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Background: Speech-in-noise (SIN) audiometry is a valuable part of audiological
diagnostics and clinical measurements, providing information on an individual's
ability to understand in noise. To date, such tests have been developed
with natural voice presented monaurally or binaurally (via diotic and dichotic
presentation). The time required to develop such tests is often long. The use of
synthetic voice would simplify the test creation process and self-testing would
improve accessibility.

Design: Measurements were performed using an Android tablet (Samsung
Galaxy Tab A7) and calibrated Bluetooth headphones (Tilde Pro C, Orosound).
Normative values were first defined using natural or synthetic voice on 69
normal-hearing participants. A total of 463 participants then undertook the SIN
test comprising synthetic voice and dichotic antiphasic presentation. Of these,
399 also performed the SIN test with diotic presentation.

Results: No significant differences in the speech reception threshold (SRT) were
found between natural and synthetic voices for diotic presentations (p = 0.824,
paired Student t-test) with normative values of —10.7 dB SNR (SD = 1.5 dB) and
—10.4 dB SNR (SD = 1.4 dB), respectively. For the SoNoise test with synthetic
voice and dichotic antiphasic presentation, the results showed a normative value
of —17.5 dB SNR (SD = 1.5 dB), and a strong correlation (r = 0.797, p < 0.001)
with the four-frequency pure-tone average (4f-PTA). Receiver operating curves
(ROC) were then calculated: for a 4f-PTA of 20 dB hearing level (HL), the SRT
was —14.5 dB SNR with a sensitivity of 84% and specificity of 89%. For a 4f-PTA
of 30 dB HL, the SRT was —13.7 dB SNR with a sensitivity of 89% and specificity of
91%. For a 4f-PTA of 35 dB HL, the SRT was —13.0 dB SNR with a sensitivity of 88%
and specificity of 93%. The normative binaural intelligibility level difference (BILD)
value was 8.6 dB (SD = 2.0 dB) with normal-hearing participants. The learning
effect due to the task and interface was 1.7 dB (1st to 7th test) and test duration
was 3 min.

Conclusion: The SoNoise test in its synthetic dichotic antiphasic presentation
is a fast and reliable tool to diagnose hearing impairment at 20, 30, and 35 dB
HL cut-offs.

KEYWORDS

hearing diagnosis, speech-in-noise test, natural and synthetic voices, dichotic
antiphasic, tablet based
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1 Introduction

While pure-tone audiometry is currently recognized as
the gold-standard measurement for hearing loss assessment,
that (SIN)
audiometry should be systematically added to evaluate the

compelling evidence suggests speech-in-noise
functional impairment related to hearing loss (Plomp, 1986;
Killion and Niquette, 2000; Smits et al., 2004; Smits and Houtgast,
2005; Jansen et al., 2012). Most SIN tests assess the signal-to-noise
ratio (SNR) at which a participant can recognize 50% percent of
words. This particular SNR is called the speech reception threshold
(SRT). A high correlation (between 0.77 and 0.86) is generally
observed between pure-tone average (PTA) and SRT in noise
(Smits et al., 2004; Jansen et al., 2010, 2013; Koole et al., 2016;
Potgieter et al., 2018a,b). However, discordance between PTA
and SIN may be found in certain medical conditions, such as
auditory neuropathy (Rance et al., 2012; Narne, 2013; Apeksha and
Kumar, 2017; White-Schwoch et al., 2020, 2022) or central auditory
processing disorders (Houtgast and Festen, 2008; Anderson et al.,
2011; Bellis and Bellis, 2015; Fiillgrabe et al., 2015). Use of SIN
tests offers three main advantages: (1) they are more representative
of the everyday discomfort and of the handicap experienced by
hearing-impaired people (Carhart and Tillman, 1970; Kramer et al.,
1998; Grant and Walden, 2013); (2) they are more sensitive to early
events of age-related hearing impairment, detecting the loss of
auditory neurons that cannot be detected by PTA or even by speech
audiometry in quiet (Wu et al., 2020); and (3) the supra-threshold
measurement of the SRT is less sensitive than pure-tone threshold
measurements to minor calibration inaccuracies.

Several SIN tests have been developed in French over the past 20
years, showing a rising interest for this type of auditory evaluation.
The most frequently used are currently the French version of the
hearing in noise test (HINT; Vaillancourt et al., 2005), the French
intelligibility sentence test (FIST; Luts et al., 2008), the French digit
triplet test (FrDigit3; Jansen et al., 2010), the speech understanding
in noise (SUN; Paglialonga et al., 2011), the FraMatrix (Jansen et al.,
2012), the vocale rapide dans le bruit (VRB, fast speech in noise;
Leclercq et al,, 2018), the FrBio (Bergeron et al., 2019), and the
antiphasic digit triplet test (Hora; Ceccato et al., 2021). The SRT
can be determined directly with tests using adaptive methods, such
as the digit triplet test, Matrix tests, FrDigit3, HINT, and Hora, in
which the SNR evolves automatically according to the participants’
answer at each presented item (Nilsson et al., 1994; Smits et al,,
2004; Jansen et al., 2010; Kollmeier et al., 2015; Ceccato et al.,
2021). The pace of SNR adaptation may vary throughout the test,
according to the number of correct answers, and depends on the
recognition score target. Other SIN tests, such as QuickSIN (Killion
et al, 2004), SUN (Paglialonga et al., 2011), and VRB (Leclercq
et al., 2018), use lists of items presented at fixed SNR, for which
the SRT can be measured by fitting the obtained recognition score
at each presented SNR with a psychometric function. The FrBio
(Bergeron et al., 2019) aimed to provide a more ecological approach
for the SIN paradigm by measuring the recognition score at fixed
SNR in real-life sound situations. Among these tests, only the digit
triplet test, the FrDigit3 and Hora are currently performed in self-
test mode, and their use is limited to screening. On the other hand,
none of the French SIN tests used in clinical assessment, such as
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the HINT (Vaillancourt et al., 2005), the FIST (Luts et al., 2008),
the FrDigit3 test (Jansen et al., 2010), the FrBio (Bergeron et al.,
2019), the SUN (Paglialonga et al., 2011), the FraMatrix (Jansen
etal, 2012), and the VRB (Leclercq et al., 2018), are currently used
in self-testing mode but mostly with the investigator recording the
subject’s answers.

SIN tests developed for clinical evaluations are mainly
performed in free-field settings, which may entail practical
difficulties linked to the need for space and maintenance of a
reliable calibration (VRB, FIST, HINT, FraMatrix, and FrBio). For
practical reasons, screening tests using SIN have been presented
with headphones, either monaurally or binaurally (Smits et al,
2004; Jansen et al., 2012; Van den Borre et al., 2021). Some recent
SIN tests performed binaurally, have used dichotic antiphasic
presentation (De Sousa et al., 2020; Ceccato et al., 2021) of a speech
signal, with a diotic presentation of the noise (i.e., SNO). The
phase shift allows the use of binaural mechanisms involving the
comparison of the temporal clues between the two ears. It results
in a binaural masking release that improves the perception of the
target signal (Culling and Lavandier, 2021). Binaural masking level
difference (BMLD) has been extensively explored for tonal stimulus
(Hirsh, 1948; Webster, 1951; Wilson et al., 2003). In such studies,
the BMLD of normal-hearing individuals mainly varies according
to the frequency of the stimulus to be detected: between 10 and
15 dB of enhancement at 500 Hz, and 1-3 dB at 4,000 Hz. For the
SIN test, use of the presentation mode BILD, corresponding to the
difference between binaural diotic (SONO) and antiphasic (STNO)
presentation, improves the sensitivity and specificity of the test
for detecting asymmetric, unilateral, and conductive hearing loss
when used as a screening tool (De Sousa et al., 2020, 2022; Ceccato
et al., 2021). Concerning correlation between SRT and PTA, the
SRT of antiphasic and binaural diotic tests, respectively correlate
better to the PTA of the worst and better ear (De Sousa et al., 2020;
Ceccato et al.,, 2021). The BILD could be of interest in a clinical
assessment as it tests binaural auditory functions that cannot be
observed with headphones in either monaural or binaural diotic
presentation mode nor in most free-field configurations.

Speech material used for SIN tests is usually based on the studio
recordings of a speaker’s voice, which entails certain disadvantages
such as the cost and the duration of test development (Dickerson
et al., 2006). Considering the progress made in voice synthesis
(Gongand Lai, 2003; King, 2014) and its current use in everyday life
(telecommunications, information services, numeric applications),
we wondered about the relevance of its application for speech
audiometry. Some studies have assessed the comparability of
natural and synthetic voice in speech audiometry (Koul, 2003;
Cooke et al., 2013; Simantiraki et al., 2018; Schwarz et al., 2022).
Most of the clinical SIN tests still use natural voices, but some use
synthetic ones (Nuesse et al., 2019; Ibelings et al., 2022).

The objective of this study was to develop and normalize a SIN
test that could be used both as a screening tool and for clinical
evaluation of SIN. For this purpose, we recruited a normative
population to: (1) evaluate if the use of a synthetic voice may induce
a difference in SRT measurement relative to the use of a more
classical natural voice recording; (2) determine normative values
for diotic and antiphasic presentation of the test; and (3) determine
normative values of the BILD. We then assessed the validity
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of the test on a study population composed of normal-hearing
and hearing-impaired participants presenting various audiometric
profiles. We also evaluated the normative values for this test in
screening and clinical assessment.

2 Materials and methods

2.1 Participants

The participants were recruited and tested in the ENT
department of the university hospital in Montpellier (France).
They were outpatients, accompanying persons, caregivers, students
or hospital workers. Exclusion criteria were visual or motor
impairments that prevented use of a tablet, self-reported cognitive
functions disallowing understanding the principle of the tests,
earwax, ear discharge, or ear malformation preventing the use of
headphones. No exclusion criterion was based on PTA.

Normative values, duration and learning effect of each SoNoise
test were calculated based on a first population of 69 normal-
hearing French native speakers (4f-PTA 0.5/1/2/4kHz <10 dB HL),
39 women and 30 men aged between 18 and 25 years, tested for
the first time with SoNoise tests. Participants were chosen to be in
agreement in age and hearing loss with the standard (ISO 8253-
3). The SRT with natural or synthetic voice was compared in one
group (n = 43) comprising 28 women and 15 men, with an average
4f-PTA of 5 dB HL (SD = 4.4 dB HL, median 5 dB HL, IC95 [3.7-
6.3]) and mean age of 21.2 years (SD = 2.2 yrs, median 21 yrs, IC95
[20.2-22.2]). The SRT with diotic or antiphasic synthetic SIN was
compared in the remaining group of normal-hearing participants
(n = 26), comprising 12 women and 14 men of mean age 22.9
years (SD = 2.8 yrs, median 22.5 yrs, IC95 [21.8-24]), with an
average 4f-PTA of 4.3 dB HL (SD = 2.7 dB HL, median 3.9 dB HL,
1C95 [3.4-5.2]).

A second test population of 463 French native speakers, 230
women and 233 men all over 18 years of age (mean age 40 yrs,
SD = 23 yrs, median 29 yrs, IC95 [38-42]), was used to assess
the diagnostic performance of the SoNoise_StNO_Syn test. Of
these, for their best ear, 337 (72.8 %) were classified as having
normal hearing, 51 (11.0 %) mild hearingloss, 55 (11.9%) moderate
hearingloss, 19 (4.1%) moderately severe hearing loss, and 1 (0.2%)
severe-profound hearing loss. For their worst ear, 328 (70.8%)
were classified as having normal-hearing, 35 (7.7%) mild hearing
loss, 57 (12.3%) moderate hearing loss, 27 (5.8%) moderately
severe hearing loss, 15 (3.2%) severe-profound hearing loss, and 1
(0.2%) profound hearing loss. Degrees of hearing were based and
categorized according to the World Health Organization grades of
hearing impairment (World Health Organization, 2021) as follows:
normal-hearing (PTA <20 dB HL), mild (PTA >20 <35 dB HL),
moderate (PTA >35 <50 dB HL), moderately severe (PTA >50 <65
dB HL), severe-profound (PTA >65 <80 dB HL), profound (PTA
>80 <95 dB HL), or complete hearing loss (PTA >95 dB HL).

Among the study population of 463 participants, a subset of
399 (188 women and 211 men) with a mean age of 36 years
(SD = 21 yrs, median 27 yrs, IC95 [33-39]), received both
SoNoise_SONO_Syn and SoNoise_StNO_Syn tests. Of these, 331
(83%) were classified as having normal hearing, 31 (7.7%) mild
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hearing loss, 31 (7.7%) moderate hearing loss, 5 (1.4%) moderately-
severe hearing loss, and 1 (0.2%) severe-profound hearing loss.
The audiometric profiles of both normative and test validation
populations are displayed in Table 1.

2.2 Speech material

Praat software (Boersma and Weenink, 2013) was used to
determine the main speech characteristics (duration, fundamental
frequency, speech rate) of both natural and synthetic voice. Natural
voice recordings were performed by a 38 years old French native
female speaker, who is not a professional speaker. Synthetic words
were generated with “neural voices” (powered by Acapela Group,
version 2017.1).

Table 2 shows the main characteristics: fundamental frequency
(Hz), word duration (ms) and speech rate (syllables/s). The
fundamental frequency of the natural speech triplet was on average
higher (210Hz) than that of the synthetic speech (178 Hz). The
average word duration of the natural voice was 661 ms, whereas
that of the synthetic voice was 451 ms, leading to a speech rate for
natural and synthetic voice of 1.6 and 2.3 syllables/s, respectively.

2.3 SoNoise tests

SoNoise tests are adaptive SIN self-tests aimed at automatically
determining the SRT (dB SNR) in noise. They consisted here in the
presentation of different triplets of words (digit -common noun—
color) at different speech-to-noise ratios, as described elsewhere
(Prang et al, 2021). Each word was randomly selected among
9, leading to 93 = 729 triplet combinations, with equal odds of
presentation. The participant had to select the word heard by
pressing the corresponding icon representing that word on the
screen of the tablet. On the first response screen, the participant
had to pick the correct word among the 9 icons representing
digits), then a second response screen was displayed with the
next 9 icons (representing common nouns), and finally a third
screen was displayed with the last 9 icons (representing colors).
The participant was instructed to choose an icon, even if the
word was not heard, making this a forced-choice test with a
closed-set list of words (Smits et al., 2006; De Sousa et al.,
2018).

SoNoise tests are adaptive SIN tests designed to be performed
as self-tests. The SoNoise_SONO had a binaural diotic presentation,
i.e,, both earphones delivered the same sound stimuli (words
+ noise) to each ear. Words of the SoNoise_SONO were
generated either with a natural (Na) or a synthetic (Syn)
voice. The SoNoise_SwNO_Syn offered a dichotic antiphasic
presentation of words while presenting the same level of noise

«__»

to each ear. A phase shift of “r” was introduced with word
presentation. For this test, words were generated with a synthetic
voice (Syn).

The masking noise was a white noise with envelope shaped on
the long-term spectrum of the test words, as described elsewhere
(Plomp and Mimpen, 1979; Nilsson et al., 1994; Brand and

Kollmeier, 2002; Smits et al., 2006; Soli and Wong, 2008; Jansen
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TABLE 1 Demographic characteristics of both normative and test validation study populations.

SoNoise_SONO SoNoise_SONO SoNoise_S7NO SoNoise_SzNO SoNoise_SONO

Demographic

characteristics _Na _Syn _Syn _Syn _Syn
Normative Normative Normative Study Study
population population

Number of participants (1) 43 69* 26 463 399**
Mean age (yrs) 21.7 (SD 2.5) 23.1(SD 3.4) 24.8 (SD 3.7) 40 (SD 23) 36 (SD 21)
Female (n) 28 (65%) 39 (56%) 12 (46%) 230 (50%) 188 (47%)
Male (1) 15 (35%) 30 (44%) 14 (54%) 233 (50%) 211 (53%)
4f-PTA (dB HL)***

Normal (<20) 43 (100%) 69 (100%) 26 (100%) 328 (70.8%) 331 (83%)

Mild 35(7.7%) 31 (7.7%)

(>20, <35)

Moderate 57 (12.3%) 31(7.7%)

(>35, <50)

Moderately 27 (5.8%) 5(1.4%)

severe

(>50, <65)

Severe- 15 (3.2%) 1(0.2%)

profound

(>65, <80)

Profound 1(0.2%)

(>80, <95)

Complete

(>95)

*Sixty-nine is the sum of 26 and 43.
**Three hundred and ninety-nine is a sub-group of the 463 participants tested.
**We used 4f-PTA of the worst ear to define the population for the SoNoise_Sr NO_Syn test, while we used 4f-PTA of the best ear for the SoNoise_SONO_Syn test.

TABLE 2 Characteristics of the speech material for both natural and synthetic voices.

Common noun

Triplet

NE} Syn \E} Syn
Fundamental 216 (SD 11) 178 (SD 14) 218 (SD 8) 189 (SD 8) 197 (SD 21) 169 (SD 5) 210 (SD 17) 178 (SD 13)
frequency (Hz)
Word duration 582 (SD 100) 421 (SD 126) 769 (SD 105) 490 (SD 96) 633 (SD 48) 441 (SD 80) 661 (SD 117) 451 (SD 102)
(ms)
Speech rate 1.8 (SD 0.4) 2.6 (SD 0.9) 1.3(SD0.2) 2.1(SD0.4) 1.6 (SD 0.1) 2.3(SD0.4) 1.6 (SD 0.3) 2.3 (SD 0.6)
(syllables/s)

For digits, common nouns and colors, the mean values of the fundamental frequency, word duration and speech rates were calculated. Triplet values were obtained by averaging those of digit,

common noun and color.

et al., 2012; Dillon et al., 2016; Potgieter et al., 2016; De Sousa et al.,
2018). Shaping was made by: (1) obtaining the long-term spectrum
of all the concatenated words; (2) using this spectrum to design a
frequency sampling-based finite-impulse-response filter with the
desired frequency shape and applying it on a white noise; (3)
adjusting noise level with the concatenated words. Speech and noise
power spectrum for both natural and synthetic tests are displayed
in Figure 1.

The masking noise used depended on the SoNoise test
performed, i.e., it was shaped on the long-term spectrum of natural
voice words for the Na test, or synthetic words for the Syn tests.
The noise started 500 ms before the first word and ended 500 ms
after the third, as described elsewhere (Jansen et al., 2010; Smits
et al., 2013; Kaandorp et al., 2015; Potgieter et al., 2016; Ceccato
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et al., 2021). A silence gap of 100 ms was inserted between words,
to which was added a jitter (random extra delay) of 0-200ms
(Potgieter et al., 2016). The speech was presented at 75 dB SPL
(sound pressure level, Leq measurements) and a SNR of 20 dB at the
beginning of the test. The SNR level varied adaptively according to
the number of words recognized correctly (0, 1, 2, or 3) as follows,
respectively: +10, +5, —5, —10 until the first reversal, then +5, 42,
—2, —5 between the first and the second reversal, and +3, +1, —1,
—3 after that point.

When the SNR was positive, the noise level was modified.
When the SNR level was negative, the speech level was modified.
Twelve reversals were performed during the test, and the
SRT was calculated by averaging the SNR results of the last
eight reversals.
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FIGURE 1
(A) Long-term average spectrum for synthetic speech and noise. (B) Long-term average spectrum for natural speech and noise.

2.4 Words recording and difficulty
equalization

Speech material was composed of monosyllabic words for digits
and colors, and disyllabic words for common nouns (except for one
trisyllabic word: “sanglier”). All words used were common language
and easy to represent as an image.

For both types of voice, the words were generated individually
and then combined for testing, ensuring that the word triplet
included no prosody or natural coarticulation. Prior to the study,
equalization of the words was performed for all the SoNoise tests
developed. It consisted in adjusting the level of presentation of each
word to ensure that each one had a 50% chance of being recognized
at the same SNR. A specific level adjustment has been performed
for each one of the three tests developed (SoNoise_SONO_Na,
SoNoise_SONO_Syn, SoNoise_SNO_Syn). To do this, 76 normal-
hearing participants [PTA 0.5/1/2/4kHz < 20 dB hearing level
(HL)] aged from 18 to 40 years (mean age of 21.8, SD = 4.5 yrs,
median 20 yrs, IC95 [20.8-22.8]) were tested 1-5 times each. In this
population, 21 normal-hearing subjects didn’t match the ISO 8253-
3 recommendation in terms of age and/or PTA thresholds, but their
SRT at the test didn’t statistically differ from the other participants.
This allowed a reasonable inclusion of their results as item difficulty
equalization was made following an adaptation of both the method
proposed Brand and Kollmeier in 2002 for Matrix tests (Brand
and Kollmeier, 2002; Jansen et al., 2012) and recently by Masalski
et al. (2021) for digits in noise tests. The principle was to use the
final test procedure to perform an evaluation of each item difficulty
that considered both their inner difficulty and their position in
the triplet. A routine Matlab script was used to identify the words
pronounced and answered at each SNR. The psychometric curves

Frontiersin Audiology and Otology

of recognition for each word were fitted with a logistic function
to determine the SRT. The equalization values obtained for the
SoNoise_StNO_Syn test are displayed in Figure 2A. Each word’s
recording level was then adjusted using the difference between the
SRT of each word and the average SRT of all words (—17.4 dB SNR)
while the average SRT of the 76 subjects was —17.5 dB SNR (SD =
2.5). The « before/after > results of the equalization are presented
Figure 2 and shows that for digits, common nouns, and colors, the
average SRT were respectively —18 dB SNR (SD = 2.3), —18.3 dB
SNR (SD =1.4), —15.9 dB SNR (SD = 2.9) before equilibration, and
respectively —18.5 dB SNR (SD =1), —18.9dBSNR (SD=1), —18
dB SNR (SD = 1) after equilibration. Globally, the item standard
deviation of SRT dropped from 2.5 to 1 dB.

2.5 Equipment and procedure

Conventional audiometry was carried out in a soundproof
booth, with an AC33 audiometer (Interacoustics) calibrated with
TDH-39 headphones.

For SIN testing, the SoNoise (SONUP, Montpellier, France)
hearing application was used on an Android OS tablet (Samsung
Galaxy Tab A7) connected via Bluetooth to circumaural
headphones (Orosound Tilde Pro C). The SoNoise tests were
performed in a quiet office. The KEMAR (Knowles Electronics
Manikin for Acoustic Research, SET electronic GmbH, MK2-B, CE
labeled), and its built-in prepolarized pressure microphones (GRAS
40A0 15), was chosen for the calibration of the tablet-headphones
pair over an artificial ear for its superior acoustic coupling with the
chosen headphones, that more closely resembles that of the adult
participants tested in the clinic (Xie et al., 2009; Guo et al.,, 2021).
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The maximum output level was measured using the masking noise
of the test, and used as a reference for the calibration level. Its value
in dB SPL (sound pressure level, Leq measurements) was input
into the application, which used it as a reference to send the desired
level of signal.

This prospective study was conducted in the ENT department
of the university hospital of Montpellier (France), and aimed at the
development and the validation of the SoNoise SIN tests (SONUP).
The study was approved by the local ethics committee (IRB-
MTP_2021_09_202100889). All participants signed a consent form
to participate in the study.

Audiometric thresholds (air and bone conduction) were
determined for each subject (normative and study population)
at 0.5, 1, 2, 4, and 8kHz, using the modified Hughson-Westlake
method (Carhart and Jerger, 1959) after bilateral otoscopy. The
4f-PTA was calculated by averaging the audiometric thresholds
(0.5, 1, 2, and 4kHz) measured during air conduction pure-
tone audiometry.

To define normative values for both SoNoise_SONO_Na and
SoNoise_SONO_Syn, participants (n = 43) performed a total
of seven tests: a training test with the SoNoise_SONO_Na,
then alternating SoNoise_SONO_Syn or SoNoise_SONO_Na three
times, followed by another sequence comprising the other
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test not presented in the first sequence (SoNoise_SONO_Na or
SoNoise_SONO_Syn) again repeated three times, ensuring that both
tests were passed three times each in an alternative manner.

To define normative values for both SoNoise_SONO_Syn and
SoNoise_SmNO_Syn, participants (n = 26) performed a total of
seven tests as described earlier except that the training test was
the SoNoise_S7NO_Syn and the six tests that followed alternated
between SoNoise_SONO_Syn and SoNoise_StNO_Syn. All tests
were achieved within the same session. The normative value of the
BILD for the test was calculated by subtracting SN0 SRT from
SONO SRT. The tablet application measured the duration of each
test from the start to the finish.

Of the 463 participants (normal or hearing-impaired) who
underwent the SoNoise_S7NO_Syn test, 399 also underwent the
SoNoise_SONO_Syn test in a counterbalanced order.

2.6 Data and statistical analysis

The audiometric data, age and gender of the participants were
stored by the SONUP application, uploaded to secure servers and
retrieved via a secure dedicated website. They were then exported
in xIs format. Matlab R2021b software (MathWorks, Inc., USA)
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was used for statistical analyses, with the significance level set
to 5% (p-value < 0.05). ANOVA analysis was used to determine
whether the number of trials (number of tests performed) and the
voice type had a significant effect or not, followed by post-hoc t-
tests for multiple comparisons. The diagnostic power (sensitivity
and specificity) of the SoNoise_StNO_Syn test to detect pure-
tone average hearing loss was calculated for the study population.
Different receiver operating characteristic (ROC) curves were then
computed to determine the optimal SNR values to detect a pure-
tone average hearing loss at different cut-off levels (20, 30, and
35 dB HL). The best sensitivity and specificity were determined
for each of the three SRT values. The optimal sensitivity and
specificity were achieved when the Youden index was the highest.
Z-score was used to compare the results of the study population
with the normative values, its value corresponding to the number
of standard deviations separating a result from the normative
value. For each individual tested with SoNoise_S7zNO_Syn and
SoNoise_SONO_Syn, two different values for SRT (in dB SNR)
were obtained. The difference between these values gave the BILD.
ANOVA analysis was used to determine whether the hearing loss
type had a significant effect or not. Wilcoxon post-hoc tests were
performed for multiple comparisons, all samples not following a
normal distribution (Jarque-Bera normality test).

3 Results

3.1 Normative values of the SoNoise tests

We firstly aimed to compare the use of natural and synthetic
voices in a diotic presentation, before determining normative
values for the binaural diotic tests, antiphasic test, and BILD.
Figure 3A shows the average SRT values for the three tests
(SoNoise_SONO_Na, SoNoise_SONO_Syn, SoNoise_SzNO_Syn)
according to the different trials. The mean SRT for the
SoNoise_SONO_Na training test was —9.0 dB SNR (SD =
1.3) and was —10.0 dB SNR (SD = 1.4), —10.5 dB SNR (SD = 1.6),
and —10.8 dB SNR (SD = 1.3) for the next three trials, respectively.
The mean SRT for the three trials of SoNoise_ SONO_Syn that
followed the SoNoise_SONO_Na training test were —10.3 dB SNR
(SD = 1.4), —10.9 dB SNR (SD = 1.6), and —11.1 dB SNR (SD
= 1.6), respectively. A two factor ANOVA showed that trials
number had a significant effect on SRT (p < 0.001) while the voice
(natural and synthetic) had no significant effect (p = 0.824). The
learning effect was significant for tests using the natural voice, with
a difference of 1, 1.5, and 1.8 dB (p < 0.001 for all three) between
the training and the 1st, 2nd, and 3rd tests, respectively. The Ist
test also differed significantly (p = 0.002) from the last, with a
difference of 0.8 dB. The learning effect was also significant for
tests using the synthetic voice, with a difference of 1.3, 1.9, and 2.1
dB (p = 0.016, p = 0.003, and p < 0.001) between the training and
the 1st, 2nd, and 3rd tests, respectively. When comparing binaural
diotic and antiphasic presentation, a two factor ANOVA showed
that both trials number and presentation had significant effects on
SRT (p < 0.001). A SRT of —17.5 dB SNR (SD = 1.5) obtained in
the first SoNoise_S7NO_Syn training test progressively increased
to —18.9 dB SNR (SD = 1.3), —19.0 dB SNR (SD = 1.6), and —19.2
dB SNR (SD = 1.9) over the next three trials, respectively. The

Frontiersin Audiology and Otology

10.3389/fauct.2024.1292949

learning effect was significant with a difference of 1.4 dB between
the training and the first test but no significant difference was
found between the other consecutive tests. The value also appeared
to stabilize around —19.2 dB SNR on the 3rd test, 1.7 dB better
than the training test. We then calculated the BILD based on the
difference between diotic and dichotic antiphasic SRT values for
each individual. BILD values were 8.6 dB (SD = 2.0) for the 1st
test, 8.1 dB (SD = 2.1) for the 2nd, and 8.1 dB (SD = 1.9) for the
3rd. One factor ANOVA showed no significant learning effect on
the BILD (p = 0.645).

Figure 3B displays the distribution of SoNoise tests duration.
The mean duration was 167s (SD = 38s, median 1665, 1C95
[164-170]). Figure 3C displays the tests duration according to the
number of trials performed. The test duration lasted 189.2s (SD =
41) for the training test, and seemed to stabilize at 158.9s (SD =
36.8) after four trials.

3.2 Assessment of the diagnostic power of
the tests

Participants in the groups of age [40-60] and 4f-PTA [20-
40] were fewer in number compared to in the other age groups
(Figure 4). All the normative values, sensitivity and specificity of
the SoNoise tests are displayed in Table 3.

The threshold of 30 dB HL is the audiometric limit chosen
to qualify for reimbursement of hearing aids in France (Journal
Officiel de la République Francaise n°0265, 2018; Joly et al., 2022).
The SRTs on the worst ear of the study population (n = 463) were
plotted against the 4f-PTA (Figure 5A).

The correlation coefficient measured between SRTs of the worst
ear and 4f-PTA was r = 0.797 (p < 0.001). The ROC curves
allowed visualization of the sensitivity and specificity according to
SNR values at different 4f-PTA cut-offs (20, 30, and 35 dB HL;
Figure 5B). For a 4f-PTA of 20 dB HL (mild hearing loss), the
optimal threshold value was —14.5 dB SNR and corresponded to a
sensitivity of 84% and a specificity of 89%. For a 4f-PTA of 30 dB HL
(clinical threshold defining deafness in France), the best threshold
value was —13.7 dB SNR and corresponded to a sensitivity of 89%
and a specificity of 91%. For a 4f-PTA of 35 dB HL (moderate
hearing loss), the best threshold value was —13.0 dB SNR and
corresponded to a sensitivity of 88% and a specificity of 93%.

The
SoNoise_StNO_Syn training test was measured at —17.5 dB
SNR, with a standard deviation of 1.5 dB. Theoretically therefore,
95% of the normal-hearing population would be expected to obtain
a score lower (better) than —14.5 dB SNR (Z-score of 2). In this
study population, 89.4% of the normal-hearing group, 0% of the

normative value (defined previously) of the

unilateral hearing loss group, 17.8% of the symmetrical hearing
loss group and 6.7% of the asymmetrical hearing loss group had
a Z-Score < 2. The normative value of the SoNoise_SONO_Syn
test was measured at —10.3 dB SNR, with a standard deviation
of 1.4 dB. Theoretically therefore, 95% of the normal-hearing
population would be expected to obtain a score lower (better)
than —7.5 dB SNR (Z-score of 2). In this study population, 95.6%
of the normal-hearing group, 20% of the unilateral hearing loss
group, 21.7% of the symmetrical hearing loss group and 22.2% of
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the asymmetrical hearing loss group had a Z-score < 2. Figure 6
represents the SRTs of the normative and study populations for
both SoNoise_S7NO_Syn (A) and SoNoise_SONO_Syn (B).

We measured the BILD using results of the 399 participants
who performed both SoNoise_SzNO_Syn and SoNoise_SONO_Syn
tests. The distribution is given in Figure 7. The mean BILD for the
325 participants with normal hearing was 7.3 dB (SD = 2.1), and
for those with hearing loss it was 1.3 dB (SD = 1.4) when unilateral
(n =6), 4.8 dB (SD = 5.4) when symmetrical (n=59), and 1.4 dB
(SD=2.4) when asymmetrical (n = 9). ANOVA revealed significant
differences in BILD across the hearing loss types (p < 0.001).
Performing post-hoc tests (Wilcoxon test), normal-hearing group
presented significantly better BILD than the other three (Sym: p <
0.001, Uni: p < 0.001, Asym: p < 0.001). Participants presenting
symmetrical hearing loss had statistically better BILD than those
presenting unilateral and asymmetric hearing loss (Uni: p = 0.035,
Asym: p < 0.001). Unilateral and asymmetric hearing loss did not
present statistical difference in BILD.

4 Discussion

There were several reasons for developing a new French
SIN test. Firstly, accessing equipment for free-field testing
currently represents a problem. The development of SIN
tests on a tablet with Bluetooth calibrated headphones
their distribution and accessibility. Finally, no
French SIN test currently exists enabling the assessment of
BILD effect using headphones. It is important to assess the

facilitates
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function of both ears working together. BILD measurement
thus
categorize

permitted would provide useful information to
types with accuracy,
any unilateral or asymmetric hearing loss being revealed by

minimal unmasking.

hearing loss reasonable

The first part of this study was to determine normative values
of SoNoise tests, based on the number of times they are performed.
The normative value of the SoNoise_ SONO_Na was —10.0 dB SNR
(SD = 1.4), meaning that 95% of the normal-hearing population
obtained a score lower (better) than —7.2 dB SNR (Z-score of 2).
For the SoNoise_SONO_Syn, the normative value measured was
—10.3 dB SNR (SD = 1.4), meaning that 95% of the normal-
hearing population obtained a score lower (better) than —7.5 dB
SNR (Z-score of 2). These results can only be compared against
SIN tests using binaural diotic presentation. De Sousa et al. (2020)
and Prang et al. (2021), respectively found —11.1 dB SNR (SD =
0.8) and —7.1 dB SNR (SD = 1.4) with triplets of words (digits,
and digit—common noun—color, respectively) in South African
English and English languages. Difference in the results between
both tests may be either due to types of words, presentation mode
(binaural or monaural) or noise used. They respectively tested 26
and 20 normal-hearing participants (PTA < 15 dB HL). In another
study on 202 normal-hearing participants with 4f-PTA better than
25 dB HL, De Sousa et al. (2022) reported a mean SRT of —10.3
dB SNR (SD = 1.3). Matrix tests measured SRT between —10.1
dB SNR (SD = 0.7) and —6 dB SNR (SD = 0.8) for 14 different
languages, but with 5 words (Kollmeier et al., 2015). SRT obtained
with Matrix tests are higher (worse) than SoNoise and digit in noise
(DIN) tests, probably because they use open lists while we used
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closed ones. The normative value of the SoNoise_S7NO_Syn test
was —17.5 dB SNR (SD = 1.5), meaning that 95% of the normal-
hearing population obtained a score lower (better) than —14.5 dB
SNR (Z-score of 2). These results can only be compared against SIN
tests using dichotic antiphasic presentation. In their study, Smits
etal. (2016) tested 16 normal-hearing participants (14 women and 2
men) aged between 19 and 25 years (average 22 yrs) with a DIN test
in Dutch and American English languages. They respectively found
standards of —15.3 dB SNR (SD = 0.9) and —17.1 dB SNR (SD
= 0.9). In their studies, De Sousa et al. (2020, 2022) tested 26 and
243 normal-hearing participants with a DIN test in South African
English language, and found standards of —18.4 dB SNR (SD = 1.4)
and —17.2 dB SNR (SD = 2.4), respectively. The normative values
of the present study are similar to both publications previously
cited, but a little closer to that of De Sousa.

Synthetic voice has made enormous progress and is now
frequently used in everyday life. Previous studies have evaluated the
intelligibility of synthetic voice compared to natural voice. Some
found no significant difference in intelligibility between the two
(Mirenda and Beukelman, 1987; Paris et al., 1995; Koul, 2003;
Nuesse et al., 2019; Ibelings et al., 2022; Schwarz et al., 2022). In
their study, Nuesse et al. (2019) measured an SRT of —9.1 dB SNR
for the natural voice, and —8.6 dB SNR for the synthetic voice.
Tests were performed with the German Matrix test (Wagener et al.,
1999). Some others suggested a dependence on synthetic voice

Frontiersin Audiology and Otology

quality (Clark, 1983; Pisoni et al., 1985; Greene et al., 1986; Mirenda
and Beukelman, 1987, 1990; Kangas and Allen, 1990; Humes
et al., 1991; Wolters et al., 2007; Papadopoulos et al., 2009; Cooke
et al., 2013; Aoki et al., 2022). Finally, some authors found that
natural voice had significantly higher intelligibility than synthetic
voice (Koul, 2003; Venkatagiri, 2003; Simantiraki et al., 2018).
While intelligibility was found to strongly depend on different
features such as speech synthesizer quality, listening conditions
and experience (Koul, 2003), the way the words are recorded and
the speech material were reported to have only a minimal impact
on the results (Van den Borre et al, 2021). We compared the
SRT scores obtained in SoNoise_SON0_Na and SoNoise_SONO_Syn
tests. The results show no significant difference between the average
SRT measured for the three trials with respective p-values of 0.913,
0.691, and 0.754.

Learning effect is a key element and needs to be considered
when performing SIN tests. For natural voice, the learning effect
was significant with differences of 1, 1.5, and 1.8 dB (p < 0.001
for all three) between the training and the first, second and third
tests respectively. For synthetic voice, the learning effect was also
significant with a difference of 1.3, 1.9, and 2.1 dB (p = 0.016,
p = 0.003, and p < 0.001) between the training and the first,
second and third tests, respectively. These results are similar to
those found in the literature, which show about 1 dB improvement
between the first two tests, and about 2 dB between the first and
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TABLE 3 Diotic and dichotic antiphasic SRT for the best and the worst ear respectively, normative and study populations, and both natural and synthetic

voices.
Diotic Dichotic antiphasic
Natural voice Synthetic voice Synthetic voice (n = 26)
(n = 43) (n = 69)
SRT (SD) SRT (SD) SRT (SD) Sp (%)
Normal-hearing Training —9.0(1.3) —17.5(1.5)
Trial 1 —10.0 (1.4) —10.3 (1.4) —18.9(1.3)
Trial 2 —10.5 (1.6) —10.9 (1.6) —19.0 (1.6)
Trial 3 —10.8 (1.3) —11.1(1.6) —19.2(1.9)
etic voice (n = 46
Normal- and PTA 20 dB HL —14.5 84 89
hearing-impaired
PTA 30 dB HL —13.7 89 91
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FIGURE 5
Correlation and ROC curves of the SoNoise_SzNO_Syn test. (A) Correlation coefficient (r = 0.797, p < 0.001) between SRT and 4f-PTA of the worst
ear (n = 463). Normal-hearing is represented as a blue circle, unilateral hearing impairment as an orange triangle, symmetrical hearing impairment as
a red cross, and asymmetrical deafness as a pink diamond. Two vertical dashed lines are drawn at 20 dB HL (blue) and 35 dB HL (pink). The horizontal
dashed lines represent the best SRT value predictive of a 20 dB HL and 35 dB HL 4f-PTA. The top right corner represents participants with abnormal
hearing results for both tests (true-positive). The top left corner shows discordant results between 4f-PTA (normal) and SoNoise_SzNO_Syn
(abnormal; false-positive). The bottom right corner shows discordant results between 4f-PTA (abnormal) and SoNoise_SzNO_Syn (normal;
false-negative). The bottom left corner represents participants with normal-hearing results for both tests (true-negative). (B) ROC curves
corresponding to 4f-PTA of 20 dB HL (blue), 30 dB HL (red), and 35 dB HL (pink). The inserted graph enlarges the dotted square.

fourth (Brand and Kollmeier, 2002; Jansen et al., 2012; Kollmeier
et al., 2015; Schlueter et al., 2016; Nuesse et al., 2019). However,
some studies measured a negligible learning effect after the first
training (Hagerman and Kinnefors, 1995; Rhebergen et al., 2008;
Paglialonga et al., 2014; Kaandorp et al., 2015; Sheikh Rashid et al.,
2017). These findings highlight the need to compare participants’
results to the appropriate normative value, according to the number
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of times the test is performed: i.e., a normative value for screening,
and others for diagnosis or follow-up.

To assess the accuracy of the test and thus diagnostic power, we
assessed the sensitivity and specificity of the SoNoise_SzNO_Syn
test at different 4f-PTA cut-off levels. The main characteristic for
an accurate SIN test is its ability to detect almost all cases of hearing
loss without identifying individuals with normal hearing. For a
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FIGURE 6
(A) SRT distribution of the SoNoise_SzNO_Syn. The SRT of the normative population is represented in light green (n = 26). The SRT of the study
population that participated in the diagnostic power assessment study (n = 463) are shown in dark blue. The vertical dashed lines represent the
Z-score, with associated percentile values. (B) SRT distribution of the SoNoise_SONO_Syn. The SRT of the population is represented in light green (n
= 69). The SRT of the study population (n = 399) are shown in dark blue. The vertical dashed lines represent the Z-score, with associated percentile
values.

4f-PTA of 20 dB HL, the threshold value was —14.5 dB SNR with a
sensitivity of 84% and specificity of 89%. For a 4f-PTA of 30 dB HL,
the threshold value was —13.7 dB SNR with a sensitivity of 89%
and a specificity of 91%. Finally, for a 4f-PTA of 35 dB HL, the
threshold value was —13.0 dB SNR with a sensitivity of 88% and
specificity of 93%. The French DIN test measured the correlation
between DIN SRT and 4f-PTA (0.5/1/2/4 kHz; Ceccato et al., 2021).
They tested 167 participants (77 women and 90 men), aged from
19 to 90 years (average 56, SD = 22). Among the 167 participants
tested, 66 were classified as having normal hearing, 75 symmetric
sensorineural hearing loss, 19 unilateral or asymmetric hearing loss,
and seven mixed hearing loss. For a 20 dB HL cut-off value, the
best sensitivity and specificity were respectively 96 and 93% with
—12.9 dB SNR. For a 40 dB HL cut-off value, the best sensitivity
and specificity found were respectively 99 and 83% with —10.3
dB SNR. De Sousa et al. (2020) compared the DIN results of the
worst ear to the 4f-PTA (0.5/1/2/4kHz). For a 40 dB HL cut-off
value, the best sensitivity and specificity were respectively 87 and
91% with —14.2 dB SNR. For a 25 dB HL cut-off value, the best
sensitivity and specificity were respectively 90 and 84% with —15.7
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dB SNR (De Sousa et al., 2022). In their study, 489 participants were
tested: 243 were classified as having normal hearing, 172 symmetric
sensorineural hearing loss, 42 unilateral or asymmetric hearing loss,
and 32 conductive hearing loss. Unfortunately, in their study, Smits
etal. (2016) did not report sensitivity or specificity with the PTA.
In the present study, the correlation coeflicient found between
4f-PTA and SRT of the SoNoise_S7NO_Syn test was r = 0.797 (p
< 0.001). This is consistent with the two studies using dichotic
0.82 (De Sousa
et al., 2020; Ceccato et al.,, 2021). Unfortunately, again, there was

antiphasic presentation which both found r

no mention of correlation coefficient with the PTA in the study
published by Smits et al. (2013).

In this study and those presented, age and hearing-impairment
repartition may have a non-negligible effect on the performance
of speech reception threshold in noise to predict hearing-
impairment based on 4f-PTA. For example, more people with 4f-
PTA under 20 dB HL and poor understanding in noise would
raise false-positive number, lowering specificity, meanwhile more
people with 4f-PTA mild hearing loss but good understanding
in noise would raise false-negative number, lowering sensitivity.
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FIGURE 7
BILD according to 4f-PTA difference for the participants who
performed both SoNoise_SaNO_Syn and SoNoise_SONO_Syn tests.
Normal ears (worst ear<20 dB HL) are represented as blue circles,
unilateral (best ear<=20 dB HL and worst ear>20 dB HL) deafness
as orange triangles, symmetrical (best ear>20 dB HL and diffPTA<15
dB) deafness as red crosses, and asymmetrical (worst ear>20 dB HL
and best ear>20 dB HL and diffPTA>15 dB) deafness as pink
diamonds. The light green area represents the normative values of
the BILD.

The ROC analysis values must be taken with perspective with the
profile of these people misclassified according to their problems.
On Figure 5A, participants in the top left corner demonstrated
problems understanding in noise, however this would likely
be left unmanaged today due to the good 4f-PTA results,
considered the main criteria for the management of hearing-
impaired people. These people often have real complaints about
their capacity to communicate in difficult daily situations and
more and more countries consider that poor understanding in
noise alone merits treatment. On the opposite, the bottom right
corner shows discordant results between 4f-PTA (abnormal) and
SoNoise_StNO_Syn (normal). These participants have mostly
good low frequency but poor high frequency thresholds, and can
be explained by dichotic antiphasic presentation improving the
speech understanding for individuals with symmetric hearing loss
but with well-preserved low frequency thresholds (Culling and
Lavandier, 2021). These people often have no real complaint in
noisy situations but are often eligible for hearing loss management,
not for milder hearing loss but for 4f-PTA above 30 dB HL.
In this study, their detection is difficult due to the antiphasic
presentation, and more of these profiles would have lowered the
obtained sensitivity. Studies have shown that diotic presentation
fails to detect unilateral and asymmetrical hearing loss due to
the dominance of the better ear. Also, this presentation is mostly
unaffected by bone conduction hearing loss when presented at
suprathreshold levels (De Sousa et al., 2020, 2022; Ceccato et al.,
2021). Dichotic antiphasic presentation correlates well with the
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results of the worst ear, but misses symmetric hearing loss with
well-preserved low frequency thresholds.

Each test type having its advantages and disadvantages
demonstrates the need for a combined test with both diotic and
dichotic antiphasic assessment allowing the discrimination between
different types of hearing loss. Another option could be to combine
a screening audiometric test and a questionary evaluating the
hearing impairment in daily life like the HHIE-S (Ventry and
Weinstein, 1982; Duchéne et al., 2022) to assess the problematic of
subjects that perform well but still experienced hearing difficulties.
Those profiles sometimes get a real benefit from hearing care, even
with under-clinical audiometric requirements.

4.1 Binaural intelligibility level difference

The BILD were 8.6 dB (SD = 2.0), 8.1 dB (SD = 2.1),
and 8.1 dB (SD = 1.9) for the three SoNoise_SONO_Syn and
SoNoise_SmNO_Syn comparisons, respectively. ANOVA analysis
showed no significant learning effect on the BILD (p = 0.645).
These results are consistent with those published by De Sousa et al.
(2020, 2022) who found a difference between diotic and dichotic
presentation of the DIN test between 6 and 8 dB. They reported a
SRT of —11.1 and —18.4 dB SNR respectively for diotic and dichotic
presentation for the first study, and —10.3 dB SNR and —17.2 dB
SNR respectively for the second one. Smits et al. (2016) meanwhile
found a smaller BILD (called binaural masking level difference
BMLD) with the DIN test in Dutch and US English giving 5.7 and
5.6 dB, respectively. In an additional study (unpublished), Ceccato
et al. (2021) tested 19 normal-hearing young adults. They found
a SRT of —10.7 dB SNR (SD = 1.3) with the diotic presentation
and —15.4 dB SNR (SD = 1.3) with the dichotic antiphasic, both
of which are lower than what was measured using diotic and
dichotic SoNoise tests with synthetic voice. The differences in BILD
may be explained by the specific equalization for binaural diotic
and antiphasic presentation for SoNoise test, and by the fact that
SoNoise tests do not only use digits.

4.2 Time duration

Concerning test duration, the mean duration of the SoNoise
tests was 167s (SD = 38s, median 1665, IC95 [164-170]), and
took no longer than other screening SIN tests. Indeed, this duration
is consistent with the 3 min measured with the DIN triplet test
(Smits et al., 2004; Smits and Houtgast, 2005; Koole et al., 2016;
De Sousa et al., 2020). In their studies, they respectively tested:
3,327 adults aged above 50 years (mean = 65 yrs), 38 normal-
hearing and hearing-impaired participants (76 ears) among which
22 normal ears and 54 impaired ears, and 39,968 participants
during a telephone mass screening study (75% older than 44 yrs
of age). The DIN was reported (Smits et al,, 2013) to have a 2-
minute test duration, although the way this was measured was not
mentioned. In their study on 19 normal-hearing and 21 hearing-
impaired participants, Jansen et al. (2010) reported a 5-minute
duration for the FrDigit3 test, longer than other triplet tests. Where
the SoNoise_S7NO_Syn test saves a lot of time is in hearing
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screening. SoNoise tests for use in screening and in diagnosis have
the advantage of being fast in both cases and thus fulfill a key
requirement for performing SIN tests.

4.3 Speech material

The development and validation of SIN tests requires several
steps. The equalization phase ensures that each word has a
50% chance of being recognized correctly at the same SNR.
Indeed, the generation of the words does not certify an identical
difficulty between them. One equalization was done for the
SoNoise_SNO_Syn test, and one for the SoNoise_SONO_Syn test.
We decided to equalize each word separately, without prosody
and coarticulation. Normal-hearing participants were tested with
1 to 5 tests, to present all words equally at different SNR levels.
Psychometric curves were plotted for each of the words, and an
intensity level correction then performed so that each word had a
50% chance of being recognized at the same SNR. The Dutch DIN
equalized the whole triplet. Only some have been selected—those
with a certain slope and SNR value—and normal-hearing subjects
performed the DIN with an adaptive method (Smits et al., 2004).
In their study, Jansen et al. (2010) used digits pronounced with
natural intonation, but without coarticulation from one digit to
another. They selected digits with steep slopes and with SRTs near
the average SRT, before having them equalized by normal-hearing
subjects with a fixed SNR method. In other studies, different
procedures were used (Jansen et al., 2010; Potgieter et al., 2016;
Ceccato et al., 2021). For Matrix tests, equalization protocol was
more complicated and used coarticulation between the five words
of the tests in different languages.

Then, level adjustments were applied: words with high
intelligibility were reduced and words with low intelligibility were
increased (Kollmeier et al., 2015). In this protocol, the final test was
used to perform equalization, as proposed in Brand and Kollmeier
(2002), Jansen et al. (2012) and recently by Masalski et al. (2021) for
digits. This allows to get information of the item inner difficulties
as well as the difficulties induced by their position in the group of
words. We showed that the common nouns in the middle were
the easiest, followed by the digits presented in first position and
the colors in last position that is coherent with studies on the
Matrix tests (Brand and Kollmeier, 2002; Jansen et al., 2012; Nuesse
et al,, 2019). We re-tested the difficulty of items after equalization
and found that the item SRT variability dropped from 2.5 to
1 dB of standard deviation. While variations in SRT remained
between digits, common nouns and colors, they were slightly
reduced as well. Moreover, according to the second evaluation
further equilibration in difficulty may be done, and even later by
getting the results of the future test that are done. In this study,
a different equalization has been performed for each one of the
dichotic antiphasic and diotic SoNoise tests, unlike for the DIN tests
where the words used for the dichotic antiphasic presentation were
equalized using a diotic presentation of the words. The question
could be raised as to the impact on a dichotic test of an equalization
with diotic word presentation.

The word “sanglier” is trisyllabic. When compared to other
words, length appears not to be an issue. The jitter allows a random
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variation in duration between words, and the equalizations ensure
that words are equally complicated to recognize. In their study,
Potgieter et al. (2016) separated words with 200 ms of silence
and 100 ms of jitter. In the DIN (Smits et al., 2013), the silent
interval was 150 ms between digits, and was enlarged or reduced
with a random #50 ms. This reduces the rhythm of the test, and
limits whether patients can understand a word only due to its
duration. In their studies, Lyzenga and Smits (2011) and Smits
etal. (2016) detected no significant difference in the SRT measured
between triplets of digits pronounced with and without prosody
and coarticulation, using male and female voices, respectively. It
appears that coarticulatory cues are no longer available at a SNR of
10 dB (Fernandes et al., 2007). All combinations of triplet words
were kept and available for testing, as described elsewhere (Prang
etal., 2021).

The masking noise used in these tests was a white noise fitted
to the long-term spectrum of the test words (Plomp and Mimpen,
1979; Nilsson et al., 1994; Brand and Kollmeier, 2002; Soli and
Wong, 2008; Jansen et al., 2012; Dillon et al., 2016; Potgieter et al.,
2016), ensuring that the chosen noise depended on the SoNoise test
performed. Indeed, the long-term spectrum of the diotic test words
differs from the dichotic antiphasic one, both having different
shapes due to the inverted temporal envelopes. This approach
therefore differs to that of Ceccato et al. (2021) who used the same
masking noise for both diotic and dichotic presentations. In their
study, De Sousa et al. (2022) did not specify whether the same
masking noise was used for both diotic and dichotic antiphasic
tests. In the SoNoise tests, there are differences between speech
and noise power spectrum levels below 150 Hz for both natural
and synthetic tests (Figure 1). The finite-impulse-response filter
used tends to increase the noise spectrum shape, keeping more low
frequencies for the noise. This is due to the algorithm’s difficulty in
generating a filter that follows rapid spectral changes of the speech.

Characteristics of the speech material are displayed in Table 2.
The fundamental frequency was higher for natural voice (210 Hz)
than for synthetic voice (178 Hz). In the US DIN test, the
fundamental frequency was 208.9 Hz for the female voice used
(Smits et al.,, 2016). In the present study, the tests also revealed
a longer word duration for natural voice (661 ms) compared
to synthetic voice (451 ms), leading to a slower speech rate
with 1.6 and 2.3 syllables/s, respectively. In their study, Nuesse
et al. (2019) also found a higher fundamental frequency for the
natural speech, and a slower speech rate for the natural female
OLSA (167 syllables/min) compared to the synthetic female voice
(175 syllables/min). The FraMatrix and the French Intelligibility
Sentence Test (FIST) measured higher speech rate with respectively
4.2 and 3.6 syllables/s (Jansen et al., 2012; Luts et al., 2008). The
FrDigit3 shows a lower speech rate with 1.9 syllables/s (Jansen et al.,
2010).

Most of the cited tests are designed for free-field presentation
and the only ones specifically designed for headphones presentation
are the screening tests. While free-field presentation may be more
ecological and very useful for prosthetic evaluation (hearing aids,
cochlear implants), a clinical setting is often not suited for a
good free-field installation that requires space and stability to
ensure reliable calibration. A clinical SIN test administered with
headphones may therefore be of interest, especially if the test also
measures some of the main binaural functions of the hearing.
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4.4 Limitations

The results of this study were obtained using an
Android OS tablet (Galaxy Tab A7) and calibrated Orosound
Bluetooth headphones, chosen for their capacity for automatic
calibration with the high accuracy required in a professional
hearing application.

SRT measured in normal-hearing participants with natural
and synthetic voices showed no significant differences. It would
now be interesting to compare SRT of both voices in hearing-
impaired subjects. In this study, the learning effect calculation is not
completely reliable. Normal-hearing participants tested to define
the normative values performed the tests in a counterbalanced
manner, as described elsewhere (Culling et al., 2005; McArdle
et al., 2005; Potgieter et al., 2016). If each SoNoise test had been
performed in succession by the participants, the normative values
would probably have been different. This choice was made in order
to carry out intra-individual analyses of the SRT on participants on
different tests (natural vs. synthetic voices).

5 Conclusion

SoNoise tests are adaptive SIN self-tests, performed with
Bluetooth headphones and a tablet. These SIN tests are the unique
French auditory tests operating on the binaural system. Its dichotic
antiphasic presentation enables its accurate measurement of SIN
abilities. With a duration of only 3 min, it can be used for screening
and diagnosis, with the corresponding normative values.
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