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Abstract: Background: The development of the global digit-in-noise test requires optimization of
each language version on a group of normal-hearing native-speakers. An alternative solution may
be an adaptive optimization during ongoing tests in a group of subjects with unknown hearing
impairments. The objective of the research was to compare the optimization results between these
groups. Methods: Digit triplets consisting of three pseudo-randomly selected digits were presented
in speech-shaped noise at various signal-to-noise ratios (SNRs), according to the protocol of the final
speech test. Digit-specific and position-specific speech reception thresholds (SRTs) were determined
and compared between groups. Results: The study sample consisted of 82 subjects, 26 normal-
hearing subjects and 56 patients with diverse hearing disorders. Statistically significant differences in
digit-specific SRTs between the control and the investigated group were obtained for three digits in
continuous noise (digits 0, 4, 6; p-value of 0.04, 0.03, 0.05) and two in modulated noise (digits 1 and 6;
p-value of 0.05 and 0.01). An analysis including only ears with SRTs within the range of the normal
hearing control group showed no statistically significant differences between digits. Conclusion:
Optimization of speech material can be carried out in a group of subjects with unknown hearing
impairments, provided the ears with scores outside normal range are rejected.

Keywords: speech audiometry; speech intelligibility in noise; digit triplet test; digit-in-noise test;
speech reception threshold; tele-audiology; mobile-based hearing tests

1. Introduction

The burden of hearing loss is common worldwide. Communication difficulties, low
self-esteem, and isolation lead to social exclusion and depression [1-3]. Currently, world-
wide hearing loss prevalence is estimated between 4.0% and 18.1% [1,4-8]. Despite signifi-
cant variation in the estimated values resulting primarily from the adopted methodology,
the prevalence increases globally due to the aging of the worldwide population and the
strong positive correlation between hearing impairment and age [4,5,9]. Therefore, ex-
tensive measures are taken in the field of prevention, diagnosis and treatment of hearing
loss [5].

Mobile-based hearing tests can be carried out at low cost and on a large scale [10-18].
They are applied as screening tests, especially in underserved areas, in preliminary eval-
uation of audiological patients, in self-monitoring of hearing or even in epidemiological
studies [8,16,17,19-22]. Such applications increase awareness of hearing loss and motivate
to take individual and systemic preventive measures [5,23].

Mobile-based hearing tests implemented by means of tonal signals can be easily adopted
for global usage and some of them are already available worldwide [10,12,14,15,18], unlike
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mobile-based speech tests that are available for selected languages only [24-26]. Compari-
son of test results between various languages, as opposed to tonal-based tests, is much more
complex due to the differences in speech material, presentation methods, test algorithms
and scoring procedures.

Guidelines for the development of internationally comparable screening tests for
assessing speech intelligibility are presented in [23,27-29]. The starting point was the digit
triplet test developed in Dutch [30] for telephone use and then in the Internet version [31].
The test consists in identifying three digits presented in noise at different signal-to-noise ra-
tios. The advantage of digit triplets is the use of words commonly known in the population,
the inability to deduce responses from the context and learn by heart, as well as the minimal
impact of the cognitive abilities on the results [30,32]. Digit triplets also reveal very high
correlation with the sentence test, despite not reflecting the general phoneme distribution
of a given language [30,33]. In addition to the Dutch language [30,31], the versions of
the triplet test were also prepared for Canadian English [34,35], Danish [36], American
English [37,38], German [33,39-41], British English [42,43], Polish [32], French [44], New
Zealand English [45], Swedish and Greek (unpublished, given after [23]), Finnish [46],
Russian [47], Malay [48], South African English [24], Canadian French [35], Persian [49]
and Korean [50]. The multiplicity of language versions indicates digit triplet test usability.
However, the above constitutes only a small percentage of the world’s languages and
reflects the need for improvement of test development procedures.

Speech audiometry in noise measures speech reception threshold (SRT) that deter-
mines a signal-to-noise ratio (SNR) at which a given ratio (commonly 50%) of the presented
items (sentences, words or digits) are recognized correctly. The smaller the standard devia-
tion of the SRT in a given item sample, the more efficient the test [51,52]. The optimization
of the test consists in minimizing the SRT deviation by determining correction coefficients
of item-specific SRTs so that the intelligibility of each item is similar [23]. The optimiza-
tion is carried out in a group of normal-hearing native-speakers due to relatively small
inter-individual SRT. Nevertheless, the measurements are tedious and hours-long and
consequently difficult to organize for many languages. There is an alternative to normal-
hearing native-speaker optimization, as it may be substituted by an adaptive procedure
that is applied during ongoing testing using the results of subjects with an unknown
hearing threshold, thus improving the efficiency of the test as new results become available.
This semi-automatic optimization of language versions can be easily adopted into already
globally available solutions for hearing testing. However, the adaptive optimization is
feasible only if the item-specific SRT differences in normal-hearing subjects are consistent
with those in hearing-impaired subjects. As the literature data on these differences are
limited and ambiguous [38,49,53,54] more detailed studies are required. In the case of the
digit triplet test, besides the digit-specific SRT, the digit position-specific SRT must also
be considered.

The efficiency of speech audiometry tests, apart from the SRT variability, also depends
on the slope of the psychometric function that determines the intelligibility ratio in relation
to SNR. The steeper the slope, the more efficient the test [23,55]. The slope, in contrast to the
SRT, is not subject to simple adjustment as it is a distinctive feature of the speech material
itself. The improvement of the test efficiency can, however, be achieved by rejecting the
words with the shallowest slopes [28,30,32,46,56]. In the optimization of multilingual digit
triplet test, it will be feasible to reject a digit based on the slopes measured in a group
of subjects with unknown hearing loss only if the values are consistent with those of
normal-hearing subjects.

The aim of the study was to assess the optimization feasibility of the digit triplet test
in a group of subjects with diverse hearing disorders. The evaluation was carried out by
comparing digit-specific and position-specific SRTs, as well as digit-specific slopes between
a normal-hearing subject group and the group of subjects with diverse hearing disorders.
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2. Materials and Methods

The study was a single-center, parallel, closed trial carried out on employees, students
and patients of the ENT Department. The consent to conduct the trial has been given by the
Bioethics Committee of Wroclaw Medical University. The subjects were recruited offline
using face-to-face prompting. Prior to the study, the participants were informed of the
purpose and course of the study, and they had signed the informed consent.

2.1. Speech Material

Speech material composed of 10 Polish digits spoken by a male native-speaker lector.
All monosyllabic (2,3,5,6) and disyllabic (0,1,4,7-10) digits were used. The material was
recorded in a recording studio using Neumann U87 condenser microphone and Audient
ASP008 preamplifier, and then subjected to digital conversion through an analogue-digital
converter MOTU 2408mk3. The conversion was carried out at a sampling frequency of
44.1 kHz and with 24-bit resolution. Fragments of the recorded material (about 1 s in length)
containing digits preceded by 50 ms of silence were extracted and saved in separate files.

The masking noise was created by digital filtering of a white noise. A FIR filter of the
order of n = 500 was used. The filter was designed to reflect the frequency of the signal
formed from the combination of all digits. The resulting speech-shaped noise of 5 s in
length [30,42,43] was saved to a file.

As the test was intended to be used on personal computers and mobile devices, the
sound files were subjected to lossy compression to the MPEG-1 Audio Layer II format with
a sampling frequency of 44.1 kHz and 16-bit resolution. The compression significantly
reduces the file size while only slightly lowering the quality of the recording. Lower quality
may decrease the intelligibility of the speech material, but it can also be an advantage in
standardizing the test when presented on various-quality equipment.

The triplets were generated and played back by an applet implemented in Java running
in a browser. Each triplet was generated on the fly during testing using ten digit sound files
and one speech-shaped-noise sound file. The sound files were loaded from a server just
after the applet was started. Each triplet consisted of 3 digits generated pseudo-randomly
without repetitions and presented in noise: continuous or modulated. The continuous
noise was chosen from a cyclic buffer of 5 s in length containing speech-shaped noise at a
pseudo-random position. The modulated noise was created from continuous noise using
rectangular envelope of 20 dB depth and modulation frequency of 16 Hz [52]. A constant
shift of the noise modulation relative to the digit was provided. The noise was presented at
a fixed intensity level, while the amplitude of a digit was determined each time to obtain
the desired SNR. The root mean square (RMS) for the digit was calculated between the first
and last signal sample, whose amplitude exceeded 3% of the maximum value. Each digit
was preceded by a 0.5 s noise fragment and followed by a 0.25 s fragment. A rising slope
of 0.1 s at the beginning of the noise of the triplet and a descending slope of 0.1 s at its end
were applied.

2.2. Measurement

The hearing threshold of each subject was determined by means of pure-tone au-
diometry. Pure-tone audiometry was performed using conventional 10 dB down and 5 dB
up bracketing method in accordance with the standards of the British Society of Audiol-
ogy [57]. The measurements were carried out by an audiologist using an Interacoustic
AD229e clinical audiometer with TDH-39 and B71 headphones previously calibrated in
accordance with ISO 389-1: 1998. The control group was recruited among employees and
students and included ears with an air conduction (AC) hearing threshold lower or equal
to 20 dB HL in the range between 250 Hz and 8 kHz [38]. The investigated group consisted
of patients of the ENT Department, regardless of the hearing threshold.

Each subject performed the digit triplet test in continuous and modulated noise. The
evaluation was carried out in the range from —26 to —6 dB SNR and from —32 to —12 dB
SNR for continuous and modulated noise, respectively. The SNR ranges were determined
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on the basis of preliminary measurements to obtain extreme intelligibility values at their
ends. Triplets were presented starting from the highest signal-to-noise ratio in 2 dB steps.
The study participants were instructed to identify each digit of a triplet by pressing one of
the buttons 0-9 or pressing the X button when the digit was completely incomprehensible.
The entire triplet was then confirmed using the OK button. Digit scoring method was used.
Participants without computer literacy were assisted by a technician. The measurement
was conducted separately for each ear, starting with the right ear. Testing at the specified
SNR was completed on one of three conditions: after 7 triplets (21 digits) were evaluated,
when all the digits in the first three triplets were identified correctly, or when all the
three digits in the first three triplets were identified incorrectly. The measurement was
terminated after reaching a SNR level for which all the digits in the first three triplets were
incomprehensible. No training was conducted prior to the test.

The digit triplet test was carried out in a sound booth of the ENT Department auditory
lab, on a Lenovo T420s laptop equipped with common headphones (Media-Tech). The
sound intensity was determined at the beginning of each examination, individually for
each participant, at most comfortable listening level and could be changed during the test.

2.3. Statistical Analysis

The SRT was calculated for each digit and for each position of the digit in the triplet
by fitting a psychometric function (Equation (1)) to the measurement data by means of
least squares [32,54].

@(SNR) = po + (1 — pg) - CDF(SNR — SRT) 1)

where: p—psychometric function, SN R—signal-to-noise ratio, pp—probability of random
selection, SRT—speech reception threshold, CDF—normal cumulative distribution.

Digit-specific SRTs and position-specific SRTs determined in the control group were
compared with the investigated group. Group differences were evaluated by means of
confidence intervals for two independent samples after Bonferroni correction for multiple
comparison. Bonferroni correction was applied to account for simultaneous comparison of
3 positions and simultaneous comparison of 10 digits. Confidence intervals were calculated
by means of bootstrapping assuming the number of replicates at the level of 1000. The
analyses were carried out using MATLAB R2018a (The MathWorks, Inc., Natick, MA, USA).

The sample size was estimated based on preliminary measurements of the digit-
specific SRT resulting in a standard deviation of 1.9 dB and 2.6 dB in the control group
and the investigated group, respectively. For a statistical significance level of 0.05, the
statistical power of 0.8 and the effect size of 0.75 dB, the sample size was 50 and 95 ears in
the control group and the investigated group, respectively. The research was completed
after obtaining the required sample size in both groups.

2.4. Adjusted and Additional Analysis

Digit-specific SRTs and position-specific SRTs determined in the control group were
also compared against the subgroup of investigated group having SRTs within normal
range. The upper limit of the normal range was determined as the 99th percentile of the
control group. Group differences were evaluated as before, using bootstrapping-calculated
confidence intervals compared after applying Bonferroni correction.

An additional analysis, analogous to the SRT comparison, was also conducted for the
slope of the psychometric function. The slope was determined for the digit and its position
in the triplet on the basis of a derivative of the fitted psychometric function (Equation (2)).
The value of the derivative was calculated algebraically at the SRT, directly from the

definition of the derivative.
g de(SRT)

dSNR @
where: S—slope of psychometric function, p—psychometric function, SNR—signal-to-
noise ratio, SRT—speech reception threshold.
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3. Results

In the period from 13 June 2019 to 23 January 2020, 82 subjects (164 ears) were
examined of which 26 were students and employees aged 18-36 (median 26.5) and 56 were
patients aged 21-71 (median 40.0). The control group included 50 out of 52 ears (96%) from
the group of students and employees for whom the AC hearing threshold in the entire
frequency range from 250 to 8 kHz did not exceed 20dB HL. All the patients (112 ears) were
included in the investigated group (Table 1, Figure 1).

Table 1. Baseline demographic data.

Characteristic Control Group Investigated Group
Number of participants 26 56
Age (years), range (median) 18-36 (26.5) 21-71(40)
Gender (male), n (%) 12 (48%) 13 (52%)
Number of ears 50 112
Hearing threshold 1 (dB HL), mean (SD) 6.3 (6.0) 30.0 (24.7)

1 Air conduction at the frequency range 0.25-8 kHz.

Control group Investigated group
Students and ENT patients
Recruitment  |€mployees (56 participants)
(26 participants) N =112 ears (100%)
N =52 ears (100%)
v Exclusions _____
Eligibility HT<20dBHL | A ’E HT > 20 dB HL i
within 0.25-8 kHz ' within 0.25-8 kHz |
Y SooIIIIIIIIIIIITTT
Measurement |N = 50 ears (96%) | |N =112 ears (100%) |-_I_r;w_féfi_g_a{t_e_ dsu _l;g_r_'(_){l_ﬂ»i Intelligibility i
1 o 0, 1
with normal SRTs :_r_a_ti(zi_S_O_{o_ _______ ;
) Ear SRT < 99th iEar SRT>99th |
Maiching percentile of the |- pipercentile of the !
control group Econtrol group !
A A 4 l

Comparison |N1 =50 ears (96%)| |N1 =95 ears (85%) | [N1 =49 ears (44%)
N2 =50 ears (96%)| [N2 =90 ears (80%) | [N2 =157 ears (51%)

Figure 1. Attrition diagram (HT—air conduction hearing threshold, SRT—speech reception threshold,
N1, N2—number of ears for continuous and modulated noise, respectively).

The average AC hearing threshold at 0.25-8 kHz was 6.3 and 30.0 dB HL in the control
group and in the investigated group, respectively. AC hearing thresholds are shown in
Figure 2 and types of hearing loss in Table 2.

Table 2. Types of hearing loss in study groups.

: 1
Study Group N Normal Hearing Sen:):;r::ar:l%alioss Tgf)ilductive Mixed
Control group 50 50 (100%) 0 0 0
Investigated group 95 34 (36%) 29 (31%) 4 (4%) 28 (29%)
Investigated group with normal SRTs
Continuous noise 49 30 (61%) 12 (31%) 1(2%) 7 (12%)
Modulated noise 57 33 (58%) 13 (58%) 2 (4%) 8 (14%)

1 Normal hearing: Air conduction (AC) < 20 dB HL for all frequencies, sensorineural hearing loss: AC > 20 dB HL at any frequency
and bone gap (BG) < 15 dB HL for all frequencies, conductive hearing loss: BC (bone conduction) < 20 dB HL for all frequencies and
BG > 15 dB HL at any frequency, mixed hearing loss: all other ears, AC frequency range 0. 25-8 kHz, BC frequency range 0.25-4 kHz.
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Figure 2. Air conduction hearing thresholds in the control group and in the investigated group.

3.1. Speech Reception Threshold

Speech intelligibility was calculated by dividing the number of correctly identified
digits by the number of all the digits presented at a particular SNR. If the digit was
incomprehensible and the X button was pressed, the numerator was increased by the
probability of random selection at 1/10. Examples of speech intelligibility ratio in relation
to SNR are shown in Figure 3. SRTs were calculated for all measurements for which speech
intelligibility ratio exceeded 50%, i.e., for all ears in the control group and for 95 of 112
(84.8%) and 90 of 112 (80.4%) ears in the investigated group for continuous and modulated
noise, respectively. Measurements for which the maximum speech intelligibility ratio
was lower than 50% were rejected due to a substantial error of extrapolation. The results
were checked for the SRT differences between the right and the left ear. No statistically
significant differences were obtained (p = 0.94, d = 0.04 dB and p = 0.78, d = 0.17 dB for
continuous and modulated noise, respectively).
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Figure 3. Examples of the speech intelligibility ratio in relation to the signal-to-noise ratio (SNR)
fitted with the psychometric function for continuous noise (right panel—a subject of the control
group, left panel—a subject of the investigated group with right-sided hearing impairment).

Speech intelligibility data were adjusted for inter-individual differences, separately
for each ear basing on the SRT value of that ear. After adjustment, psychometric functions
were determined in each group for the digits and their positions in the triplet (Figure 4).
Digit-specific and position-specific SRTs were calculated using the psychometric function
for continuous and modulated noise (Appendix A).
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Figure 5. Position-specific and digit-specific speech reception thresholds (SRTs) for continuous and modulated noise. The
Y-axis represents SRT normalized for individual differences (after correction for ear SRT). The 95% confidence intervals are
marked by whiskers. Statistically significant differences at the level of p = 0.05 calculated applying Bonferroni correction for

The 95% confidence intervals for digit-specific and position-specific SRT were deter-
mined by bootstrapping and compared applying the Bonferroni correction for multiple
comparisons (Figure 5). No statistically significant intra- and inter-group position-specific
SRT differences for continuous noise at p = 0.05 were found. For modulated noise, only
the first position in the control group turned out to be significantly different from zero at
the level of 0.36 dB (95% CI 0.18, 0.56) in the absence of inter-group differences at p = 0.05.
Digit-specific SRT demonstrated intra-group differences that are in line with expectations
and are subject to optimization but also inter-group differences. Statistically significant
inter-group differences were found for digits 0, 4, 6 and 1, 6 of 1.05 dB, —1.00 dB, —0.91 dB
and —1.15 dB, —1,06 dB, respectively, and p-values of 0.04, 0.03, 0.05 and 0.05, 0.01 in
continuous and modulated noise, respectively (Figure 5, Appendix A).
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3.2. Adjusted Analysis

Despite statistically significant inter-group digit-specific SRT differences, it can be
observed that the trend for each digit is preserved and that the thresholds are similar.
Substantial differences in pure-tone audiometry between groups result in slight, but still
statistically significant differences in digit-specific SRT. Narrowing the investigated group
to subjects whose triplet test results are close to normal may reduce the differences to
clinically insignificant values.

A subgroup was selected from the investigated group on the basis of test SRT. Ears for
which SRT exceeded 99th percentile of the control group were rejected from the investigated
group. Finally, 49 out of 112 (43.7%) and 57 out of 112 (50.1%) ears were qualified to the
subgroup for continuous and modulated noise, respectively (Figure 6).

Continuous noise Modulated noise

5 0
: X Control group
ol 1 5t O Investigated group
| o .
| @ |Investigated subgroup | O
— 8 o with normal SRTs o
Z 5| | ° o0 0©_1-10¢ ' o '
7 | o oo o o ol 09%0
= ¢ oy oo 880, ©
— -10 éo O g 06 OO 1-157 |O 00
= 0008@ o o | 8 Q0
@ 0950 088 o o 00 8o ©
O o 2r8e3 680 87062 | | L 4 90088 e 82 O
-15[ 90490 ©§o . {-20f 2 gos g o o
‘ .’ 30 e
-20 ! # —25'1! ()

max(HT) [dB HL] max(HT) [dB HL]

Figure 6. Selection of the investigated subgroup having speech recognition thresholds (SRTs) within
normal range. Vertical dashed line—eligibility criteria for the control group; horizontal dashed line—
cut-off threshold of normal SRTs; max (HT)—maximal air conduction threshold in the frequency
range 0.25-8 kHz.

The digit-specific SRTs in the control group were compared to the investigated sub-
group having SRTs within normal range. The Bonferroni correction for multiple compar-
isons was applied (Figure 5, Appendix A). For both continuous and modulated noise, no
statistically significant inter-groups differences were found at p = 0.05.

The decrease in the number of tests in the investigated subgroup resulting from the
rejection of tests with SRT above normal may lead to a reduction of the statistical power
and consequently to a false negative result. However, the digit-specific deviation of SRT in
the full investigated group is greater than in the investigated subgroup, which results in
comparable confidence intervals in both groups and ultimately maintains the test power at
an unchanged level.

3.3. Additional Analysis. The Slope

The digit-specific and position-specific slopes were determined after inter-individual
adjustment for SRT analogously to digit-specific and position-specific SRTs. The results
are presented in Figure 7 and Appendix B. As expected, in the control group, the slope
was significantly higher than in the investigated group for both continuous and modulated
noise at p < 0.001,d =1.86 %/dB and p = 0.01, d = 1.26 %/dB, respectively. Differences in
digit-specific and position-specific slopes were revealed only for the first position (p = 0.01,
d =2.9 %/dB) and the digit 0 (p = 0.02, d = 9.6 %/dB) in continuous noise, which may be
associated with wide confidence intervals that are a consequence of the sample size deter-
mined on the basis of the SRT criterion. There were no statistically significant differences at
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p = 0.05 between the control group and the investigated subgroup with normal SRTs for
both continuous and modulated noise.
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Figure 7. Position-specific and digit-specific slopes of the psychometric function for continuous and modulated noise. The

95% confidence intervals are marked by whiskers. Statistically significant differences at the level of p = 0.05 calculated

applying Bonferroni correction for multiple comparisons were marked (*).

4. Discussion
4.1. Principal Results

Statistically significant differences in digit-specific SRTs were found at p = 0.05 between
the control group and the investigated group and were absent when selecting ears having
SRT within normal range. This confirms feasibility of digit-specific SRT optimization basing
on measurements carried out in a group of subjects with undefined hearing loss, provided
ears outside the normal range are rejected.

The position-specific SRT differed significantly from the mean at p = 0.05 only in
the control group for modulated noise by 0.36 dB (95% CI 0.18-0.56). Given the lack of
statistically significant differences for other groups in modulated noise and for all groups
in continuous noise, as well as the limited clinical significance of the difference, it can
be concluded that the impact of the digit position on the speech intelligibility score is
negligible. Therefore position-specific SRTs do not require optimization in this case.

The digit-specific slope differences between the control group and the investigated
subgroup with normal SRTs were not found to be statistically significant at p = 0.05.
Moreover, the mean absolute difference at the level of 1.6%/dB turned out to be much
lower than the inter-digit differences up to 10%/dB. Therefore, when optimizing the test,
the decision to exclude a digit can be made based on the slope values in the group with
normal SRTs.

4.2. Comparison with Prior Work

Statistically significant differences in digit-specific SRTs between normal-hearing
and hearing-impaired are confirmed by [38]. Wilson and Weakly [38] present SRT levels
for English digits in the normal-hearing group and in sensorineural hearing-impaired
group with an average hearing threshold in the frequency range 0.25-4 kHz at 40 dB HL.
Statistically significant differences at p = 0.05 calculated applying the Bonferroni correction
for multiple comparisons were obtained for digits 1, 5 and 6. Similar relationships for the
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same test were found in paper by Wilson et al. [53], in which the largest relative differences
were also found for numbers 1 and 5.

The comparison carried out using data from the article by Wilson and Weakly [38]
was performed between groups with substantial differences in pure-tone threshold and
revealed statistically significant differences in digit-specific SRTs. It should be expected that
with lesser differences in the hearing threshold, the differences in digit-specific SRT should
also be smaller. In another work by Smits and Houtgast [54], a SRT of the whole triplets was
determined in two groups of subjects defined only by means of speech audiometry results.
The first group included subjects with SRT from —7.5 to —6.5 dB, which corresponds to
the result of normal-hearing subjects, while the second included subjects with SRT from
—4.5 to —3.5 dB, which relates to slight hearing loss of average pure-tone threshold in the
frequency range 0.5-4 kHz at 25 dB HL [30]. Triplet-specific SRTs in these groups were
nearly the same. This remains in line with the present study stating a lack of statistically
significant differences between the normal-hearing group verified in pure-tone audiometry
and the investigated subgroup having SRTs within normal range. It validates the use of
more liberal criteria in qualifying for the group on the basis of which speech material
is optimized.

4.3. Limitations

This research was carried out only for tests in Polish, which is the limitation of
the study. However, considering consistent results for different types of noise and their
agreement with English tests [38,53,54], similar relationships should be expected for other
languages. Nonetheless, due to the diversity of the world’s languages, the results should
be verified each time. In particular, verification of the method is required in all tonal
languages. The international recommendations for the development of multilingual speech
tests [28,29] do not distinguish between tonal and non-tonal languages. However, the
information included in lexical tones significantly influences the mechanisms of speech
intelligibility in noise [58,59] and the result of optimization following the recommendations
may differ for tonal languages [60]. The rationale for optimization as well as the efficiency
of the optimization methods require further research for tonal languages.

No differences in position-specific SRTs were found in this study. The reasons may be
due to triplets generated based on non-position-specific recordings of digits, thus missing
prosody and coarticulation. The effects of prosody and coarticulation on test efficiency is
disputed [29,61] and, along with position optimization, requires further research.

4.4. Generalization

Selecting individuals that have SRT within normal range requires prior determination
of the test standards in a group on normal-hearing subjects. With limited ability to assess
subjects’ hearing thresholds when developing a multilingual test in uncontrolled conditions,
it is more efficient to standardize the test and select the measurements within the norms for
further optimization as standardization requires fewer measurements than optimization.
However, assuming the participation of normal-hearing subjects, it is also possible to
perform optimization without prior standardization by using the ears with the lowest SRT
in a number not exceeding the number of normal-hearing ears. In other words, when the
percentage of normal-hearing subjects in a study population is known, optimization can
be performed on up to the same percentage of the best results, as they are bound to be
within the norms. The percentage itself, can be easily estimated from, e.g., preliminary
measurements or literature data [8] without having to check each subject for a normal
hearing threshold.

5. Conclusions

The impact of the digit position in the triplet lacking prosody and coarticulation on
the speech intelligibility score was found negligible and might not require optimization.
Optimization of the digits-specific SRT can be carried out in a group of subjects with
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undefined hearing loss, provided that the test results outside normal range are rejected.
Additionally, if the slope of this digit is much shallower than that of the other digits,
excluding the digit can be justified by means of the same group. The findings should be
also verified in other languages.
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Appendix A

Table A1. Position-specific and digit-specific speech reception threshold (SRT).

Characteristic Control Group Investigated Group Investigated Subgroup with Normal Srts
Continuous noise
N (ears) 50 95 49
SRT (dB SNR), CI (95%), p-value !
Position 1 0.10 (—0.11, 0.30) 0.14 (—0.03, 0.31), 0.83 0.11 (—0.07, 0.28), 0.99
Position 2 —0.02 (—0.20, 0.17) —0.06 (—0.19, 0.08), 0.78 —0.04 (—0.21, 0.14), 0.90
Position 3 —0.08 (—0.30, 0.15) —0.16 (—0.30,—0.01), 0.63 —0.01 (—0.19, 0.17), 0.71
Digit 0 0.19 (—0.16, 0.58) 1.24 (0.67,1.88), 0.04 * 0.74 (0.36, 1.19), 0.17
Digit 1 —0.10 (—0.73, 0.40) 0.49 (—0.00, 1.00), 0.25 0.46 (—0.10, 1.09), 0.31
Digit 2 —1.40 (—1.80,—0.99) —1.17 (—1.55,—0.80), 0.57 —1.10 (—1.64, —0.72), 0.55
Digit 3 —0.27 (—0.81, 0.23) —0.53 (—0.89,—0.17), 0.59 —0.32 (—0.75, 0.14), 0.92
Digit 4 1.11 (0.69, 1.63) 0.11 (—0.24, 0.57), 0.03 * 0.45(0.01, 0.91), 0.15
Digit 5 0.37 (—0.32,1.13) 1.06 (0.54, 1.56), 0.31 0.26 (—0.30, 1.01), 0.88
Digit 6 —0.03 (—0.45, 0.41) —0.94 (—1.41, —0.48),0.05* —0.15 (—0.66, 0.42), 0.82
Digit 7 0.20 (—0.16, 0.57) 0.75(0.32,1.25),0.18 0.52 (0.14, 0.92), 0.41
Digit 8 0.23 (—0.18, 0.64) 0.04 (—0.30, 0.41), 0.64 0.21 (—0.28, 0.67), 0.96
Digit 9 —0.16 (—0.54, 0.15) —0.74 (—1.13, —0.40), 0.12 —0.58 (—1.04, —0.19), 0.29
Total 2 0.00 (—0.09, 0.09) —0.03 (—0.11, 0.06), 0.65 0.02 (—0.07,0.11), 0.79
Modulated noise
N (ears) 50 90 57
SRT (dB SNR), CI (95%), p-value !
Position 1 0.36 (0.18, 0.56) 0.20 (0.02, 0.35), 0.26 0.21 (0.01, 0.40), 0.36
Position 2 —0.16 (—0.35, 0.04) —0.12 (—0.26, 0.03), 0.80 —0.07 (—0.25,0.13), 0.60
Position 3 —0.10 (—0.27, 0.10) —0.09 (—0.23, 0.06), 0.94 —0.13 (—0.30, 0.05), 0.83
Digit 0 1.37 (0.95, 1.86) 1.55 (1.16, 2.10), 0.70 1.53 (1.05, 2.00), 0.75
Digit 1 2.87 (2.34, 3.56) 1.72(1.19,2.31),0.05 * 2.01(1.36,2.64),0.15
Digit 2 —1.36 (—1.86, —0.87) —1.80(—2.19, —1.44),0.33 —1.61 (—2.06, —1.18), 0.61

Digit 3

—1.61 (—2.07, —1.21) —0.84 (—1.25, —0.31), 0.07

—1.37 (~1.78, —0.77), 0.57
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Table A1. Cont.

Characteristic Control Group Investigated Group Investigated Subgroup with Normal Srts

Modulated noise

N (ears) 50 90 57
SRT (dB SNR), CI (95%), p-value !

Digit 4 0.02 (—0.33,0.37) 0.13 (—0.15, 0.44), 0.74 0.02 (—0.34, 0.44), 0.99
Digit 5 0.54 (—0.03, 1.04) 0.69 (0.26, 1.05), 0.75 0.48 ( 0.02, 0.96), 0.91
Digit 6 0.10 (—0.28, 0.40) —0.96 (—1.30, —0.58), 0.01 * —0.67 (—1.08, —0.25), 0.06
Digit 7 ~1.12 (—1.69, —0.60) —0.18 (—0.65, 0.33), 0.06 —0.32(—0.81, 0.26), 0.12
Digit 8 0.32 (—0.04, 0.72) 0.11 (—0.20, 0.41), 0.53 0.41 (0.07, 0.76), 0.82
Digit 9 —0.15 (—0.48, 0.13) —0.13 (—0.43, 0.24), 0.95 —0.19 (—0.56, 0.18), 0.82
Total 2 0.02 (—0.07, 0.11) —0.00 (—0.08, 0.07), 0.68 0.00 (—0.09, 0.09), 0.75

1 p-value for comparison with the control group. Statistically significant differences at p = 0.05 after applying the Bonferroni correction to
account for simultaneous comparison of 3 positions and simultaneous comparison of 10 digits were marked by (*). 2 SRT calculated using
psychometric function fitted to all data points may differ from the average of single measurements, therefore the values are not exactly 0.

Appendix B

Table A2. Position-specific and digit-specific slopes of the psychometric function.

Characteristic Control Group Investigated Group Investigated Subgroup with Normal Srts
Continuous noise
N (ears) 50 95 49
Slope (%/dB), CI (95%), p-value !

Position 1 13.61 (12.19, 15.24) 10.73 (9.32,11.88), 0.01 * 14.09 (12.61, 16.17),0.73

Position 2 14.82 (12.89, 16.83) 13.44 (11.75,15.17), 0.39 15.30 (13.63, 17.53), 0.77

Position 3 14.83 (13.14, 16.56) 13.85 (11.89, 15.54), 0.51 16.34 (14.28,18.94), 0.37
Digit 0 21.50 (17.40, 27 40) 11.90 (8.73, 15.69), 0.02 * 23.08 (15.27, 32.17), 0.83
Digit 1 10.33 (8.64, 12.48) 9.55 (7.84,11.59), 0.69 10.87 (8.78,13.13), 0.81
Digit 2 16.90 (13.67, 22.01) 15.48 (12.49, 19.78), 0.72 16.92 (13.13, 24.49), 0.99
Digit 3 14.60 (11.74, 19.28) 14.19 (11.47,17.35), 0.89 15.40 (12.24, 19.24), 0.85
Digit 4 14.33 (11.74,17.87) 15.22 (12.66, 18.04), 0.78 18.56 (14.85, 23.56), 0.26
Digit 5 9.87 (8.41, 11.60) 9.00 (6.92, 10.69), 0.59 10.19 (8.24, 13.86), 0.87
Digit 6 18.84 (15.39, 22.76) 13.59 (11.04, 16.53), 0.11 15.45 (12.08, 19.95), 0.41
Digit 7 16.54 (13.12, 22.60) 11.76 (9.40, 14.58), 0.14 17.96 (14.41, 23.27), 0.78
Digit 8 15.04 (12.59, 17.87) 14.54 (12.01, 17.04), 0.84 15.62 (12.84, 18.82), 0.84
Digit 9 17.57 (13.15, 23.63) 16.37 (12.80, 20.81), 0.79 19.38 (15.03, 27.9), 0.74
Total 14.36 (13.59, 15.23) 12.50 (11.96, 13.09), <0.001 * 15.17 2 (14.33, 16.11), 0.19

Modulated noise
N (ears) 50 90 57
Slope (%/dB), CI (95%), p-value !

Position 1 12.55 (11.27,13.91) 12.73 (11.53, 14.06), 0.88 13.11 (11.78, 14.66), 0.64

Position 2 15.33 (13.75, 17.10) 12.71 (11.41, 14.16), 0.05 14.37 (12.56, 16.03), 0.50

Position 3 15.85 (13.78, 18.82) 14.22 (12.77,15.15), 0.36 14.21 (12.47,16.12), 0.35
Digit 0 18.44 (15.05, 24.06) 14.99 (11.76, 18.76), 0.35 16.36 (12.62, 21.62), 0.65
Digit 1 10.61 (8.90, 12.47) 9.58 (7.62, 11.54), 0.59 10.62 (8.41, 13.64), 0.99
Digit 2 15.72 (12.02, 19.89) 15.80 (12.81, 19.15), 0.98 15.48 (11.93, 20.62), 0.96
Digit 3 21.27 (14.57, 32.20) 13.68 (10.99, 16.76), 0.16 14.97 (11.13,19.72), 0.29
Digit 4 18.54 (15.28, 23.40) 20.21 (16.22, 25.25), 0.72 21.56 (16.07, 28.19), 0.57
Digit 5 13.93 (11.37,17.26) 13.20 (11.16, 15.72), 0.78 13.81 (11.82, 16.57), 0.97
Digit 6 21.50 (15.57, 30.85) 17.24 (14.45, 20.38), 0.38 19.55 (16.12, 24.19), 0.72
Digit 7 11.55 (9.31, 14.79) 11.03 (9.04, 13.00), 0.81 12.31 (9.81, 15.36), 0.80
Digit 8 16.60 (13.09, 21.01) 16.70 (13.31, 20.59), 0.98 19.41 (14.86, 26.60), 0.54
Digit 9 17.76 (14.69, 21.95) 15.95 (12.58, 19.68), 0.61 17.70 (13.87, 22.84), 0.99
Total 14.44 (13.66, 15.31) 13.18(12.61, 13.81), 0.01 * 13.87 (13.16, 14.66), 0.31

1

p-value for comparison with the control group. Statistically significant differences at p = 0.05 after applying the Bonferroni correction
to account for simultaneous comparison of 3 positions and simultaneous comparison of 10 digits were marked by (*). 2 The slope in the
investigated subgroup with normal SRTs may be even greater compared to the control group because steep slopes are observed mostly at
low SRT.



Audiol. Res. 2021, 11 354

References

1.  Mathers, C.D.; Smith, A.; Concha, M. Global Burden of Hearing Loss in the Year 2000; World Health Organization: Geneva,
Switzerland, 2003.

2. Arlinger, S. Negative consequences of uncorrected hearing loss—A review. Int. J. Audiol. 2003, 42, 2517-2520. [CrossRef]

3. Heine, C,; Browning, C.J. Communication and psychosocial consequences of sensory loss in older adults: Overview and
rehabilitation directions. Disabil. Rehabil. 2002, 24, 763-773. [CrossRef]

4. World Health Organization. Addressing the Rising Prevalence of Hearing Loss; World Health Organization: Geneva, Switzerland,
2018; ISBN 9789241550260.

5. Wilson, B.S,; Tucci, D.L.; Merson, M.H.; O’Donoghue, G.M. Global hearing health care: New findings and perspectives. Lancet
2017, 390, 2503-2515. [CrossRef]

6.  Stevens, G.; Flaxman, S.; Brunskill, E.; Mascarenhas, M.; Mathers, C.D.; Finucane, M. Global and regional hearing impairment
prevalence: An analysis of 42 studies in 29 countries. Eur. J. Public Health 2011, 23, 146-152. [CrossRef]

7. Vos, T,; Allen, C.; Arora, M.; Barber, RM.; Bhutta, Z.A.; Brown, A.; Carter, A.; Casey, D.C.; Charlson, E]J.; Chen, A.Z; et al. Global,
regional, and national incidence, prevalence, and years lived with disability for 310 diseases and injuries, 1990-2015: A systematic
analysis for the Global Burden of Disease Study. Lancet 2016, 388, 1545-1602. [CrossRef]

8. Masalski, M.; Morawski, K. Worldwide Prevalence of Hearing Loss Among Smartphone Users: Cross-Sectional Study Using a
Mobile-Based App. J. Med. Internet Res. 2020, 22, €17238. [CrossRef] [PubMed]

9.  Olusanya, B.O.; Neumann, K.J.; Saunders, ].E. The global burden of disabling hearing impairment: A call to action. Bull. World
Health Organ. 2014, 92, 367-373. [CrossRef] [PubMed]

10.  Szudek, J.; Ostevik, A.; Dziegielewski, P.; Robinson-Anagor, J.; Gomaa, N.; Hodgetts, B.; Ho, A. Can Uhear me now? Validation of
an iPod-based hearing loss screening test. J. Otolaryngol. Head Neck Surg. 2012, 41, S78-584. [PubMed]

11. Kam, A.C.S; Sung, ]. KK Lee, T.; Wong, TK.C.; Van Hasselt, A. Clinical evaluation of a computerized self-administered hearing
test. Int. J. Audiol. 2012, 51, 606—610. [CrossRef]

12.  Foulad, A ; Bui, P; Djalilian, H. Automated audiometry using apple iOS-based application technology. Otolaryngol. Head Neck
Surg. 2013, 149, 700-706. [CrossRef]

13.  De Swanepoel, W.; Myburgh, H.C.; Howe, D.M.; Mahomed, E; Eikelboom, R.H. Smartphone hearing screening with integrated
quality control and data management. Int. |. Audiol. 2014, 53, 841-849. [CrossRef] [PubMed]

14.  Yeung, ]J.C.; Heley, S.; Beauregard, Y.; Champagne, S.; Bromwich, M.A. Self-administered hearing loss screening using an
interactive, tablet play audiometer with ear bud headphones. Int. J. Pediatr. Otorhinolaryngol. 2015, 79, 1248-1252. [CrossRef]
[PubMed]

15. Larrosa, F; Rama-Lopez, ].; Benitez, J.; Morales, ] M.; Martinez, A.; Alanon, M.A.; Arancibia-Tagle, D.; Batuecas-Caletrio, A
Martinez-Lopez, M.; Pérez-Ferndndez, N.; et al. Development and evaluation of an audiology app for iPhone/iPad mobile
devices. Acta Oto-Laryngol. 2015, 135, 1-9. [CrossRef] [PubMed]

16. Renda, L.; Selcuk, O.T,; Eyigor, H.; Osma, U.; Yilmaz, M.D. Smartphone Based Audiometric Test for Confirming the Level of
Hearing; Is It Useable in Underserved Areas? |. Int. Adv. Otol. 2016, 12, 61-66. [CrossRef] [PubMed]

17.  Sandstrom, J.; Swanepoel, D.W.; Myburgh, H.C.; Laurent, C. Smartphone threshold audiometry in underserved primary
health-care contexts. Int. . Audiol. 2016, 55, 232-238. [CrossRef]

18.  Masalski, M.; Grysinski, T.; Krecicki, T. Hearing Tests Based on Biologically Calibrated Mobile Devices: Comparison with
Pure-Tone Audiometry. JMIR mHealth uHealth 2018, 6, e10. [CrossRef]

19. Masalski, M.; Krecicki, T.; Eriksson, M. Self-Test Web-Based Pure-Tone Audiometry: Validity Evaluation and Measurement Error
Analysis. |. Med. Internet Res. 2013, 15, e71. [CrossRef]

20. Yousuf, H.S.; Wet, S.D.; Biagio, J.L.; Myburgh, H.C.; Eikelboom, R.H.; Hugo, J. Smartphone hearing screening in mHealth assisted
community-based primary care. J. Telemed. Telecare 2016, 22, 405-412. [CrossRef]

21. Chu, Y.-C.; Cheng, Y.-E; Lai, Y.-H.; Tsao, Y.; Tu, T.-Y,; Young, S.T.; Chen, T.-S.; Chung, Y.-F; Lai, F.; Liao, W.-H. A Mobile
Phone-Based Approach for Hearing Screening of School-Age Children: Cross-Sectional Validation Study. JMIR mHealth uHealth
2019, 7, €12033. [CrossRef] [PubMed]

22. Sandstrom, J.; Swanepoel, D.; Laurent, C.; Umefjord, G.; Lundberg, T. Accuracy and Reliability of Smartphone Self-Test
Audiometry in Community Clinics in Low Income Settings: A Comparative Study. Ann. Otol. Rhinol. Laryngol. 2020, 129, 578-584.
[CrossRef]

23.  Zokoll, M.A.; Wagener, K.C.; Brand, T.; Buschermohle, M.; Kollmeier, B. Internationally comparable screening tests for listening in
noise in several European languages: The German digit triplet test as an optimization prototype. Int. |. Audiol. 2012, 51, 697-707.
[CrossRef] [PubMed]

24. Potgieter, ].M.; Swanepoel, D.W.; Myburgh, H.C.; Hopper, T.C.; Smits, C. Development and validation of a smartphone-based
dig-its-in-noise hearing test in South African English. Int. J. Audiol. 2016, 55, 405-411. [CrossRef] [PubMed]

25. Yang, H; Song, T.; Song, M.; Wu, X.; Chen, ]J. An iOS-based speech audiometry for self-assessment of hearing status. In

Proceedings of the 1st International Conference on Challenges in Hearing Assistive Technology (CHAT-17), Stockholm, Sweden,
19 August 2017; ISBN 978-1-5272-1357-9.


http://doi.org/10.3109/14992020309074639
http://doi.org/10.1080/09638280210129162
http://doi.org/10.1016/S0140-6736(17)31073-5
http://doi.org/10.1093/eurpub/ckr176
http://doi.org/10.1016/S0140-6736(16)31678-6
http://doi.org/10.2196/17238
http://www.ncbi.nlm.nih.gov/pubmed/32706700
http://doi.org/10.2471/BLT.13.128728
http://www.ncbi.nlm.nih.gov/pubmed/24839326
http://www.ncbi.nlm.nih.gov/pubmed/22569055
http://doi.org/10.3109/14992027.2012.688144
http://doi.org/10.1177/0194599813501461
http://doi.org/10.3109/14992027.2014.920965
http://www.ncbi.nlm.nih.gov/pubmed/24998412
http://doi.org/10.1016/j.ijporl.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26055197
http://doi.org/10.3109/00016489.2015.1063786
http://www.ncbi.nlm.nih.gov/pubmed/26144548
http://doi.org/10.5152/iao.2016.1421
http://www.ncbi.nlm.nih.gov/pubmed/27340985
http://doi.org/10.3109/14992027.2015.1124294
http://doi.org/10.2196/mhealth.7800
http://doi.org/10.2196/jmir.2222
http://doi.org/10.1177/1357633X15610721
http://doi.org/10.2196/12033
http://www.ncbi.nlm.nih.gov/pubmed/30932870
http://doi.org/10.1177/0003489420902162
http://doi.org/10.3109/14992027.2012.690078
http://www.ncbi.nlm.nih.gov/pubmed/22762202
http://doi.org/10.3109/14992027.2016.1172269
http://www.ncbi.nlm.nih.gov/pubmed/27121117

Audiol. Res. 2021, 11 355

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Yimtae, K,; Israsena, P.; Thanawirattananit, P.; Seesutas, S.; Saibua, S.; Kasemsiri, P.; Noymai, A.; Soonrach, T. A Tablet-Based
Mobile Hearing Screening System for Preschoolers: Design and Validation Study. JMIR mHealth uHealth 2018, 6, €186. [CrossRef]
[PubMed]

Vlaming, M.S.M.G.; Kollmeier, B.; Dreschler, W.A.; Martin, R.; Wouters, J.; Grover, B.; Mohammadh, Y.; Houtgast, T. HearCom:
Hearing in the Communication Society. Acta Acust. United Acust. 2011, 97, 175-192. [CrossRef]

Akeroyd, M.A ; Arlinger, S.; Bentler, R.A.; Boothroyd, A.; Dillier, N.; Dreschler, W.A.; Gagné, J.-P.; Lutman, M.; Wouters, J.; Wong,
L.; et al. International Collegium of Rehabilitative Audiology (ICRA) recommendations for the construction of multilingual
speech tests. Int. |. Audiol. 2015, 54, 1-6. [CrossRef]

Smits, C. Comment on ‘International collegium of rehabilitative audiology (ICRA) recommendations for the construction of
multilingual speech tests’, by Akeroyd et al. Int. ]. Audiol. 2016, 55, 268-269. [CrossRef]

Smits, C.; Kapteyn, T.S.; Houtgast, T. Development and validation of an automatic speech-in-noise screening test by telephone.
Int. J. Audiol. 2004, 43, 15-28. [CrossRef] [PubMed]

Smits, C.; Merkus, P.; Houtgast, T. How we do it: The Dutch functional hearing-screening tests by telephone and internet. Clin.
Otolaryngol. 2006, 31, 436-440. [CrossRef]

Ozimek, E.; Kutzner, D.; Sek, A.; Wicher, A. Development and evaluation of Polish digit triplet test for auditory screening. Speech
Commun. 2009, 51, 307-316. [CrossRef]

Wagener, K.; Eeenboom, E; Brand, T.; Kollmeier, B. Ziffern-Tripel-Test: Sprachverstiindlichkeitstest iiber das Telefon; DGA 8. Jahrestag:
Gottingen, Germany, 2005; ISBN 3-9809869-4-2.

Rudmin, F.; Rudmin, F. Speech reception thresholds for digits. J. Audit. Res. 1987, 27, 15-21.

Giguere, C.; Lagacé, J.; Ellaham, N.N.; Pichora-Fuller, M.K.; Goy, H.; Bégin, C.; Alary, E.; Bowman, R. Development of the
Canadian Digit Triplet Test in English and French. J. Acoust. Soc. Am. 2020, 147, EL252-EL258. [CrossRef]

Elberling, C.; Ludvigsen, C.; Lyregaard, P.E. Dantale: A New Danish Speech Material. Scand. Audiol. 1989, 18, 169-175. [CrossRef]
Rambkissoon, I.; Proctor, A.; Lansing, C.R.; Bilger, R.C. Digit Speech Recognition Thresholds (SRT) for Non-Native Speakers of
English. Am. J. Audiol. 2002, 11, 23-28. [CrossRef]

Wilson, R.H.; Weakley, D.G. The Use of Digit Triplets to Evaluate Word-Recognition Abilities in Multitalker Babble. Semin. Hear.
2004, 25, 93-111. [CrossRef]

Eenboom, F. Der Ziffern-Tripel-Test. Entwicklung und Optimierung eines Sprachverstandlichkeitstests tiber das Telefon. Bache-
lor’s Thesis, Universitdt Oldenburg, Oldenburg, Germany, 2004.

Brécker, T. Evaluation des Deutschen Ziffern-Tripel-Tests. Diploma Thesis, Universitdt Oldenburg, Oldenburg, Germany, 2005.

Wagener, K.; Bréicker, T.; Brand, T.; Kollmeier, B. Evaluation des Ziffern-Tripel-Test iiber Kopfhorer und Telefon; DGA 9. Jahrestag:
Koln, Germany, 2006; ISBN 3-9809869-5-0.

Hall, S. The Development of a New English Sentence in Noise Test and an English Number Recognition Test. MSc Thesis,
University of Southampton, Southampton, UK, 2006.

Phipps, H.L. Assessment of Telephone Bandwidth on the English Number Recognition in Noise Test. MSc Thesis, University of
Southampton, Southampton, UK, 2007.

Jansen, S.; Luts, H.; Wagener, K.C.; Frachet, B.; Wouters, J. The French digit triplet test: A hearing screening tool for speech
intelligibility in noise. Int. J. Audiol. 2010, 49, 378-387. [CrossRef]

King, S.M. Development and Evaluation of a New Zealand Digit Triplet Test for Auditory Screening. Master’s Thesis, University
of Canterbury, Christchurch, New Zeeland, 2010.

Willberg, T.; Buschermchle, M.; Sivonen, V.; Aarnisalo, A.A.; Lépponen, H.; Kollmeier, B.; Dietz, A. The development and
evaluation of the Finnish digit triplet test. Acta Oto-Laryngol. 2016, 136, 1035-1040. [CrossRef]

Warzybok, A.; Zokoll, M.A.; Kollmeier, B. Development and Evaluation of the Russian Digit Triplet Test. Acta Acust. United Acust.
2016, 102, 714-724. [CrossRef]

Jamaluddin, S.A. Development and Evaluation of the Digit Triplet and Auditory-Visual Matrix Sentence Tests in Malay. Ph.D.
Thesis, University of Canterbury, Christchurch, New Zeeland, 2016.

Ebrahimi, A.; Mahdavi, M.E; Jalilvand, H. Auditory recognition of Persian digits in presence of speech-spectrum noise and
multi-talker babble: A validation study. Audit. Vestib. Res. 2020. [CrossRef]

Han, J.-H.; Yi, D.-W,; Lee, J.; Chang, W.-D.; Lee, H.-]. Development of a Smartphone-Based Digits-in-Noise Test in Korean:
A Hearing Screening Tool for Speech Perception in Noise. J. Korean Med. Sci. 2020, 35, €163. [CrossRef]

Hagerman, B. Efficiency of speech audiometry and other tests. Br. J. Audiol. 1993, 27, 423-425. [CrossRef]

Smits, C.; Houtgast, T. Recognition of digits in different types of noise by normal-hearing and hearing-impaired listeners. Int. |.
Audiol. 2007, 46, 134-144. [CrossRef] [PubMed]

Wilson, R.H.; Burks, C.A.; Weakley, D.G. Word Recognition of Digit Triplets and Monosyllabic Words in Multitalker Babble by
Listeners with Sensorineural Hearing Loss. . Am. Acad. Audiol. 2006, 17, 385-397. [CrossRef]

Smits, C.; Houtgast, T. Measurements and calculations on the simple up-down adaptive procedure for speech-in-noise tests. J.
Acoust. Soc. Am. 2006, 120, 1608-1621. [CrossRef]

Kollmeier, B. Messmethodik, Modellierung und Verbesserung der Verstindlichkeit von Sprache; Habilitation, Universitdt Gottingen:
Gottingen, Germany, 1990.


http://doi.org/10.2196/mhealth.9560
http://www.ncbi.nlm.nih.gov/pubmed/30355558
http://doi.org/10.3813/AAA.918397
http://doi.org/10.3109/14992027.2015.1030513
http://doi.org/10.3109/14992027.2015.1131339
http://doi.org/10.1080/14992020400050004
http://www.ncbi.nlm.nih.gov/pubmed/14974624
http://doi.org/10.1111/j.1749-4486.2006.01195.x
http://doi.org/10.1016/j.specom.2008.09.007
http://doi.org/10.1121/10.0000825
http://doi.org/10.3109/01050398909070742
http://doi.org/10.1044/1059-0889(2002/005)
http://doi.org/10.1055/s-2004-823051
http://doi.org/10.3109/14992020903431272
http://doi.org/10.1080/00016489.2016.1175662
http://doi.org/10.3813/AAA.918988
http://doi.org/10.18502/avr.v29i1.2368
http://doi.org/10.3346/jkms.2020.35.e163
http://doi.org/10.3109/03005369309076719
http://doi.org/10.1080/14992020601102170
http://www.ncbi.nlm.nih.gov/pubmed/17365067
http://doi.org/10.3766/jaaa.17.6.2
http://doi.org/10.1121/1.2221405

Audiol. Res. 2021, 11 356

56.

57.

58.

59.

60.

61.

Versfeld, N.J.; Daalder, L.; Festen, ].M.; Houtgast, T. Method for the selection of sentence materials for efficient measurement of
the speech reception threshold. J. Acoust. Soc. Am. 2000, 107, 1671-1684. [CrossRef]

British Society of Audiology. Recommended Procedure. Pure-Tone Air-Conduction and Bone-Conduction Threshold Audiometry with and
Without Masking; British Society of Audiology: Berkshire, UK, 2011.

Doyle, J.; Wong, L.L. Mismatch between aspects of hearing impairment and hearing disability /handicap in adult/elderly
Cantonese speakers: Some hypotheses concerning cultural and linguistic influences. J. Am. Acad. Audiol. 1996, 7, 442—446.
Chen, F; Wong, L.L.N.; Hu, Y. Effects of Lexical Tone Contour on Mandarin Sentence Intelligibility. J. Speech Lang. Hear. Res. 2014,
57,338-345. [CrossRef]

Hu, H; Xi, X.; Wong, L.L.N.; Hochmuth, S.; Warzybok, A.; Kollmeier, B. Construction and evaluation of the Mandarin Chinese
matrix (CMNmatrix) sentence test for the assessment of speech recognition in noise. Int. J. Audiol. 2018, 57, 838-850. [CrossRef]
[PubMed]

Lyzenga, J.; Smits, C. Effects of Coarticulation, Prosody, and Noise Freshness on the Intelligibility of Digit Triplets in Noise. J. Am.
Acad. Audiol. 2011, 22, 215-221. [CrossRef] [PubMed]


http://doi.org/10.1121/1.428451
http://doi.org/10.1044/1092-4388(2013/12-0324)
http://doi.org/10.1080/14992027.2018.1483083
http://www.ncbi.nlm.nih.gov/pubmed/30178681
http://doi.org/10.3766/jaaa.22.4.4
http://www.ncbi.nlm.nih.gov/pubmed/21586256

	Introduction 
	Materials and Methods 
	Speech Material 
	Measurement 
	Statistical Analysis 
	Adjusted and Additional Analysis 

	Results 
	Speech Reception Threshold 
	Adjusted Analysis 
	Additional Analysis. The Slope 

	Discussion 
	Principal Results 
	Comparison with Prior Work 
	Limitations 
	Generalization 

	Conclusions 
	
	
	References

