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ABSTRACT
Objective: The purpose of the present study was to examine the effects of NLFC fitting in hearing aids
and auditory acclimatisation on speech perception and sound-quality rating in hearing-impaired, native
Mandarin-speaking adult listeners.
Design: Mandarin consonant, vowel and tone recognition were tested in quiet and sentence recognition
in noise (speech-shaped noise at aþ5dB signal-to-noise ratio) with NLFC-on and NLFC-off. Sound-quality
ratings were collected on a 0–10 scale at each test session. A generalised linear model and correlational
analyses were performed.
Study sample: Thirty native Mandarin-speaking adults with moderate-to-severe sensorineural hearing
loss were recruited.
Results: The hearing-impaired listeners showed significantly higher accuracy with NLFC-on than with
NLFC-off for consonant and sentence recognition and the recognition performance improved with both
NLFC-on and off as a function of increased length of use. The satisfaction score of sound-quality ratings
for different types of sounds significantly increased with NLFC-on than with NLFC-off. The speech recogni-
tion results showed moderate to strong correlation with the unaided hearing thresholds.
Conclusion: For native Mandarin-speaking listeners with hearing loss, the NLFC technology provided
modest but significant improvement in Mandarin fricative and sentence recognition. Subjectively, the nat-
uralness and overall preference of sound-quality satisfaction judgement also improved with NLFC.
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Introduction

Most listeners with sensorineural hearing loss have limited or no
access to high-frequency information (Agrawal, Platz, and Niparko
2008). The high frequencies (i.e. 3 kHz and above) contain a sub-
stantial amount of speech/linguistic information (e.g.
Stelmachowicz et al. 2004). The inability to access a full range of
high-frequency information causes great challenges for hearing-
impaired listeners to understand everyday conversations, particu-
larly in noisy environments (Healy and Yoho 2016). Hearing aids
have been the most commonly adopted method of intervention for
sensorineural hearing loss. However, conventional hearing aids
provide limited benefit for several reasons. Firstly, the available fre-
quency bandwidth of hearing aids is limited. Conventional proc-
essing technologies used in hearing aids amplify the sound energy
but fail to provide sufficient high-frequency information beyond
6 kHz due to either a limited gain or detrimental acoustical feed-
backs (Pittman et al. 2003). Thus, a number of consonant sounds
such as /s/ and /z/ are filtered out. Second, the physiological aud-
ible bandwidth of the cochlea can be limited due to the existence
of dead regions within the cochlea. When the hearing threshold is
> 90 dB HL, the hair cells in the cochlear region are likely to be
damaged (Moore and Alcantara 2001). There might be little

benefit in amplifying frequencies in the dead region (Vickers,
Moore, and Baer 2001; Salorio-Corbetto, Baer, and Moore 2017).

Given the crucial role of high frequencies in speech percep-
tion, frequency-lowering techniques have been recently proposed
and implemented. It aims to shift the higher-frequency compo-
nents from the incoming signals to a lower-frequency region
where hearing is relatively less impaired. To date, various fre-
quency-lowering schemes have been developed and adopted in
commercial hearing aids (see Simpson 2009; Alexander 2013;
Mao et al. 2017; Akinseye, Dickinson, and Munro 2018 for
reviews). One earlier effort to lower frequency is linear frequency
compression in which all frequencies of the signal are subject to
the same amount of compression. In contrast, to preserve the
acoustic structure of the lower frequency in a signal, a more
recent approach is nonlinear frequency compression (NLFC) in
which only the higher frequency region of the signal is com-
pressed and the lower frequency region is unchanged. Phonak
has implemented an NLFC algorithm, named SoundRecover
(SR), in its hearing aids. The SR algorithm involves two adjust-
able parameters: cut-off frequency (CT) and compression ratio
(CR). CT divides the input signal into two parts and determines
the start point of compression. The frequencies below the CT
remain uncompressed while the frequencies above the CT are
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nonlinearly compressed. The higher frequencies are compressed
to a greater extent than the lower frequencies. The strength of
compression is specified by the CR (see also Yang et al. 2018).
In the SR algorithm, the compressed and non-compressed por-
tions of the signal have no spectral overlap, which preserves the
first-formant (F1) and most of the second-formant (F2) fre-
quency (Yang et al. 2018). On the other hand, a potential disad-
vantage of the NLFC is that the compressed high-frequency
could lead to changes in harmonic spacing, spectral peak levels
and shapes, which might affect the sound quality
(McDermott 2011).

So far, a handful of studies have been conducted to compare
the perceptual performance on consonants, vowels and sound
quality with NLFC and with conventional processing in English-
speaking hearing-impaired listeners (Glista et al. 2009; McCreery
et al. 2014; Hopkins et al. 2014; Alexander, Kopun, and
Stelmachowicz 2014; Alexander 2016; Alexander and Rallapalli
2017; Wolfe et al. 2010, 2011, 2017; Parsa et al. 2013; Picou,
Marcrum, and Ricketts 2015; Brennan et al. 2014). Little research
has been done to evaluate the efficacy of NLFC in hearing-
impaired listeners from other language backgrounds. To fill this
gap, the present study focussed on the application of NLFC on a
Mandarin-speaking population. China has an estimated 28.7 mil-
lion people with a “hearing-disability” [defined as having pure-
tone average hearing threshold of 0.5, 1, 2 and 4 kHz (PTA) >
40 dB HL], many of whom can potentially benefit from hearing
aids. Research findings on hearing aid techniques based on the
English language may not be readily applicable to Mandarin-
speaking listeners because Mandarin has its own distinct lan-
guage system and phonetic structure. Mandarin Chinese is a
tonal language in which four types of pitch contours are used to
differentiate lexical meanings. In addition, Mandarin differs from
English in the segmental level. Mandarin has a simple syllable
structure in the form of (C)(V)V(V)(N). Mandarin has a smaller
inventory of monophthong vowels (i.e. /a, i, u, y, ɤ/) but a larger
number of diphthongs and triphthongs than English. The corner
vowels (i.e. /a, i, u/) represent the most peripheral articulatory
positions that also define the lowest and highest formant values
of the vowels. The F1 and F2 ranges of Mandarin vowels are
0.3–1.1 kHz and 0.7–3 kHz, respectively, which are similar to
those of English vowels (Zee and Lee 2001; Zee 2001; Yang et al.
2018). More importantly, Mandarin has three-way contrasts of
sibilant fricatives /s, ˆ, !/ and affricates /ts, tˆ, t!/ and /tsʰ , tˆʰ ,
t!ʰ /. For listeners with high-frequency hearing loss, the three-
way-contrast high-frequency sounds likely cause more difficulties
than do the two-way-contrast sibilant fricatives in English. Tseng
et al. (2018) tested the recognition of monosyllables, sentences,
and sound quality preferences in 14 native Mandarin-speaking
listeners with moderate to severe hearing loss under unaided,
NLFC aided, and extended-bandwidth NLFC aided conditions.
The extended-bandwidth NLFC expanded the conventional
NLFC input frequency of 2–6 kHz to 2–10 kHz. The authors
found that all participants showed greatly improved perceptual
outcomes with hearing aids than without the aids. Moreover, the
extended-bandwidth NLFC provided a greater improvement in
word and consonant recognition. Extending from Tseng et al.
(2018) that had a relatively small number of hearing-impaired
patients, the present study aimed to test the efficacy of NLFC on
various aspects of auditory perception in a relatively larger group
of hearing-impaired, native Mandarin-speaking listeners.
Previous studies reported the beneficial role of auditory acclima-
tisation to NLFC processing (Glista, Scollie, and Sulkers 2012;
Wolfe et al. 2011). In the present study, we were also interested

in understanding whether auditory acclimatisation with NLFC
benefits speech recognition and sound quality rating in hearing-
impaired native Mandarin-speaking listeners. In addition, listener
characteristics, such as hearing threshold, slope of hearing loss,
age of hearing loss onset, chronological age and cognitive per-
formance play important roles in determining the speech recog-
nition outcomes and magnitude of benefit of NLFC in hearing
aids (Ellis and Munro 2015; Shehorn, Marrone, and Muller
2018). In the present study, correlational analyses were per-
formed between the unaided hearing thresholds and speech rec-
ognition performance with or without NLFC in the hearing aids.

Materials and methods

Participants

The participants included 30 native-Mandarin-speaking adults
(23 males and 7 females) all recruited from Beijing, China. The
age of the participants ranged from 43 to 83 years (mean ± SD:
67.93 ± 8.17 years). Ninety percent (27/30) of the participants
were between 61 and 78 years of age. Figure 1 shows the individ-
ual and group mean pure-tone air-conduction thresholds. Bone-
conduction thresholds (not shown in Figure 1) were all within
10 dB of those of the air-conduction thresholds. All participants
had sloping sensorineural hearing loss. Of the 30 participants,
the mean PTA of both ears were between 40 and 70 dB HL (i.e.
moderate-to-severe sensorineural hearing loss) except one par-
ticipant who showed a mean PTA of 73 dB HL (i.e. severe sen-
sorineural hearing loss). The hearing loss of both ears was
symmetrical (i.e. interaural difference " 15 dB at all octave fre-
quencies between 0.25 and 8 kHz) in 23 of the 30 participants.
The other seven participants had interaural differences of 20 or
25 dB at one or two audiometric frequencies. The duration of
hearing loss ranged from 1 to 12 years, with a mean of 6.30 years.
No participants had experience with hearing aids prior to partici-
pating in the study. All participants spoke Mandarin Chinese in
their daily communications. The use of human subjects was
reviewed and approved by the Institutional Review Boards of
Ohio University and Beijing Tongren Hospital.

Hearing-aid fitting

All participants were fitted bilaterally with the Phonak Bolero
Q50-P BTE or Bolero Q50-SP BTE hearing aids according to
their required amplification needs. Occluding ear-moulds were
used to ensure that the participants obtained as much access to
acoustic speech information as possible within the limits of clin-
ical prescriptive gain targets. The hearing aids were programmed
using Phonak’s Target (v. 4.1) programming software. The NLFC
(i.e. SR) parameters of the hearing aids were prescribed by the
fitting software based on the participants’ hearing loss configura-
tions. The settings in hearing aids were programmed with the
APDT (Adaptive Phonak Digital Tonal). The NLFC parameters
(CT and CR) as well as the advanced features (digital noise
reduction, reverberation tail suppression, impulse noise reduc-
tion, directionality, as well as automatic programme selectors) of
the device were set at default (CT ¼ 4.3 to 6.0 kHz and CR ¼
1.5 to 3.2). A trained audiologist performed all the fit-
ting procedures.
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Consonant recognition

The consonant recognition test included five Mandarin fricatives
/f/, /x/, /s/, /ˆ/ and /!/ embedded in a/Ca/syllable in tone 1 (i.e.
“f"a” 发 , “h"a” 哈 , “s"a” 撒 , “xi"a” 虾 , and “sh"a” 沙 ). The tokens
were recorded from 10 native adult Mandarin speakers (5 males
and 5 females). The mean F0 for the five male and five female
speakers were 0.158 kHz (ranging from 0.137 to 0.184 kHz) and
0.266 kHz (ranging from 0.252 to 0.290 kHz), respectively. The
test included two presentations of the 50 tokens, for a total of
100 tokens (5 words $ 10 speakers$ 2 presentations). A graph-
ical user interface (GUI) was built in MATLAB programming
environment to present the consonant recognition test in a 5-
alternative forced-choice paradigm. In the GUI, five buttons
labelled with the Chinese characters and the pinyin (i.e. phon-
emic spellings) were shown on a computer screen. After listening
each consonant stimulus, the subjects were required to indicate
what they had heard by pointing and clicking on one of the five
buttons using a computer mouse. The order of the presentations
was randomised. The intensity of the presentation was set at
65 dB SPL.

Vowel recognition

The Mandarin vowel list consisted of 20 Mandarin monosyllabic
words in a /dV/ syllable structure in tone 1. The 20 words
included the following vowels or vowels followed by nasal end-
ings: /a/, /ɤ/, /i/, /u/, /aI/, /AU/, /oU/, /iE/, /iAU/, /ioU/, /uo/, /ueI/,
/an/, /A˛/, /@˛/, /iEn/, /i˛/, /uan/, /un/, and /u˛/ (i.e. “d"a” 搭 ,
“d"e” 嘚, “d"i” 低, “d"u” 督, “d"ai” 呆, “d"ao” 刀, “d"ou” 兜, “di"e” 跌,
“di"ao” 雕 , “di"u” 丢 , “du"o” 多 , “d"ui” 堆 , “d"an” 丹 , “d"ang” 当 ,
“d"eng” 灯 , “di"an” 颠 , “d"ing” 丁 , “du"an” 端 , “d"un” 吨 , and
“d"ong” 东). Sixteen of these vowels were selected from the vowel
perception test in Li et al. (2014) and the remaining four vowels
(/ɤ, iE, an, iEn/) were added to make the vowel repertoire more

complete. The tokens were recorded from the same 10 native
adult Mandarin speakers. Considering the large number of words
for the vowel recognition test, tokens from randomly selected
three male speakers and three female speakers were used for the
vowel recognition test. Therefore, there were a total number of
120 tokens for the vowel recognition test (20 words $ 6 speak-
ers). A different GUI was built to present the vowel recognition
test. Except that vowel recognition test was in a 20-alternative
forced-choice paradigm, the design of the GUI and the proce-
dures were similar to those of the consonant recognition test.
The order of the presentations was randomised and the intensity
of the presentation was set at 65 dB SPL.

Tone recognition

The stimuli for the tone recognition test consisted of 10 syllables
(/fu/ “fu”, /tˆi/ “ji”, /ma/ “ma”, /tˆʰi/ “qi”, /uan/ “wan”, /ˆi/ “xi”,
/ˆiEn/ “xian”, /iEn/ “yan”, /ia˛/ “yang”, and /i/ “yi”) each in four
tones. The tokens were produced by one male and one female
native Mandarin speaker selected from the above 10 speakers.
The mean F0 for the male and female speakers were 0.137 and
0.257 kHz, respectively. The durations of the four tones of each
syllable were equalised to the mean duration of the four tones of
each syllable using the method of PSOLA (pitch synchronous
overlap and add, Charpentier and Stella 1986). The tone recogni-
tion test contained 80 tokens (i.e. 2 speakers $ 10 syllables $ 4
tones). A different GUI was built to present the tone recognition
test that used a 4-alternative forced-choice paradigm. Because 10
different syllables were used in tone recognition test, after each
response, the GUI would refresh the screen, display a new list of
four choices, and present the next stimulus. The order of the
presentations was randomised and the intensity of the presenta-
tion was set at 65 dB SPL.
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Figure 1. Individual and group mean pure-tone threshold for the 30 participants. Each thin grey line represents one participant. The thick black line denotes the
group mean threshold (n¼ 30).

526 X. CHEN ET AL.



Sentence recognition

The stimuli used for sentences recognition were Mandarin
Hearing in Noise Test (M-HINT; Wong et al. 2007) presented
with speech-shaped noise at aþ5-dB signal-to-noise ratio. M-
HINT contains 12 lists. Each list consists of 20 sentences and
each sentence is made of 10 Chinese characters. The presentation
level was set at 65 dB SPL. The speech-shaped noise, generated
by filtering a white noise to the long-term average speech spec-
trum of the M-HINT sentences (Soli and Wong 2008), was
added to achieve aþ5-dB signal-to-noise ratio in order to avoid
the ceiling effect for speech recognition. The masking noise
started 500ms before the sentence and ended 500ms after the
sentence. During the test, for each participant, one sentence list
was randomly selected and the order of the sentences in each list
was randomly presented. The participants were required to ver-
bally repeat the sentence that they had heard.

Sound-quality rating

The stimuli used for sound-quality rating included own voice,
male voice, female voice, bird chirps and music. Own voice is a
familiar stimulus to everyone including those with postlingual
hearing loss. Therefore, any alterations and unfamiliar perception
are more easily identified compared to other stimuli.
Maintaining good perception of own voice is also a goal for any
hearing aid signal processing (e.g. Bohnert, Nyffeler, and
Keilmann 2010). The male and female voices were from recorded
text by native Mandarin speakers. The text was a paragraph of
127 Chinese characters and the lengths of the recordings were
34 s and 36 s for the male and female voices, respectively. The
bird chirps were originally provided in MATLAB which con-
tained 8 chirps that were typically downward sweeps with fre-
quency dropping from approximately 4 to 2 kHz in roughly
90ms. We duplicated the bird chirps three times so that the final
stimuli contained 24 chirps and lasted 5.5 s. The music stimuli
were a recorded piano performance of a classic piece of Chinese
folk music entitled “Liang Zhu” (The Butterfly Lovers) that was
known to all participants. The duration of the music stimuli was
105 s. The five types of sound samples were played in a random
order to each listener. No repetition of the sound stimuli was
allowed. Listeners were requested to rate the loudness, clearness,
naturalness, as well as overall sound quality of each stimulus
after they finished listening to each individual sample on a 0 to
10 scale with 0 and 10 being “extremely poor” and “perfect”,
respectively.

Procedures

Evaluation was performed at three time intervals for each partici-
pant. The first evaluation was performed immediately after the
hearing aids were fitted. Then, follow-up evaluations were con-
ducted 2–3weeks and 12weeks post fitting, respectively. The par-
ticipants had worn the NLFC-equipped hearing aids bilaterally
for the entire 12-week period. On the evaluation day, the partici-
pants were tested in two conditions: NLFC-on and NLFC-off.
The order of the test conditions (NLFC-on or off) was rando-
mised across subjects. All tests were administered through a cus-
tom MATLAB programmed GUI and were conducted in a
sound booth. The test stimuli were presented through a loud-
speaker mounted 1m in front of the participant at 0% azimuth.

For each participant at each test session, a speech recognition
test was conducted first and was followed by the sound-quality

rating. The test order of speech recognition for consonant, vowel,
tone and sentence stimuli was randomised. Before the real test, a
short practice session was provided in order to familiarise the
participants with the test procedures. For consonant, vowel and
tone recognition, the practice session used randomly selected 20,
20 and 16 tokens from the test stimuli, respectively. For sentence
recognition, five M-HINT sentences (different from those used
in the real test) were used for practice. Feedback was provided
during the practice session.

Data analysis

Data analysis was performed in MATLAB with the Statistics
Toolbox. The percent-correct scores of the speech recognition
test were treated as binomial data (Thornton and Raffin 1978).
Following a logit transformation of the percent-correct data, a
generalised linear model (GLM; Warton and Hui 2011) was used
to examine the effects of (1) NLFC condition (NLFC-on or
NLFC-off) and (2) NLFC acclimatisation on the percent-correct
scores. For the sound-quality rating, the data were treated as
normal distribution and no transformations were applied. A
GLM model for each category of percept (loudness, clarity, nat-
uralness and overall preference) was then used to examine the
effects of (1) NLFC condition, (2) NLFC acclimatisation and (3)
type of sound involved (i.e. own voice, male voice, female voice,
bird chirp and music) on the sound-quality rating scores.

Results

Figure 2 shows the performance of consonant, vowel, tone and
sentence recognition tests with NLFC-off and NLFC-on condi-
tions. The individual data are shown in the upper panels and the
group mean data are shown in the bottom panels (Figure 2).
The statistical results are summarised in Table 1. Large variabil-
ity was evident in the speech recognition performance.
Correlational analyses indicated that such variability was not
related to chronological age of the participants. Nonetheless, we
could not rule out that that cognitive decline due to aging might
have affected the results.

There was a significant improvement in consonant, vowel and
sentence recognition, with test session for both NLFC-on and
NLFC-off, but not in tone recognition. Meanwhile, both conson-
ant and sentence recognition improved significantly with NLFC
on compared to that with NLFC off in all three sessions.
Further, there was not a significant interaction between test ses-
sions and NLFC on/off conditions for any recognition test. The
lack of interaction effects suggested that the improvement as a
function of test session might reflect listeners’ adaptation to the
test stimuli rather than the NLFC itself.

When comparing the recognition performance of individual
consonants, it is worth noting that not all fricatives were recog-
nised with the same accuracy rate or improved to the same
extent. Figure 3 presents the confusion matrices of individual fri-
catives in each session with NLFC-off and NLFC-on. Among the
five fricatives, /x/ in “ha” had the highest recognition accuracy
for all three sessions while /s/ in “sa” had the lowest recognition
accuracy and showed substantial confusion with /f/ in “fa” and
/!/ in “sha”. With NLFC on relative to NLFC off, the two frica-
tives /f/ and /s/ showed relatively greater improvement in recog-
nition accuracy from the first test session to the third test
session than the other fricatives. It is noteworthy that when
NLFC was off, the participants also showed observable
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improvement in the recognition of all five fricatives from the
first session to the second session.

Given the fairly large individual variability, it is interesting to
compare NLFC-on and NLFC-off conditions at an individual level.
For consonant recognition, 9 out of the 30 participants had an aver-
age increase of consonant recognition scores across all three sessions
by more than five percentage points. One of the 30 participants had
a mean score decreased by more than five percentage points. The
remaining 20 participants had a change of less than five percentage
points in consonant recognition between NLFC-on and NLFC-off
conditions. For sentence recognition, 14 out of the 30 participants
had an average increase of sentence recognition scores across all
three sessions for more than five percentage points. The remaining
16 participants had a change of less than five percentage points in
sentence recognition between NLFC-on and NLFC-off conditions.

Correlation analyses were performed to examine the relation-
ship between speech-recognition scores and the hearing thresh-
olds. We used the mean PTA of the two ears to represent the
hearing threshold of an individual. Speech-recognition scores
were averaged across the three sessions for the NLFC-off condi-
tion and NLFC-on condition, respectively. Figure 4 shows the
mean speech-recognition scores as a function of the mean PTA.
There were significant correlations of consonant, vowel and sen-
tence recognition with PTA for both NLFC on and NLFC off,
but not for tone recognition. Following this analysis, correl-
ational tests between the differences in speech recognition scores
of the NLFC-on and NLFC-off conditions and the hearing
thresholds were conducted. We found no significant correlation
between the potential benefit of NLFC and PTA for the four
types of speech recognition tasks (all p> 0.05).
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Figure 2. Speech recognition performance. Upper panels show the individual recognition scores. The four sets of two panels represent consonant, vowel, tone, sen-
tence recognition performance in NLFC-on and NLFC-off conditions, respectively. In each panel, data from each individual for sessions 1, 2 and 3 (i.e. 0, 2–3weeks
and 12weeks post-fitting) are plotted with a line. Lower panels show the group mean and standard deviation of speech recognition performance. The four panels
represent data from consonant, vowel, tone and sentence recognition tests, respectively. The white and black bars represent scores under the NLFC-off and NLFC-on
conditions, respectively. The error bars represent 1 SD. The statistical results related to speech recognition performance can be found in Table 1.

Table 1. Summary of GLM results for the factors of session and NLFC-on/off conditions on the performance of each speech perception task.

Session NLFC on/off Interaction

b t p Value b t p Value b t p Value

Consonant 0.127 2.81 0.005 –0.120 –2.40 0.016 –0.034 –1.21 0.228
Vowel 0.100 2.50 0.013 0.009 2.50 0.843 0.0004 0.02 0.989
Tone –0.004 –0.05 0.960 –0.116 –1.28 0.200 –0.116 0.45 0.651
Sentence 0.230 6.11 <0.0001 –0.295 –7.70 <0.0001 –0.032 –1.38 0.168

Bold font represents p< 0.05.

528 X. CHEN ET AL.



Figure 5 plots the group mean data of sound-quality rating of
each percept (abscissa) for all tested sound types (ordinate) with
NLFC-off and on (left and right panels) in all three test sessions
(rows of panels). The mean sound-quality rating ranged from 7.5
to 9.1 on a scale that ranged from 0 to 10. The GLM analyses
revealed a significant improvement in quality rating for loudness
with test session. Meanwhile, the sound quality ratings of natural-
ness and overall preference improved with NLFC on than NLFC
off. Further, the rating scores were significantly different across
different types of tested sounds. But no significant interaction
effect between test sessions and NLFC on/off conditions was
yielded. The detailed statistical results are summarised in Table 2.

Discussion

In the present study, we evaluated the efficacy of NLFC on
Mandarin speech perception. A series of speech perception tests

including consonant, vowel, tone recognition in quiet and sen-
tence recognition in noise were conducted and subjective sound-
quality ratings were collected in a group of 30 adult hearing-
impaired participants. The different perceptual tasks produced
varying outcomes.

Tone recognition in the group of listeners with moderate-to-
severe hearing loss was on average >90% correct with NLFC-on
or NLFC-off (Figure 2). These results were consistent with previ-
ous findings of tone perception in listeners with sensorineural
hearing loss (Wang et al. 2016). Acoustically, Mandarin tones are
represented in the F0 contours. The average F0 of adult speakers
is normally below 0.300 kHz, which is much lower than the start
frequency of NLFC. Compared to consonant and vowel percep-
tion, tone perception is fairly robust for listeners with sensori-
neural hearing loss. It is reassuring to see that the NLFC
processing, as implemented in SR, exerted no detrimental effects
on tone recognition in the hearing aid users.
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Vowel recognition ranged from 70% to 77% correct on average
(Figure 2). NLFC exerted no effects on vowel recognition in these
listeners. This result was consistent with previous findings on
vowel recognition with NLFC in native English-speaking listeners
(Glista et al. 2009). Compared to high-frequency consonants, vow-
els produced by adult speakers are normally characterised by the
first three formants located below 3 kHz. Such acoustic character-
istics and phonetic correlates for the recognition of vowel identi-
ties are not affected by the NLFC processing (Yang et al. 2018). In
the present study, because almost all participants had moderate-
to-severe hearing loss, the compression parameters (CT and CR)
were set at the software defaults to match with the participants’
hearing loss. The relatively high CT value (i.e. CT ¼ 4.3 to
6.0 kHz) did not disrupt the vowel formant structures. Therefore,
no observable change was found for vowel recognition.

Since the majority of listeners with sensorineural hearing loss
have difficulties perceiving high-frequency sounds, improving the
recognition of these sounds has been an important goal of mod-
ern hearing-aid techniques including the NLFC processing.
Several previous studies reported improved consonant recogni-
tion in native English-speaking listeners using NLFC in compari-
son to listeners using conventional processing (Glista et al. 2009;
Wolfe et al. 2010, 2011; Hopkins et al. 2014; McCreery et al.
2014). In the present study, the Mandarin-speaking listeners with
hearing loss experienced a small but significant improvement in
consonant recognition with NLFC-on as compared with NLFC-
off. In particular, the hearing-impaired listeners exhibited
improved recognition accuracy for /s/ and less confusion
between /s/ and /!/ with NLFC-on than with NLFC-off. As
stated earlier, Mandarin has five fricatives with three of them
being high-frequency sibilants. Such a complicated fricative sys-
tem might bring challenges to the NLFC technology. In a previ-
ous study, we examined the changes of acoustic features in
Mandarin speech segments induced by NLFC and the effects of
these acoustic changes on phoneme recognition in normal-hear-
ing Mandarin-speaking listeners (Yang et al. 2018). We noticed
that the spectral features of NLFC-processed fricatives changed
more as the CT was decreased. The three sibilant fricatives (/s/,
/ˆ/, /!/) showed similar spectral patterns as a result of down-
ward-shifted high-frequency prominences, which caused a sig-
nificant decrease in recognition of /s/ sound in the normal-
hearing listeners. In particular, the recognition accuracy of /s/
was 96% correct for the unprocessed speech signal but approxi-
mately 60% correct for signals processed with low-CT settings in
the NLFC algorithm. In the present study for listeners with hear-
ing loss, /s/ was also the most confusing sound with less than
60% accuracy regardless of NLFC-on or off at all three test ses-
sions. This finding indicated that even though the overall con-
sonant recognition accuracy was improved with NLFC, the
confusion of the three-way contrast of Mandarin sibilant frica-
tives caused by the frequency-lowering technique was still evi-
dent in hearing-impaired listeners. Note also that consonant
recognition in both NLFC-on and off conditions was correlated
with the PTA of the hearing-impaired listeners. These results

suggest that the presentation level of 65 dB SPL might have not
reached audibility for some of the high-frequency consonants in
listeners with more severe high-frequency hearing loss. These
results also highlight the importance of verification and real ear
measurement as well as fine tuning at the individual level of the
hearing-impaired listeners.

Previous research on sentence perception with NLFC revealed
mixed findings. Some studies found that a reduced speech per-
ception threshold only occurred in certain participants (e.g.
Glista et al. 2009; Glista, Scollie, and Sulkers 2012). A few studies
found no significant change in speech perception threshold for
sentence recognition in competing noise with NLFC as compared
to conventional processing (e.g. John et al. 2014). In the present
study, The NLFC processing improved the group performance in
Mandarin sentence recognition in noise to a greater extent by
approximately five percentage points (Figure 2) than that of any
phonemes per se. This result suggests that the slightly improved
consonant recognition and better audibility of high-frequency
information facilitates the top-down recognition processing in
addition to providing clearer acoustic inputs. The sentence mate-
rials used in the present study was M-HINT sentences that were
recorded using a male voice. Female voice tends to produce a
higher spectral component for certain phonemes (e.g. fricative
/s/; Boothroyd and Medwetsky 2012). We might speculate that
the NLFC would produce greater benefits for female voices than
for male voices in sentence recognition. However, such specula-
tion remains to be tested. While we observed improved group
mean recognition accuracy, we also noticed the large variability
among the hearing-impaired listeners for sentence perception
performance. Some participants still showed low recognition
accuracy with NLFC-on for 12weeks. This observation suggests
that listeners’ higher-level linguistic knowledge and cognitive
ability might affect the efficacy of NLFC on sentence perception.

Hearing threshold might be another factor for the benefit of
NLFC processing or the lack of it in sentence recognition. For
listeners with relatively good hearing thresholds, sentence recog-
nition might be at the ceiling. The gap between NLFC on and
off was increasingly larger as hearing loss became more severe
(Figure 4, right panel). Thus, there was a trend of greater
improvement using NLFC processing in participants with more
severe hearing loss. These results were consistent with the Ellis
and Munro (2015) study in which English speech recognition,
with or without NLFC, was correlated with the degree of high-
frequency hearing loss.

In addition to speech recognition, the present study also
revealed the benefit of NLFC on satisfaction with certain aspects
of sound quality. Tseng et al. (2018) and some other studies
(Simpson, Hersbach, and McDermott 2006; Picou, Marcrum, and
Ricketts 2015) found no significant change in the sound-quality
ratings using NLFC relative to conventional devices. However,
Brennan et al. (2014) indicated that hearing-impaired listeners
with a greater degree of hearing loss might be more likely to pre-
fer NLFC. Note that the 17 participants in the Picou, Marcrum,
and Ricketts (2015) study all had flat, mild to moderate hearing

Table 2. Summary of GLM results for the factors of session, NLFC-on/off conditions and sound type on the rating scores of each percept.

Session NLFC on/off Session$NLFC interaction Sound type

b t p Value b t p Value b t p Value b t p Value

Loudness 0.26 2.48 0.013 –0.12 –1.00 0.319 –0.04 –0.67 0.500 0.09 2.98 0.003
Clarity 0.17 1.62 0.106 –0.15 –1.20 0.229 –0.02 –0.36 0.715 0.07 2.50 0.013
Naturalness 0.07 0.71 0.479 –0.24 –2.00 0.046 0.01 0.08 0.934 0.08 2.69 0.007
Overall 0.10 1.02 0.309 –0.24 –2.06 0.039 0.01 0.17 0.865 0.06 2.36 0.019

Bold font represents p< 0.05.
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loss. On the other hand, the seven participants in Simpson,
Hersbach, and McDermott (2006) study had essentially normal
hearing in the low frequency but dropped steeply to more than
100 dB HL at and above 2 kHz. Our participants had sloping
moderate-to-severe sensorineural hearing loss (Figure 1). In the
present study, the participants showed slightly improved subject-
ive experience in loudness after a certain period of NLFC adapta-
tion as well as naturalness and overall sound quality with NLFC-
on than with NLFC-off (Figure 5). Two factors might account
for these results: (1) NLFC might provide immediate improved
sound quality to the hearing aid users and (2) the participants
became increasingly adapted to the sound quality delivered
through the device after a certain period of continuous usage of
NLFC-fitted hearing aids. Nonetheless, the observed benefits in
subjective preference might be associated with the particular con-
figurations of hearing loss.

In addition to the efficacy of NLFC on various perception tests,
we examined the role of auditory acclimatisation in speech percep-
tion with hearing aids. The listeners had worn hearing aids with
NLFC enabled for the entire 12weeks during the study period. We
found that consonant, vowel and sentence recognition perform-
ance as well as participants’ subjective experience with different
types of sounds such as human voice, music and bird chirps all
improved with an increased length of device use with both NLFC-
on and NLFC-off conditions. However, as the same test materials
were used in all three sessions in the present study, the fact that
the amount of improvement with NLFC-on relative to NLFC-off
did not change as a function of test sessions, i.e. no interaction of
session versus NLFC condition, suggested that the improvement
might be due to perceptual learning or training effects rather than
auditory acclimatisation per se. Meanwhile, for the three percep-
tual tasks that showed improved recognition accuracy as a func-
tion of length of NLFC use, the listeners appeared to experience
greater improvement from session one to session two than from
session two to session three. There was only a two-to-three-week
time interval between session 1 and session 2 but a nine-to-ten-
week interval between session 2 and session 3. This result sug-
gested that the hearing-impaired listeners showed a rapid adapta-
tion to the speech stimuli processed with NLFC. The listeners
might still show continuing improvement in speech recognition in
a longer period of time, but the magnitude of improvement was
not as great as that in the first three weeks.

Conclusions

In summary, the NLFC technology provides modest but signifi-
cant improvement in Mandarin fricative and sentence recogni-
tion as well as the naturalness and overall preference of sound-
quality satisfaction judgement for native Mandarin-speaking lis-
teners with hearing loss. The NLFC processing does not alter the
performance of vowel and tone recognition as compared to the
conventional processing. In addition, a certain period of auditory
adaptation ensures better recognition performance and the loud-
ness of sound-quality satisfaction judgement. Such a period is
likely to be fairly short (e.g. two to three weeks) for Mandarin-
speaking listeners although smaller improvement in performance
may still occur in a longer period.
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