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ABSTRACT

Objective: Hearing instrument manufacturers have developed 3 different frequency lowering technologies, especially to compensate for the
perceptual effects of high-frequency hearing loss. We aimed to compare the effects of 3 different frequency lowering methods.

Methods: We assigned 132 participants who had bilateral, symmetrical, high-frequency sensorineural hearing loss into groups with hearing aids
having frequency compression, frequency transposition, and frequency composition strategies. By hearing measurements, participants’ hearing
thresholds and speech discrimination/speech in noise scores with and without different frequency lowering technologies were obtained.
Results: Hearing aids incorporated with frequency compression, frequency transposition, and frequency composition had significant speech

discrimination benefits with similar outcomes (P < .05).

Conclusion: Three different frequency lowering technologies had similar outcomes regarding speech discrimination and speech in noise
improvements. It is better to use frequency lowering technologies to better speech discrimination/speech in noise scores in adults.
Keywords: Auditory perception, frequency lowering, hearing aids, speech discrimination, speech in noise

Introduction

Frequency lowering (FL) is a hearing aid signal processing tech-
nique that improves the audibility of high-frequency sounds
for hearing-impaired listeners by shifting high-frequency
sounds to a lower output frequency. There are mainly 3 types
of FL strategies: nonlinear frequency compression (NFC), fre-
quency transposition (FT), and frequency composition (FC)
which provide audibility of the "unaidable” high-frequency
cues by changing them into an audible lower frequency substi-
tute. The target beneficiaries of this technique are people with
a severe-to-profound loss in the high frequencies who cannot
benefit from conventional amplification. A significant amount
of linguistic information is present in the high frequencies,
and the audibility of high-frequency speech sounds, particu-
larly consonants, is crucial for optimal recognition of speech in
quiet and noise." It is a known fact that hearing aid users who
had difficulty in speech perception in noisy environments have
decreased sound stimulation of the auditory cortex, which
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causes difficulty in listening. Frequency lowering algorithms
can overcome this defect by improving speech intelligibility in
noisy environments.?

Nonlinear frequency compression is the process of digitizing
and compressing the sound signal entering the hearing aid
into the dynamic range. The frequency band up to the start-
ing frequency determined by frequency compression remains
unchanged, and the frequency bands above the starting fre-
quency are shifted down slightly. In this approach, the reduced
frequency energy is not superimposed on energy from another
frequency region, but the target band becomes narrower than
the source band. This class of algorithms modifies the spectral
relationship of the signal components.®

In FT, the amplified signal in the high frequencies is shifted
to the low- and medium-frequency ranges, where hearing is
better.* Moving the sound to lower octaves occurs 1/2 octave
above the starting frequency.® This technique reduces all
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information on the high frequency by the constant number
of frequencies. However, the spectral separation of high-fre-
quency sound is maintained.®

The FC algorithm first divides the source band into 2 or
3 segments and then overlaps them in the destination band
to present information from a wider input region to a nar-
rower output region.® Frequency composition maintains
the original high-frequency sound to prevent unintentional
limitations in the bandwidth available to the patient.’

Many studies informed on the topic of FL, addressing listener
performance and candidacy factors across various types
(Table 1). The benefit is often assessed through a comparison
of listener performance with FL technology to that of conven-
tional hearing aid technology (i.e., with FL disabled).

Recently, studies of FL technology have focused on the
assessment of speech perception (Table 1). These studies have
assessed the efficiency of different FL technologies regard-
ing their efficacy for improving speech intelligibility in the low
number of hearing-impaired listeners.

There are a few studies that compared the effects of 3 dif-
ferent algorithms of FL.® Angelo et al® reported that Speech
Rescue software which uses FT is more beneficial than the
other technologies because it takes the advantage of the nat-
ural dynamics of speech. According to a meta-analysis regard-
ing the benefits of FL algorithms in adults, Simpson et al
found that FL provided an increase in speech intelligibility in
quiet in adults. But the improvement was minor and the other
test parameters of the FL and control groups were not signifi-
cantly different. In the same study, the authors also compared
the benefits of NFC and FT and found that FT was superior to
NFC only by 3% for only consonant tests in quiet.™

Over time, the detection of high-pitched sounds becomes
more difficult, and speech perception is affected, particularly
of sibilants and fricatives. Hearing-impaired listeners typi-
cally express a decreased ability to understand speech. Once
the hearing loss has progressed to the 2-4 kHz range, there
is increased difficulty understanding consonants. Our study
had the potential to show an association between hearing
aid use and speech perception. Our study aimed to compare
the effects of NFC, FT, and FC technologies on speech dis-
crimination scores (SDS), speech understanding in noise and
to shed light on the communication quality of adults and the
difficulties they will experience in daily life and what needs to
be done to reduce listening effort in cases of high-frequency
hearing loss.

Main Points

Frequency lowering (FL) technologies have a positive and
significant effect on the speech discrimination score.
Frequency lowering technologies are significantly effective in
increasing the signal-to-noise ratio in favor of the patient in
speech in noise tests.

There are differences in the effectiveness of different FL
technologies in speech discrimination scores.

The use of current technological algorithms will positively
affect the performance of patients with hearing aids.
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Methods

Participants

Following the approval of our research protocol by istanbul
University-Cerrahpasa, Cerrahpasa Faculty of Medicine Ethical
Committee (Reference No: 04.01.2018-4951), we carried out
this study in accordance with the ethical principles of the
Helsinki Declaration. We sought participants with early age-
related hearing loss, admitting all participants to the audiol-
ogy clinic of our university hospital. We informed participants
about the study, and participants in this study signed informed
consent prior to involvement voluntarily in the study. We
enrolled 132 participants (64 females and 68 males) who were
aged between 42 and 87 years (M,,, = 64.027 + 11.68 years)
(Table 2). The participants had bilateral and symmetrical mild
to moderately severe sensorineural hearing losses with dete-
rioration of the high frequencies and SDS (Figure 1).

They had no previous hearing aid use. There were no partici-
pants with middle ear pathology, previous otologic surgery,
and/or neurologic and psychiatric disorders, as determined by
ontological examination and history.

Procedure

While applying each hearing aid model to the subjects, with
NAL-NL2 prescription procedure (to eliminate the target
gain curve differences that different algorithms will cre-
ate) International Speech Test Signal in both without an
FL technology (FLo) and with an FL technology (FLi) case
was applied to perform Real Ear Measurement (REM). In all
devices, the REM gain frequency response was kept in the
range of +5 dB. Frequency lowering parameters for each
technology were determined using default software set-
tings to most reflect routine clinical use. After the FL was
adjusted, the frequency response of the device was checked
in the Otometrics Aurical Hearing Aids test box (Otometrics,
Taastrup, Denmark). The adjusted FL frequency was the
same as the measured one. All subjects were randomized to
experience FL technologies.

All participants used all 3 FL technologies, in turn; we exam-
ined the effects of FL technology on speech understanding
in noise conditions. We examined the differences between
the 3 different FL technologies on the same participant and,
in this way, sought to compare the effects of 3 different FL
technologies on noise discrimination across the whole par-
ticipants. All participants used NFC, FT, and FC strategies in
a different order.

Frequency Lowering Technologies

We used Phonak Naida V70 (NFC), Widex DFS 220 (FT), and
Oticon Dynamo SP4 (FC) hearing aids which contained the
FL technologies used in the study. Hearing instruments were
selected from the demo devices available in our clinic for
studies and these instruments were used only for the experi-
ment. Since the hearing aids were provided by the research-
ers, no support was received from the brands for the study.
We used "Sound recover 2 software” developed for Phonak®
(Stafa/Switzerland) for NFC, “Audibility extender soft-
ware” with the Widex® (Lynge/Denmark) device for FT, and
"Speech rescue software” developed for Oticon® (Smorum,
Denmark) for FC.
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Table 2. Demographics, Pure Tone Averages (dB HL), and Speech Discrimination Scores (%) of participants

n % Mean Age (year) PTA (Right) PTA (Left) SDS % (Right) SDS% (Left)
Female 64 35.4 64.64 +13.5 4215 +15.08 43.85+19.66 68.93 +6.88 66.125 + 5.47
Male 68 37.6 63.44 +11.73 48.99 +18.2 52.33+206 63.23+13.3 62.64 +14.6
Total 132 100 64.027 +11.68 59.43 +24.4 48.22+14.9 66 +11.08 64.33 +11.3

PTA, pure tone averages; SDS, Speech Discrimination Scores.

Measurements

For all participants, we used the GSI Tympstar Middle Ear
Analyzer (Eden Prairie, Minn, USA) to perform an immitans-
metric examination with a 226-Hz probe tone. We used
Interacoustics AC40 (Middelfart, Denmark) clinical audiom-
eter to assess air conduction hearing thresholds in the range
of 250-8000 Hz with insert earphones. We determined bone
conduction hearing thresholds using pure tone stimulus with
the B-71 bone vibrator in the 500-4000 Hz range. We used
phonetically balanced word lists for the speech recognition
threshold (SRT) and SDS.

The hearing evaluation was conducted in the form of 3 ses-
sions on the same day, with a 15-minute rest period between
the sessions. Real Ear Measurement was performed using
Otometrics Aurical HIT (Taastrup/Denmark). According to the
real-ear measurements, 3 different device settings were made
and the FL algorithms of the devices were activated in an addi-
tional program. Real-ear aided response was used to verify the
output of the hearing aid according to NAL-NL2.

Aided audiometry and aided speech reception threshold and
discrimination (SD) scores were done with 3 different hearing
aid pairs (Phonak Naida V70 (NFC), Widex DFS 220 (FT), and
Oticon Dynamo SP4 (FC).

The free-field thresholds of the participants were determined
FLi and FLo in the range of 500-4000 Hz, and speech in noise
tests, Turkish Matrix (Non-Adaptive) Test (TURMatrix [non-
adaptive tests-SNR +10 dB] Hérzentrum Oldenburg GmbH,
Oldenburg, Germany), were performed for 2 different situa-
tions. The effect of 3 different FL technologies on SDS with
noise and without noise was compared. To distinguish speech

in noise, the second stage of the Turkish matrix Test was passed
to find the critical signal-to-noise ratio (SNR) (Figure 2). The
Adaptive Turkish Matrix Test found a critical signal-to-noise
ratio for speech understanding in noise.

In the critical SNR calculation, an adaptive noise subtest was
applied. The test battery includes a total of 50-word base
matrix randomly presented sentence sets. In each trial, this
5-word combination is randomly presented to the subject in
order to minimize the learning effect, and 20 sentences are
presented to the subject in a mixed order. In these sentences,
the SNR, which reaches the 50% discrimination limit, is calcu-
lated as the critical SNR."

Data Analysis

IBM Statistical Package for the Social Sciences v22.0 statisti-
cal analysis program was used to evaluate the results. One-way
repeated measures of analysis of variance with Bonferroni cor-
rection were used for all statistical analyses.

Results

In the speech discrimination tests with and without hearing
aid, mean SDS values of subjects without hearing aids was
65.17% (standard error [SE]: 0.953), and in instrumented tests
with different hearing aids, with the model using FC technol-
ogy, the SDS was increased to 74.64% (S.E.: 0.971) without
frequency reduction (FLo) (P < .001). In the same device, the
SDS obtained by reducing the frequency (FLi) was increased to
81.67% (S.E.:0.964) compared to the score without the device
(P <.001). (Figure 3).

With the model using NFC technology, the SDS was increased
to 75.42% (S.E.: 1.056) without frequency reduction (FLo)

Hearing Thresholds (dBHL)

125 Hz 250 Hz 500 Hz
0’00 . o o o

1000 Hz

2000 Hz 4000 Hz 6000 Hz 8000 Hz

P Py P Py

10,00
20,00
30,00
40,00
50,00
60,00
70,00
80,00
90,00
100,00

—a—female-rght  ——g—male-right

e FEMAIE-1EfT g Male- left

Figure 1. Audiometric results of the participants (female right ear std. error: 1.45, left ear std. error: 1.59. male right ear std. error: 1.12, left ear

std. error: 1.35).
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Noise im

- O

Figure 2. Presentation of Turkish Matrix Test.

(P < .001). Compared to the score without the device, the
SDS obtained by frequency reduction (FLi) was increased to
80.73% (S.E.: 1.056) in the same device (P < .001) (Figure 3).
With the model using FT technology, without frequency reduc-
tion (FLo), the SDS was increased to 76.42% (S.E.: 1.003)
(P < .001). Compared to the situation without the device, the
SDS obtained by frequency reduction (FLi) was increased to
76.82% (S.E.: 1.2) in the same device (P < .001). (Figure 3).

When it was calculated to what extent FL technologies in
hearing aids affected SDS scores, in the hearing aid using FC
technology, the SDS was 74.64 % in the FLo state, while it was
increased to 81.67% in the FLi state (P < .001). In the hearing
aid using NFC technology, SDS was 75.42% in the FLo state,
while it was increased to 80.73% in the FLi state (P < .001).
In the hearing aid using FT technology, the SDS was 76.42%
in the FLo condition, while it increased to 76.82% in the FLi
condition (P=.8) (Figure 4).

B-ENT 2022; 18(4): 239-247
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+——> ((( D

When these 3 FL technologies were compared between all
groups in terms of increasing SDS, a high level of significance
was observed (P < .001). While there were significant differ-
ences between NFC and FT technologies, between FT and FC
technologies (P < .001), no significant difference was observed
between FC and NFC technologies (P > .05) for both SDS in
quiet and SDS in noise (Tables 3 and 5).

Participants’ mean SDS (unaided) were 66% and 64.33% for
the right and left ears (mean: 65.17%), respectively (P > .05).
Across all participants, the Turkish Matrix speech in noise
test (non-adaptive SNR+10 dB) with NFC (Phonak) device
for Flo and FLi was 73.21% and 78.56%, respectively, reflect-
ing a significant difference (P < .05). Adaptive critical SNRs
(Adaptive Turkish Matrix test) of FLo (—6.1 dB SPL) and FLi
(—8.3 dB SPL) were significantly different (P < .05) (Table 4
and Figure 3).

Unaided and aided SD scores With FLi/FLo

100

90

80

7

o

6l

o

5

o

4

o

3

o

2

o

1

o

Unaided FC (FLo) NFC (FLo)

0 I I I I I I I

FT (FLo)

FC(FL)  NFC(FL)  FT(FLi)

Figure 3. Unaided and aided SDS FLi/FLo. SD, Speech discrimination; FLi, with a FL technology; Flo, without a FL technology; NFC, nonlinear
frequency compression; FT, frequency transposition; FC, frequency composition; (I: Std. Error), one-way repeated measures analysis of variance

with Bonferroni correction. *P < .001 compared to unaided condition.
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Effects of FL Technologies on SDS

400 *p<0.001 *p<0.001
Pt pet- p>0.05

> o1 1

80
70
60
50
40
30
20
10

FC (FLo) FC (FLi) NFC(FLo)  NFC (FLi) FT (FLo) FT (FL)

Figure 4. SDS in FLo/FLi status in different FL technologies. SDS, speech discrimination scores; FL, frequency lowering; FLi, with a FL
technology; FLo, without a FL technology; NFC, nonlinear frequency compression; FT, frequency transposition, FC, frequency composition;
(I: Std. Error), one-way repeated measures analysis of variance with Bonferroni correction.

Table 3. Pairwise Comparisons of Frequency Lowering Technologies for Speech Discrimination Scores in Quiet

95% Confidence Interval for
Difference?

FL Technologies (Mean Score) Std. Error Sig.2 Lower Bound Upper Bound
NFC (80.73) FT (76.82) 0.409 <0.05* 2.917 4.901

FC (81.67) NFC (80.73) 0.798 0.723 -2.874 0.995

FT (76.82) FC (81.67) 0.759 <0.05* —-6.688 -3.009

FL, frequency lowering; NFC, nonlinear frequency compression; FT, frequency transposition; FC, frequency composition; SDS, Speech Discrimination Scores.
One-way repeated measures analysis of variance with Bonferroni correction.
2Adjustment for multiple comparisons: Bonferroni.

Table 4. Outcomes of Different Frequency Lowering Technologies

Frequency Compression Frequency Translation Frequency Composition
(Phonak) Hearing Aid (Widex) Hearing Aid (Oticon) Hearing Aid
Parameter Mean FLo FLi P Mean FLo FLi P Mean FLo FLi P
Non-adaptive speech in noise 73.21 78.56 <.05* 7341 73.3 .38 72.34 79.21 <.05*
(SNR+10) (%)
Critical SNR (dBSPL) -6.1 -8.3 <.05* -5.5 -7.6 <.05* -5.8 -81 <.05*

SDS, speech discrimination scores; SNR, signal-to-noise ratio; FL, frequency lowering; FLi, with a FL technology; FLo, without a FL technology; one-way repeated
measures analysis of variance with Bonferroni correction.
"Adjustment for multiple comparisons: Bonferroni.

Table 5. Pairwise Comparisons of Frequency Lowering Technologies for Speech Discrimination Scores in Noise at Fixed
+10 dB SNR

95% Confidence Interval for
Difference?

FL Technologies (Mean Score) Std. Error Sig.? Lower Bound Upper Bound
NFC (78.56) FT (73.3) 0.614 <0.05* 2.616 4.605
FC (79.21) NFC (78.56) 0.444 0.604 -.077 2.077
FT (73.3) FC (79.21) 0.742 <0.05* -6.455 -2.814

FL, frequency lowering; NFC, nonlinear frequency compression; FT, frequency transposition; FC, frequency composition; one-way repeated measures analysis of vari-
ance with Bonferroni correction
2Adjustment for multiple comparisons: Bonferroni.
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The Turkish Matrix speech in noise test (non-adaptive SNR
+10 dB) with Widex device for FLo and FLi were 73.1% and
73.3%, respectively, which were not significantly different
(P =.38). Adaptive critical SNRs (Adaptive Turkish Matrix test)
of FLo (—=5.5 dB SPL) and FLi (—7.6 dB SPL) were significantly
different (P < .05) (Table 4).

The Turkish Matrix speech in noise test (non-adaptive SNR
+10 dB) with Oticon device for Flo and FLi was 72.34% and
79.21%, respectively, which were significantly different
(P < .05). Adaptive critical SNRs (Adaptive Turkish Matrix test)
of FLo (—5.8 dB SPL) and FLi (—8.1 dB SPL) were significantly
different (P < .05). (Table 4).

Discussion

In our study, when we compared FL technologies aided thresh-
old, significant improvements were found at different fre-
quencies. To compare the aided and unaided conditions result
was alone not satisfying. Therefore, recent studies reported
FL technologies' unfavorable outcomes. Our study evaluated
SDS between 3 FL strategies and determined whether a partic-
ular FL strategy led to better speech discrimination than other
FL strategies. The speech discrimination test we conducted to
evaluate the effect of NFC and FC showed improvement, and
this difference was statistically significant (P < .05). However,
FT did not show improvement in SDS (P > .05). Similarly, in our
study, it was found that FL technologies provide the advantage
of distinguishing speech in noise all hearing-impaired listeners
and improving the critical SNR and listening to the participant
in a noisy environment.’® Nonlinear frequency compression
has shown positive effects on speech intelligibility for hearing-
impaired listeners with moderate-to-severe hearing loss,'*®
Other studies have found no benefits in improving consonant
discrimination for hearing-impaired listeners when listening
to transposition-like algorithms.'® Therefore, the results of
our study are important because it was shown that the NFC
and FC algorithms lead to a significant improvement in SDS
(P < .05). There are many possible reasons for the variability
in outcomes for FL technologies with major limitations in the
literature to date including small sample sizes, limited blinding
of participants, and a lack of control groups. In our study, we
compared the test results (SDS in a speech in noise and criti-
cal SNR) of 3 different algorithms, and to our knowledge, this
is the first study to analyze these algorithms. The limitation
of our study was blinding of hearing-impaired listeners and to
limit the age range and audiogram slope of participants.

Three different FL technologies evaluated for the first time in
the literature have similar results concerning SDS development
in noise and critical SNR for speech understanding. Improving
the critical SNR, especially in noise, is extremely important in
guiding the auditory attention of adults and maintaining audi-
tory attention. This is extremely vital in language acquisition in
the pediatric group, especially in the quality of life and com-
munication in the adult population. This result complements
and extends the study of Glista et al** (2009) who showed
clear benefits of FC in terms of speech-sound detection and
consonant recognition. In NFC and FC strategy, SDS improve-
ment with FLi is superior to FLo. Despite the lack of FT bene-
fits, we should not dismiss the use of FT technology. Individual
data indicated that hearing-impaired listeners who had poorer
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high-frequency thresholds and SDS did show improved sen-
tence recognition with FT.7 Such participants would be
expected to benefit more from FT in our study. However,
SDS was similar in participants wearing a hearing aid with FT.
Yakunina and Nam'® showed that significantly improved after
all hearing aids were worn for 3 months with the FT method.
Therefore, there is a need for longitudinal studies in which the
acclimatization procedure will be applied. We think that our
study results (regarding the benefit of FT) may change after
acclimatization.

Yakunina et al tried the linear frequency transposition
method (LFT), WDRC, and combined use in 103 subjects aged
41-66 years. All 3 groups exhibited significant gains in PTA,
SRT, and SDS within-group scores at 3 months. However, sig-
nificant improvements in APHAB scores were observed for
most categories only in the control group. No other signifi-
cant difference was observed between the groups. In the con-
trol, combined, and LFT groups, 57.1%, 38.2%, and 39.5% of
the participants, respectively, preferred to use the same HAs
following the completion of the study.'. In our study, it was
observed that the subjects had better critical SNRs in noise
and word discrimination with the FL methods (P < .05). When
all FL groups were compared; it was observed that FL pro-
vided a significant change in improving SD scores (P < .001).
However, no significant difference was observed in SD scores
between FC and NFC technologies (P=.723).

Simpson et al. in their review study, examined 20 different arti-
cles investigating the effect of FL technologies on speech dis-
crimination. The meta-analysis found a statistically significant
benefit in favor of FL for consonant recognition testing in quiet
with NFC and FT algorithms providing comparable gains.”® The
meta-analysis results obtained in the review study point to
similar results with our study. In this review, it was stated that
there was a significant difference in the SDS results in silent
conditions, while in other cases, there was no significant differ-
ence between conventional signal processing and FL technolo-
gies. In our study, it was found that the critical SNRimproved in
favor of the patient with FL technologies in the Turkish Matrix-
Adaptive noise subtest (P < .05).

Boboshko et al'® tested speech discrimination in noise on elder
patients by using the Russian Matrix Test. They found that
average speech discrimination test results were significantly
better when FL technology was used in all groups. In our study,
the use of FL technology was found to be significantly betterin
speech tests performed in both quiet and noisy environments
(P < .05), supporting the findings of Boboshko et al.”® In this
study conducted on elderly subjects, it was thought that noise
discrimination was better with FL technologies, which would
contribute positively to auditory attention and cognitive effort.
The decreased cognitive effort and longer attention span will
make a significant contribution to the individual's better audi-
tory performance with less fatigue.

Frequency lowering technologies provide orientation and focus,
which are the 2 basic steps of the auditory system, especially
in everyday life. Frequency lowering will increase the clues that
will help individuals and the quality of life. This is achieved by
choosing the sounds they will focus on which reduces the cog-
nitive effort, and by adapting to the auditory scene more easily.
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It is thought that FL will provide an advantage to the user in
auditory scenes that reduce social adaptation, such as noise
discrimination problems, and increase comfort with less cogni-
tive fatigue.

A limitation of our study is that patients do not have an adap-
tation process for each FL technology. The effects of hearing
aid technologies could have been more appropriately evaluated
if there had been an opportunity to perform an acclimatiza-
tion procedure. Since we carried out our study with too many
participants and we used 3 different pairs of hearing aids, we
could not apply a separate acclimatization procedure for each
patient, as there might be problems with instruments supply.
By increasing the number of subjects and the duration of hear-
ing aid experience, longer-term longitudinal research will guide
us to better evaluate the effects of FL technologies in daily life.
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