoring high-frequency audibility has always been an im-
portant goal of hearing-aid design, since most listeners with
hearing loss have poor audibility in the high-frequency re-
gions. However, simple amplification of the high-frequency
components does not improve speech intelligibility without
acoustic feedback. In addition to difficulties with obtaining suf-
ficient audibility, high-frequency components of the speech
spectrum could not be audible because of the presence of non-
functioning inner hair cells of the cochlea (cochlear dead re-
gions, CDRs) [3].

One type of strategy is a frequency lowering technology that
shifts the high-frequency information to a lower-frequency
area, making the sounds fall into the limited processing band-
width of the hearing device and the physiological audible band-
width. There are several types of frequency lowering technol-
ogies. Of them, non-linear frequency compression (NLFC) is
a way of reducing the frequency bandwidth of the output rel-
ative to the input through compression. In NLFC technology,
the high-frequency band is compressed by a predetermined
compression ratio (CR), while the frequency component of
the low frequency band remains unprocessed. This technique
can be particularly useful for consonant perception. However,
previous studies have shown inconsistent results for the ef-
fects of NLFC on consonant perception in hearing-impaired
listeners. Several studies have reported that improved percep-
tion of consonants can be achieved by activating NLFC [4-6].
Glista, et al. [7] tested phoneme perception with NLFC and
conventional processing (CP) in 24 hearing-impaired partici-
pants with sloping hearing loss. The phoneme perception
tasks included speech detection thresholds of /s/ and /sh/, con-
sonant recognition, plural recognition, and vowel recognition.
For consonant recognition, 10 high-frequency consonant, ) ,d,
f,j,k,s, I,t, 8, z/, were used. The results suggested that speech
detection thresholds of /s/ and /sh/, as well as high frequency
consonants and plural recognition scores, showed a more re-
markable improvement with NLFC than without it. In addition,
Wolfe, et al. [4] reported that NLFC provided a more notable
improvement in the recognition rate of some high frequency
consonants (including /s/ and /sh/) after a six-week adapta-
tion period for children with moderate hearing loss. With the
effect of long-term use, after 6 months of use, the perception
of /t/ was significantly better when NLFC was on than when
it was off. However, a few other studies have demonstrated
negative results in consonant perception [8-10]. Simpson, et
al. [10] recruited 7 participants with steeply sloping hearing
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loss and none of them showed significant differences in con-
sonant recognition between NLFC and CP. In addition, Per-
reau, et al. [8] recruited 17 adults with moderate or moderate-
to-severe hearing loss and tested their consonant perception
in quiet condition by using an Iowa Consonant Recognition
test. The results revealed that there was no significant differ-
ence between NLFC and CP in consonant recognition.

There is little research on the influence of NLFC on music
perception and sound quality. For music perception, Uys, et al.
[11] reported that NLFC significantly improves perception of
timbre and melody. In addition, the activation of NLFC also
improved the music qualities of overall fidelity, tininess, and
reverberance. Parsa, et al. [12] also investigated whether fre-
quency compression parameters affect the sound quality of
music. The results were not significantly deteriorated unless
the NLFC setting was too strong. For sound quality, Bohnert,
et al. [13] recruited 11 hearing impaired adults, and asked
them to complete a questionnaire for obtaining of subjective
data of general benefit and sound quality of NLFC technique.
The results showed that NLFC increased satisfaction of sound
quality in 8 out of 11. However, some studies showed no im-
provement in sound quality associated with NLFC [10,14].

Although NLFC is a technically innovative scheme, the in-
consistent results on the efficacy of NLFC might be related to
the variety of experimental designs employed. In addition, lit-
tle research has been done for the effects of NLFC technology
in languages other than English. It is well known that audi-
bility of high-frequency linguistic information is imperative
for optimal recognition of speech sound. The high-frequency
phoneme /s/ is estimated to be the third most frequent phoneme
in the English language, and it provides grammatical clues such
as passive, plural and verb tenses. Therefore, NLFC technique
was emphasized for English speaking hearing aid uses. How-
ever, since the frequency bands and features of speech spec-
trums between Korean and English are different, the effect of
NLFC may be different in hearing aid users who speak and
listen to Korean. Thus, the aim of this study was to investigate
the effect of activating NLFC on the perception of speech and
music in Korean adult hearing aid users with high-frequency
hearing loss.

Subjects and Methods

Patients

A total of twelve participants (mean age 52.8 years; range
20 years to 81 years; standard deviation=23.9 years) with high-
frequency hearing loss were enrolled. All participants had no
self-disclosed history of neurological or cognitive impairment.
The audiometric data is shown in Fig. 1A. All participants had
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a symmetrical audiogram with a slope of 5 dB/octave at fre-
quencies above 1 kHz. The average pure-tone threshold at high
frequencies (4, 6, and 8 kHz) was 86.95+14.09 dB, and the
average difference in hearing threshold between 1 kHz and
8 kHz was 41.25+18.23 dB.

Demographic information for each participant is shown in
Table 1. The participants consisted of ten males and two fe-
males, all of whom were native Korean speakers. Eight of
them had used binaural hearing aids, and the average dura-

tion of hearing aid use was 75.83 +55.89 months. No partici-
pants had reported prior experience with frequency lowering
technology.

All participants were fitted unilaterally with receiver-in-the
ear (RIE) type devices. Two manufacturer hearing aids were
used in this study: Audéo S smart V (Phonak, Stéfa, Switzer-
land) and LiNX2 RIE 62 (GN ReSound, Ballerup, Denmark).
Hearing aid fitting was performed by experienced audiolo-
gists using the NAL-NL2 formula. The NLFC algorithm was
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Fig. 1. Audiogram for participants. A: Average pure tone thresholds for tested and non-tested ears. All participants had an audiogram
with a slope of 5 dB/octave at frequencies above 1 kHz, and had symmetrical hearing loss. B: The pure tone threshold at each frequen-
cy for the three listening conditions (unaided, with NLFC-off, and with NLFC-on). There was a significant difference in pure-tone thresh-
olds between unaided and aided conditions at frequencies above 1 kHz (all p<0.001). However, the pure-tone threshold was similar be-
tween the two aided listening conditions (NLFC-on and -off). NLFC: non-linear frequency compression.

Table 1. Demographic features of enrolled participants

— Hearing threshold (dB) Duration Cut-off
Sex Age of HAuse frequency CR
ear  250Hz 500Hz 750Hz 1kHz 2kHz 3kHz 4kHz ékHz 8kHz T (kH2)
M 69 L 0 15 25 55 65 75 70 70 80 39 4.1 2.5
F 23 R 0 25 50 40 100 110 105 105 105 123 2.1 1.6
M 81 R 20 50 50 55 70 80 80 80 80 26 3.6 2.3
M 73 L 45 40 40 55 55 65 75 65 75 15 3.5 2.0
M 62 R 45 40 50 55 60 65 70 85 90 154 3.3 2.1
M 20 L 20 30 40 45 55 70 70 85 75 98 3.7 23
F 42 R 50 45 40 40 55 85 110 90 SO 182 3.5 2.0
M 65 L 35 30 50 60 60 65 80 95 95 63 3.5 2.0
M 27 R 20 20 25 35 100 105 105 120 110 17 3.5 2.0
M 76 R 35 35 35 50 50 65 65 65 95 73 3.5 2.0
M 23 R 5 10 5 25 100 105 105 105 95 24 3.5 2.0
M 73 R 15 30 40 50 65 70 75 75 80 96 3.8 2.4
M: male, F: female, R: right, L: left, HA: hearing aid, CR: compression ratio, SO: scale out
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SoundRecover for Phonak hearing aids and Sound Shaper for
GN ReSound hearing aids. The NLFC parameters were deter-
mined individually using the manufacturer’s software default
settings based on the audiogram, In SoundRecover, the max-
imum audible output frequency was measured with frequency
compression was deactivated. The input frequency correspond-
ing to the maximum audible output frequency was then cal-
culated using the equation from the study by Simpson, et al.
[15]. The program recommended a setting that fit the band-
width of compression within the individual’ region of audibil-
ity using the highest cutoff frequency and lowest CR possible.
In Sound Shaper, four predetermined adjustment modes, in-
cluding off, mild, moderate, and strong, are included in the
software in order to select the cut off frequency and CR. If
the audiogram has a slope off 10 dB or greater and the slope
begins at 2 kHz, a ‘moderate’ setting is recommended. In this
study, all participants using GN Resound hearing aids, mod-
erate NLFC setting was selected. The cut-off frequency ranged
from 2.1 kHz to 4.1 kHz, and the CR used in the current in-
vestigation was 1.6:1 to 2.5:1. Other additional hearing aid
features were disabled during the trial period. Because the
purpose of the study was to investigate the effects of NLFC,
and because the interactions between advanced features and
NLFC are not yet known, features except for NLFC, such as
noise reduction, were de-activated during testing.

Test battery administration

All participants were tested under three conditions: unaid-
ed, NLFC-off, and NLFC-on, and had a two-week acclimati-
zation period between each condition. Participants were blind-
ed to the hearing-aid setting condition. The order of test and
hearing-aid setting was counterbalanced. Performance was
repeatedly evaluated with consonant tests in quiet and noise
settings, speech perception in noise, music perception, and
acceptableness of sound quality rating tasks. In addition, two
questionnaires, the Abbreviated Profile of Hearing Aid Ben-
efit (APHAB) and International Outcome Inventory—Hear-
ing Aids (IOI-HA), were assessed.

Speech perception

Speech perception testing involved the consonant recogni-
tion test and the speech perception test in 4-talker babble noise.
For the consonant recognition test [16], participants sat in a
chair in the center of the sound field towards two loudspeak-
ers located approximately one meter away from the front (0°).
The consonant test was conducted in quiet and steady noise
[0 and 5 dB signal to noise (SNR)] conditions. The target stim-
uli consisted of 18 Korean bisyllablic nonsense words (/a/ - tar-
get consonant + /a/, i.e., /a-na/ or /a-sa/) that had been recorded
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with a male speaker. Target consonant and noise were pre-
sented at a calibrated level of 65 dB SPL. Each of the 18 target
words was randomly presented three times. Participants were
instructed to select the target word from the 18 words displayed
on the screen. The number of correct answers was divided by
a total 54 target words and multiplied by 100 to calculate the
percentage of correct answers (%). Before the experiment, four
to five practice tests were conducted. No feedback was provided.

The speech perception was also evaluated by determining
the percentage of correct responses in the open set word rec-
ognition and sentence recognition using Korean Standard Sen-
tence Lists for Adults [17]. Testing was performed with back-
ground babble noise at 5 dB SNR. Forty recorded words and
10 recorded sentences were presented one meter away from
the patient. All of the words and sentences were selected at
random to reduce error by sequence.

Music perception

Music perception was assessed by the Korean version of the
Clinical Assessment of Music Perception test (K-CAMP) [18].
For the K-CAMP test, a custom MATLAB® (MathWorks, Inc.,
Natick, MA, USA) program was used to present stimuli on a
laptop computer. A single loud-speaker that presented the
target stimuli was positioned one meter from the participant.
Two subtests were included in the protocol: pitch direction
discrimination and timbre identification. The complex-tone
pitch direction discrimination test was performed using a one-
up, one-down procedure and two-alternative forced-choice
using three base frequencies (262, 330, and 391 Hz). The tones
were presented at 65 dBA and lasted 760 ms. The test started
with a 12-semitone interval and the step size was one semi-
tone. Each patient was asked to select the higher pitch using
two buttons on a computer screen. The just-noticeable differ-
ence limen (DL) in semitones was calculated with the mean
interval size for three adaptive tracks.

The timbre identification test consisted of 24 presentations
of recorded sounds of eight musical instruments: piano, violin,
cello, acoustic guitar, trumpet, flute, clarinet, and saxophone.
Each sound clip was played three times in random order at
65 dBA. The percentage of correct answers was analyzed af-
ter 24 presentations.

Sound quality rating

The speech and music sound quality were rated using a vi-
sual analogue scale, where 0 represented being not at all ac-
ceptable and 10 indicated very acceptable. The sound quality
of music for piano, string instruments, and classical music was
evaluated based on the following five aspects: loudness, rich-
ness, clarity, natural sound and sharpness. In addition, sound
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quality on speech in noise background was also evaluated for
clarity, distortion, sharpness, and additive noise.

Questionnaires

All participants were asked to complete an outcome ques-
tionnaire that assessed hearing aid benefits. Daily listening and
communication abilities were investigated using an APHAB
questionnaire, a 24-question of four aspects of auditory func-
tion: communication difficulty, effect of background noise,
effect of reverberation, and aversiveness to loud sounds. The
IOI-HA is a self-assessment inventory that estimates multiple
outcome domains, such as use, benefit, satisfaction, residual
activity limitations, residual participation restrictions, impact
on others, and quality of life. A score of 1—5 was assigned to
each of the seven questions, with higher scores reflective of
more positive outcomes. The Korean versions of the APHAB
[19] and IOI-HA [20] questionnaires have been properly trans-
lated and validated, and are used as reliable and valid tools
for assessment of self-reported outcomes in South Korea. Fi-
nally, we also investigated the overall satisfaction using a visual
analogue scale; the purchase intention and recommendation
intention for hearing aids with frequency lowering technology
were also assessed.

Statistical analysis

All results were analyzed using SAS, version 9.4 (SAS In-
stitute Inc., Cary, NC, USA). To compare speech perception,
music perception, and subjective assessments between the three
listening conditions (unaided, NLFC-on, and NLFC-off), re-
peated measures one-way analysis of variance or the Friedman
test were conducted depending on the test of normality. If there
were significant differences among the three listening condi-

tions, post-hoc analysis using Bonferroni correction and Wil-
coxon signed-rank test was conducted to analyze differences
among the different listening conditions. A paired t-test was
conducted to compare the overall satisfaction and K-IOI-HA
results between the NLFC-on and NLFC-off conditions.

Ethics statement

All tests were conducted with the approval of the Institu-
tional Review Board of the Samsung Medical Center (IRB
no. 2016-03-017).

Results

Speech perception

The average pure-tone thresholds among listening condi-
tions are shown in Fig. 1B. There was a significant difference
in pure-tone thresholds between unaided and aided conditions
at frequencies above 1 kHz (all p<0.001). However, the pure-
tone threshold was similar between the two aided listening
conditions (NLFC-on and -off).

Fig. 2A shows the results of consonant perception in quiet
and noisy backgrounds. A significant difference was observed
in consonant perception under quiet conditions when com-
paring the NLFC-off (p=0.0002) and NLFC-on (p=0.0075)
statuses to unaided conditions, but not between NLFC-on and
-off settings. In a steady noise situation (SNR 0 dB), conso-
nant perception increased significantly when tested in the
NLFC-on state compared with the unaided state (p=0.0198).
In addition, consonant perception also increased significantly
in the NLFC-off state compared to the unaided condition in a
steady noise (SNR 5 dB) (p=0.0125). However, there was no
significant difference in consonant perception between the
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Fig. 2. Consonant and speech perception. A: Consonant perception in quiet and noise backgrounds. A significant difference was ob-
served in consonant perception under quiet conditions when the NLFC-off (p=0.0002) and NLFC-on (p=0.0075) conditions were com-
pared with the unaided condition, but not between the NLFC-on and -off conditions. In a steady noise situation (SNR 0 dB), consonant
perception increased significantly when tested in the NLFC-on condition over the unaided condition (p=0.0198). In addition, consonant
perception also increased significantly in the NLFC-off state compared to the unaided condition in a steady noise situation (SNR 5dB)
(p=0.0125). However, there was no significant difference in consonant perception between the NLFC-on and -off states in both quiet
and noisy backgrounds. B: Speech perception in noise conditions. Speech perception with sentences and words was significantly in-
creased when tested in the NLFC-off over the unaided condition (p=0.0156 for sentence recognition, p=0.0066 for word recognition).
No significant difference was identified in speech perception between the NFLC-on and -off conditions. NLFC: non-linear frequency

compression, SNR: signal to noise.
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Fig. 3. Music perception. A: Pitch differentiation scores at the three fundamental frequencies were not meaningfully improved among
three different listening situations (unaided, NLFC-on and -off). B: The difference in the average timbre identification score among the
three conditions was not significant. NLFC: non-linear frequency compression.

NLFC-on and -off conditions in both quiet and noisy back-
grounds.

The speech perception in babble noise was compared at 5
dB SNR, and the speech perception in the three different lis-
tening conditions is presented in Fig. 2B. Post-hoc analysis
determined that speech perception using sentences and words
was significantly increased when tested in the NLFC-off com-
pared with the unaided condition (p=0.0156 for sentence rec-
ognition, p=0.0066 for word recognition). No significant dif-
ference in speech perception between the NFLC-on and -off
conditions was noted.

Music perception

Pitch direction discrimination tests

DLs in an unaided condition were 1.42+1.01, 1.6 £2.48,
and 2.3 +3.12 semitones at base frequencies of 262, 330, and
391 Hz, respectively. As the base frequency increased, DLs
became wider. At base frequencies of 262, 330, and 391 Hz,
DLs were 1.27+0.85, 1.07 £0.66, and 1.16 =0.64 semitones
in the NLFC-off condition, and 1.42+0.87, 0.93+0.71, and
1.77£2.11 in the NLFC-on condition (Fig. 3A). Overall, pitch
discrimination scores at the three base frequencies were not
significantly improved among the three different listening sit-
uations (unaided, NLFC-on, and -off).

Timbre identification

The mean identification of the musical instrument sound
was 34.38 + 14.23% for the unaided condition, 43.75+19.9%
for the NLFC-off condition, and 39.93 +22.99% for the NLFC-
on condition. The difference in the average timbre identifica-
tion score among the three conditions was not significant
(Fig. 3B).

Sound quality rating
Fig. 4 displays the averaged speech ratings in noise condi-
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i }
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Fig. 4. Sound quality for speech. Satisfaction of sound quality was
increased in the NLFC-on and -off conditions compared to unaid-
ed conditions in terms of clarity (p=0.0018 for NLFC-off, p=0.0075
for NLFC-on). However, there was no difference between ratings
with NLFC and without NLFC. NLFC: non-linear frequency com-
pression.

tions. The results showed increased satisfaction of sound
quality in NLFC-on and -off conditions compared to the un-
aided conditions in terms of clarity (p=0.0018 for NLFC-off,
p=0.0075 for NLFC-on). In regard to noise reduction, subjec-
tive satisfaction was remarkably increased in the NLFC-off
condition, compared with the unaided condition (p=0.0149).
However, there was no difference between ratings with NLFC
and without NLFC.

For the musical quality assessment, participants reported a
more satisfying sound quality of piano with NLFC-on than
with the unaided condition for loudness (p=0.0195) and clar-
ity (p=0.0369). In addition, the clarity of stringed instruments
was significantly improved in the NLFC-off condition com-
pared to the unaided condition (»p=0.0093). However, no im-
provement in the musical quality perceived through NLFC
compared to without NLFC was found.

Questionnaires

Subjective hearing disability was measured using the APHAB
and K-IOI-HA. For APHAB (Fig. 5A), participants reported
decreased hearing handicap for the properties of ease of com-
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munication, reverberation, and background noise with both
NLFC-on and -off conditions, compared to the unaided condi-
tion. Compared to the unaided state, significant improvement
was found in ease of communication (p=0.0006) and back-
ground noise (p=0.0138) in the NLFC-off condition. In addi-
tion, participants reported increased ease of communication in
the NLFC-on than in the unaided condition (p=0.0034). How-
ever, there was no difference in subjective improvement in
hearing disability between NLFC-on and -off conditions. For
K-IOI-HA, the mean score was 24.42+3.63 and 22.67 £4.94
in the NLFC-off and -on conditions, respectively (Fig. 5SB);
however no significant improvements were identified.

Based on the overall satisfaction using a visual analogue
scale, of the twelve participants, five reported increased sat-
isfaction with the use of the NLFC function, six reported de-
creased, and one reported no change in satisfaction. The aver-
age score in the NLFC-on and -off conditions was 4.90 £2.23
and 5.34 £2.60, respectively. Rather, the average overall sat-
isfaction was high in the condition without NLFC, but the re-
sult was not statistically significant. In the NLFC-off condition,
six patients (50%) reported that they were willing to purchase
a hearing aid, and seven (58.33%) said they would like to rec-
ommend it to others. For the NLFC-on condition, purchase
and recommendation intentions were found in three (25%)
and seven (58.33%) patients, respectively.

Discussion

The aim of this study was to assess the influence of NLFC
on several performance outcomes including consonant per-
ception in quiet and noise, speech perception in noise, music
perception, and acceptableness of sound quality for Korean
adult listeners with high-frequency hearing loss. The NLFC
effect was established by comparing performance with three

different listening conditions: unaided, NLFC-on and -off. The
results did not show a significant positive effect of activating
NLFC on speech and music perception or for sound quality.

Previous studies have produced inconsistent results on the
influence of NLFC on consonant and speech perception in
hearing-impaired listeners. McCreery, et al. [5] inspected word
recognition in hearing impaired children and adults with NLFC
or CP. The results showed higher recognition performance
with NLFC than CP in both children and adults. In addition,
a significant improvement in the average perception rate of
fricatives and affricates due to NLFC activation was confirmed
in a study by Alexander, et al. [6]. These results indicate that
the NLFC was effective at improving high-frequency audi-
bility on average, resulting in improvements in high-frequen-
cy speech sound recognition.

Although there have been positive findings in some of the
previous studies, this study found no significant difference be-
tween the NLFC-on and -off conditions. According to the long-
term average speech spectrum (LTASS) analysis, individual
languages exhibit many significant variations, differing up to
3 dB in magnitude from the average value [21,22]. The dif-
ferences in the distribution of phonemes among the different
languages might contribute to the variation in LTASS. The re-
sults of the Korean LTASS revealed significantly lower levels
in frequencies above 2 kHz, compared to English [23]. Com-
pared with English, the lower frequency distribution of high-
frequency phonemes in Korean might contribute to the lower
levels of the LTASS in high-frequency areas [24]. Therefore,
it is hypothesized that the improvement of high-frequency au-
dibility through NLFC would have limited benefit to Korean
listeners’ consonant and speech perception due to this differ-
ence in LTASS and phoneme distribution.

There are currently only a limited number of studies that
have focused on the efficacy of NLFC at the sentence level.
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Fig. 5. Hearing disability. A: For Abbreviated Profile of Hearing Aid Benefit, participants reported decreased hearing handicaps in ease
of communication, reverberation, and background noise with both NLFC-on and -off conditions compared to the unaided. Compared to
the unaided condition, significant improvement was found in ease of communication (p=0.0006) and background noise (p=0.0138) in
the NLFC-off condition. In addition, participants reported increased ease of communication in the NLFC-on, compared with the unaided
condition (p=0.0034). However, there was no difference in subjective improvement in hearing disability between NLFC-on and -off con-
ditions. B: For Korean version of the International Outcome Inventory-Hearing Aids, no significant improvement was found. NLFC: non-

linear frequency compression.
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Simpson, et al. [10] studied sentence perception in eight talk-
er babble maskers for five hearing-impaired adults with slop-
ing high-frequency hearing loss. Only one out of five subjects
showed a meaningfully lower speech reception threshold with
NLFC than with CP. Other than the consonant recognition,
speech perception at the sentence level is a more complex task.
Compared to recognition of consonant and vowels, sentence
recognition requires listeners’ prior linguistic knowledge and
higher-level cognitive processes. Therefore, the use of hearing
aids with NFLC function may not dramatically influence their
recognition accuracy of speech sentences.

The importance of music appreciation is a highly valuable
component of the quality of life. Uys, et al. [11] achieved a
comprehensive investigation of the effects of NLFC on mu-
sic perception by using a Music Perception Test in 40 adults
hearing aid users who had moderate to severe hearing loss.
The results indicated that timbre and melody improved with
NLFC compared to without NLFC. However, we could not
confirm the positive effects of NLFC on music perception in
this study. Since NLFC might potentially distort the harmonic
ratio in the original sound, it is thought to have negative ef-
fects on music perception. Although there was no statistical
significance, the results of this study indicated that the mean
pitch discrimination and timbre identification were better in
the NLFC-off condition than in the NLFC-on. Besides, con-
sidering that the sound quality and overall satisfaction with
NLFC did not improve compared to the cases without NLFC,
it is possible that excessive compression occurred.

Our study had several limitations. First, the presence of CDR
was not confirmed. Since the presence of CDR was not consid-
ered in the NLFC setting process, it may be difficult to expect
the benefit of the NLFC technique if the destination band falls
within the dead region. Second, real-ear probe microphone
measures were not performed when fitting NLFC amplifica-
tion. The fact that the audibility of reduced-frequency speech
sounds was not confirmed may have influenced the unfavor-
able results of this study. Third, sufficient acclimatization pe-
riod was not considered. Auditory acclimatization plays an
important role in speech perception. Some studies recommend-
ed an adaptation period of NLFC for several weeks before
actual testing to help participants become familiar with the
tested technique [4,25,26]. These studies indicated that accli-
matization period for NLFC fitting may not be beneficial for
every hearing-impaired listener. However, a relatively longer
time for the acclimatization period seems to improve at least
some hearing-impaired listeners’ perceptual performance. Al-
though previous studies presented various results with respect
to the acclimatization effect across listeners, it is possible that
the two-week adaptation period in this study was insufficient
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to demonstrate a significant effect of NLFC.

In conclusion, for Korean hearing aid users with high-fre-
quency hearing loss, activating NLFC did not improve conso-
nant and speech perception both in quiet and noise conditions,
compared with the NLFC-off condition. In addition, activat-
ing NLFC did not affect sound quality as well as music per-
ception, compared to CP. These results suggest that activating
NLFC may have limited clinical benefit, even if the candidate
has extremely high-frequency hearing loss. Thus, clinicians
should be thoughtful about applying NLFC. Specifically, lan-
guage characteristics, fine fitting with the appropriate individ-
ualized NLFCs setting must be considered to maximize au-
dibility of high-frequency components, while minimizing the
detrimental effects of spectral distortion in this technology.
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