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Abstract — Introduction: To investigate the effects of frequently used variations of the Digits-in-Noise
(DIN) test on speech reception threshold (SRT) for onsite and online implementations.

Methods: We tested various DIN test implementations in a within-subject design on 30 normal-hearing
adults onsite, with 22 of them also online. We varied three parameters: (1) sound presentation, diotic
or antiphasic; (2) starting signal-to-noise ratio (SNR), 0 or —16dB; and (3) mixing method, with fixed
presentation level of the speech, the noise, or the speech and noise mix (tested onsite only).

Results: Antiphasic presentation yielded significantly lower DIN SRTs than diotic by around 6 dB. The
effects of starting SNR and mixing method were significant but small, around 1 — 2dB. These effects
seemed more pronounced with antiphasic presentation. Overall, onsite and online DIN test results were
comparable, with the largest observed difference being 1.30 dB.

Conclusion: The selection of diotic or antiphasic sound presentation seems important, and antiphasic
presentation may result in a more sensitive test. In contrast, the effects of the other parameters were
small. The comparable onsite and online outcomes indicate that online testing via the internet could be a
viable option for making the DIN test available to large populations.

Keywords. Digits-in-Noise test, Speech reception threshold. Speech audiometry, Hearing screening test

1 Introduction The original design of the DIN test consisted of dig-
its (0-9) presented as a sequence of triplets in stationary
The Digits-in-Noise (DIN) test [1-3] is a closed-set,  poige [3]. The listener’s task was to repeat the digits in
adaptive, speech-in-noise test initially designed for hear-  order of presentation. Depending on the condition, either
ing screening of adults (Dutch National Hearing Test).  gpeech or noise level was fixed at 65dBA for normal-
Digits were chosen since they require only a minimal hearing listeners, and the level of the noise or the speech
demand on the listener’s linguistic abilities [1, 4]. Even  as adaptively adjusted. The masker noise used had the
though digits are not an exhaustive representation of  game average long-term spectrum as the recorded digits,
speech in daily listening, the results of the DIN test were  41d the relative noise level was adjusted using a 1-up,
shown to be strongly correlated with other speech-in- 1 down adaptive staircase across 24 trials. The starting
noise tests using open-set materials, such as sentences signal-to-noise ratio (SNR) was 0 dB, which was increased
[3]. The DIN test, originally developed in Dutch, was later by 2dB after an incorrect response and decreased by
adapted to other languages, such as French, German, and 9 qB after a correct response. The final DIN test score
English [5?77]’ and was also used to assess the efficacy of a5 the speech reception threshold (SRT), calculated by
hearing aids and cochlear implants [8, 9]. averaging the SNR outcomes from the last 21 trials.
Studies following the original implementation used
*Corresponding author: s.turudu@rug.nl slightly modified versions of the DIN test more suited
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for various populations, such as users of different hear-
ing devices [8, 10] or listeners of varying ages [11, 12].
In a comprehensive review, Van den Borre et al. (2021)
compiled 39 studies related to the “digit triplet test”
and “digits in noise” to investigate which aspects of
the digit triplet tests can be adapted to increase its
validity, reliability, and feasibility [13]. The authors dis-
cuss several parameters that differ between the studies,
including the sound presentation method (e.g., diotic,
antiphasic), procedural aspects (e.g., number of trials,
starting SNR), mixing method of speech and noise lev-
els (e.g., fixed-noise level or fixed-overall-level), and plat-
form (e.g., online or onsite tests with varying setups,
such as landline telephone, mobile phone, or varying
speakers or headphones). In the current study, we inves-
tigated the effects of a subset of these parameters
that are often modified across studies (sound presen-
tation, starting SNR, mixing method) on DIN SRTs
within a normal-hearing adult population, onsite and
online. With a systematic approach, we aimed to pro-
pose standard DIN test specifications and facilitate shar-
ing, combining, and comparing data across these various
implementations.

Sound presentation in the DIN test can be monaural,
generally in the better ear, or diotic, presented to both
ears [14, 15]. Diotic stimuli have been used to present
the test to both ears simultaneously instead of testing
each ear separately [14], which reduces test duration [16].
However, the use of diotic stimuli primarily reflects the
performance of the better ear and does not allow the
detection of unilateral or asymmetric hearing loss [17].
Despite this limitation, the diotic DIN test has shown
good sensitivity and specificity rates for identifying dis-
abling hearing loss based on the better ear pure-tone
average [18]. Additionally, some studies used antipha-
sic stimuli where the phase of the speech signal was
reversed in one ear, whereas the noise masker was still
diotic. Smits et al. (2016) showed that such antiphasic
stimuli produce lower SRTs (better performance) than
diotic stimuli for normal-hearing participants [19]. More-
over, using these antiphasic stimuli results in greater
sensitivity and specificity between normal-hearing and
hearing-impaired listeners, with symmetric or asymmet-
ric sensorineural hearing loss and conductive hearing
loss [17].

The starting SNR in the original DIN test was 0dB,
thereafter using a staircase procedure with 2 dB steps [3].
This design was adopted by many studies. However, some
studies with hearing-impaired populations used starting
SNRs (e.g., —3, —4, —8dB) closer to the expected thresh-
old [5, 8, 20]. Using more targeted staring SNR reduces
the number of incremental steps needed to reach the ini-
tial threshold. Some studies varied the total number of
trials and the number of initial trials that were omitted, as
compared to the original design [3]. As mentioned by Van
der Borre et al. (2021), the SNR of the first trials will still
be converging to the SRT (when starting above thresh-
old) and can also be affected by a procedural learning
effect [13, 15]. To accommodate the variability in SRT's

among hearing-impaired populations, some studies adapt
the procedure by using a starting SNR below the expected
threshold and repeating the first digit triplet (using a
larger initial step size) until it is correctly repeated [8, 9,
21, 22].

Different mixing methods for mixing speech and noise
have been applied to adjust the SNR of the DIN test.
Some studies [1] have used fixed noise levels while the
level of speech was adjusted, and others [12, 23] fixed
speech level. Another option is to adjust the SNR, while
keeping the absolute level of the speech-noise mix fixed
[8, 21]. It may be important to choose a mixing method
(fixed-speech, fixed-noise, or fixed-level) that presents
speech and noise levels in the (potentially reduced)
dynamic range of the tested population, preventing either
noise from becoming too loud or speech falling below the
listeners’ hearing threshold.

Various platforms, both onsite and online (remote),
have been used for the DIN test over the years. The
DIN test, in the form of the Dutch National Hearing
Test for adult hearing screening, was originally applied
over the landline telephone. Despite the telephone’s lim-
ited bandwidth, it was sufficient to identify the high-
frequency hearing loss prevalent among adults [1]. Early
mobile phone implementations in 2005 yielded less reli-
able results due to the technological limitations of devices
at the time [2]. In the following years, many clinical
and consumer apps have been developed for screening
purposes [24]. More recent research showed that using
different-quality headphones does not substantially affect
DIN test outcomes [14]. Moreover, the integration of
sophisticated hardware, software, and network systems
has allowed for the collection of robust data online,
thereby enhancing participant recruitment and logistical
flexibility while preserving the test’s validity [25, 26].

In the current study, we investigated the effects of fre-
quently used variations of the DIN test on SRTs, onsite
and online. We focused on the parameters of the sound
presentation, starting SNR, and mixing method, evalu-
ated in relatively young adult normal-hearing individuals.
While previous studies have investigated these parame-
ters individually or in small combinations, no study has
investigated the combined effects of the three aforemen-
tioned parameters on a single population (within-subject
design). This approach allows for a systematic evalua-
tion of how each parameter, separately and in combi-
nation, affects DIN outcomes in a single normal-hearing
group. Based on previous studies, we hypothesize that
(H1) sound presentation, diotic or antiphasic, will affect
the DIN test score [19]; (H2) starting SNR will likely pro-
duce negligible shifts, within the 1 dB measurement error
range [3, 27]. While starting SNR effects are well docu-
mented for diotic conditions, they remain less explored
for antiphasic presentation in normal-hearing listeners.
(H3) the mixing method will not affect the DIN test
score, in line with Van den Borre et al. (2021) [13]; and
(H4) there will be no significant difference between onsite
and online DIN test scores of participants with normal
hearing [26].
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2 Materials and methods

2.1 Participants

Thirty native Dutch speaker adults (self-reported gen-
der: 22 female; 8 male; age range: 18-43 years, mean age:
23.9 + 4.5 years) participated in the onsite DIN testing.
Twenty-two of them (self-reported gender: 17 female; five
male; age range: 18-43 years, mean age: 24.7 4 4.8 years)
also participated in the online DIN testing. All partici-
pants reported having no neurological or cognitive impair-
ment, and reported to have normal hearing and normal
or corrected-to-normal vision. Recruitment was via word
of mouth at the University Medical Center Groningen
and the University of Groningen. Participants provided
written informed consent and received an hourly compen-
sation of 8euros by departmental guidelines for partici-
pant reimbursement. The study protocol was approved by
the Ethics Committee of the University Medical Center
Groningen (METc 2018/427).

From the 30 participants, one had HAVO (pre-higher
vocational education), seven HBO (higher vocational
education), and 22 WO (university-level education), all
according to the Dutch schooling system. All reported
to have learned two or more languages in addition to
their first language (12 learned three additional lan-
guages, four learned four additional languages). No
participant reported to be bilingual, and 16 partici-
pants played a musical instrument, 10 of which received
formal music education before the age of 10. Note
that most participants were recruited at the univer-
sity, which is important to consider when generalizing
our findings to a broader population, as educational
level has been shown to influence certain speech-in-noise
outcomes [28].

2.2 Pure tone audiometry

We characterized normal hearing using standard clin-
ical pure tone audiometry. All participants had normal
hearing thresholds of <20dB hearing level (HL) at the
audiometric octave frequencies between 250 and 8000 Hz
for both ears, except for two participants, who were still
included in the analysis. One of these two participants
had 30dB HL at 8000 Hz in the right ear and 25dB HL
at 4000 Hz in the left ear, and the other participant had
30dB HL at 8000 Hz in the right ear and 25dB HL at
8000 Hz in the left ear.

2.3 DIN stimuli and implementations

For both the onsite and online DIN tests, we used the
original Dutch stimuli developed by Smits et al. (2013)
[3]. The stimuli consisted of ten digits (0 to 9), recorded
by a male speaker. Smits et al. first aligned the level of
the individual digits based on their speech recognition
functions at 50% intelligibility. Next, from these ten dig-
its, 120 unique sets of digit triplets, each composed of

three different digits, were constructed. Using the calcu-
lation model of Smits and Houtgast (2006), digit triplets
with a maximum slope of the speech recognition function
and coinciding 50% points were created [29]. These digit
triplets were organized into 10 distinct lists, each contain-
ing 24 triplets, for testing. These test triplets were created
by combining the recorded audio files of three individual
digits, including 150 ms silent intervals between the dig-
its. They were presented in diotic [3] or antiphasic (phase-
reversed speech in one ear) fashion [19] in speech-shaped
noise with the same long-term average spectrum of the
spoken digits. The masker noise started 100 ms before and
stopped 100 ms after the presentation of each triplet. For
more details on creating these stimuli, see Smits et al.
(2013) [3].

We have implemented the DIN test in MATLAB
(R2020a, MathWorks, Natick, MA, USA) for the onsite
version, and jsPsych (v6.3.1) for the online version. The
procedures of both onsite and online versions were based
on the parameters published as an open generic speci-
fication on the dB SPLab GitHub repository [30]. The
design of the onsite version of the experiment included the
following conditions: sound presentation (diotic, antipha-
sic), starting SNR (low, high), and mixing method (fixed-
speech, fixed-noise, and fixed-level) as the within-subject
factors, which resulted in a total of 12 conditions. The
design of the online version included: sound presentation
(diotic, antiphasic), starting SNR, (low, high), and mix-
ing method (fixed-speech and fixed-noise) as the within-
subject factors, which resulted in a total of 8 conditions.
The order of the DIN test conditions (12 onsite, 8 online)
was randomized for each participant.

In both the onsite and online versions of the DIN test,
the starting SNR was set to 0 dB for the high SNR condi-
tion and to —16 dB for the low SNR condition. Following,
the adaptive staircase procedure used 2dB steps. If the
participant incorrectly repeated the triplet, the SNR was
increased by 2dB for the following triplet. In contrast,
if the participant correctly repeated the triplet, the SNR
was decreased by 2dB for the next triplet. Moreover, in
the low SNR condition, the first digit triplet was repeated
until the participant correctly identified all three digits.
The initial step size was 4dB until the first triplet was
correctly repeated, after which the step size changed to
2dB. The DIN SRT was calculated by averaging over the
last 21 SNRs (5-25). Although no 25th triplet was pre-
sented, its SNR was calculated using the response to the
24th triplet. The stimuli used in both onsite and online
platforms were limited to a range between —20dB SNR
and +20dB SNR to maintain good audio quality and
prevent the presentation level from becoming too loud.

2.4 Procedure

Participants were informed about the study and pro-
vided written informed consent. Following the pure-tone
audiometry, participants performed the onsite DIN test.
After the onsite session, participants received unique links
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and instructions for completing the online DIN test ses-
sion, at a place and time of their convenience. No sepa-
rate practice round was administered before the DIN test.
Participants received detailed instructions and were able
to ask questions prior to starting, and with random order
of the DIN test variations, a potential learning effect was
not limited to one specific condition.

The onsite DIN test procedure was mainly based on
the DIN protocol by Smits et al. (2013) [3]. For each
of the 12 DIN tests of the onsite DIN session, a list of
digits was randomly selected from the 10 available lists
from the original Dutch DIN test material. The task
instruction was the same for each version. The partici-
pants clicked with a mouse on a number pad to indicate
the digits they heard in the same order of presentation
(interface shown in Fig. 1). If participants made an error
or wanted to change their response, they could use the
“delete” button to correct their input. Once a DIN test
was completed, a new test screen automatically appeared
in MATLAB, and participants initiated the subsequent
test by simply clicking the “start” button. After com-
pleting the 12 DIN tests, participants were given a short
break.

After the onsite session, 22 participants also completed
the online DIN session, which was similar to the onsite
DIN test procedure with some exceptions. This session
was performed on a different day, but within two weeks
following the onsite session, and at a different location
(e.g., participants’ homes). In the online session, partic-
ipants performed eight online DIN tests, also randomly
selected from the predefined 10 lists. Before starting the
experiment, participants were informed about the test
procedure. They were instructed to perform the online
DIN session in a quiet environment, use good-quality
headphones, adjust the sound level to a comfortable level,
and keep the volume the same during the whole exper-
iment. As in the onsite version of the DIN test, partici-
pants clicked with a mouse on a number pad to indicate
the digits they heard in the same order of presentation.
However, unlike the onsite DIN test, the online session did
not include a “delete” button (see Fig. 1), which aligns
with interfaces used for online testing [27]. After each test
was completed, participants were asked to continue to the
next test by clicking on the “next” button. The online
DIN session was finished after participants completed all
eight DIN tests.

The test session included 10min for the audiometric
threshold testing and nearly 30 min for the onsite ver-
sion of the DIN test (12 different conditions). The total
onsite session lasted around 1h, which included breaks.
The online DIN test session, including eight different
conditions, took approximately 20 min to complete.

2.5 Apparatus

For onsite DIN testing, participants were seated in
a sound-treated room facing a computer screen at a
comfortable viewing distance (about 60cm). The DIN

test was conducted using MATLAB on a desktop com-
puter (Mac mini; Apple, Cupertino, CA, USA). The
sound stimuli were presented through a soundcard (Ultra-
Lite mk4; MOTU, Cambridge, MA, USA) via head-
phones (HD 650; Sennheiser, Wedemark, Germany).
The presentation level was calibrated to 65dB SPL
using the speech-shaped noise played through the head-
phones placed on the KEMAR Head & Torso sim-
ulator (GRAS Sound & Vibration, Holte, Denmark)
and a SVAN 979 sound level meter (Svantek, War-
saw, Poland). We calibrated to 65dB SPL instead of
65dBA, which was used in the original implementa-
tion [3] because the KEMAR response already mimics
some aspects of the ear-canal frequency response the
A-weighting simulates. In the fixed-level condition,
the overall level was thus set to 65dB SPL, whereas
for the fixed-speech and fixed-noise conditions, it was the
speech or the noise, respectively, that were set to this
level.

For online DIN testing, participants conducted the
experiment at a self-chosen location (e.g., at home), using
a web-based platform accessible through their personal
computers. We used jsPsych [31] for the test implementa-
tion and hosted it with materials and data on our server.
Unique links were provided to participants to access the
test via a web browser. Volume adjustment was facilitated
through a dedicated screen where a sample sound triplet
(4-6-3) was presented in a noise masker. Participants
adjusted the volume on their computers to a comfort-
able level, following the instructions provided, to ensure
optimal testing.

2.6 Statistical analyses

For analyzing data, we used repeated measures analy-
sis of variance (ANOVA) within-subject factors in SPSS
(version 26). Sphericity was checked using Mauchly’s
test. In all ANOVAs, effect sizes were reported as par-
tial eta-squared. All statistical tests were evaluated at a
significance level of p < 0.05. Post-hoc analysis was con-
ducted with paired-sample t-tests in R [32]. The Holm-
Bonferroni correction for multiple comparisons was used,
and adjusted p-values are reported [33].

3 Results
3.1 Onsite DIN test

For the onsite DIN test data, we performed a 2 x 2 x 3
ANOVA on the DIN SRTs with three within-subject fac-
tors of sound presentation (diotic, antiphasic), starting
SNR (low, high), and mixing method (fixed-speech, fixed-
noise, and fixed-level). The sphericity assumption was
met for all effects, therefore, no corrections were neces-
sary. The three-way ANOVA showed a significant main
effect of sound presentation (average DIN SRT for diotic
= —10.03dB SNR and antiphasic = —16.33dB SNR)
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onsite
Please enter the digits:
7 8 9
4 5 6
1 2 3
Start 0 Del

[F(1,29) = 2802.02,p < 0.001,72 = 0.99], a significant
main effect of starting SNR (average DIN SRT for low =
—13.52dB SNR and high = —12.84dB SNR) [F'(1,29) =
39.88,p < 0.001, 772 = 0.58], and a significant main effect
of the mixing method (average DIN SRT for fixed-speech
= —13.02dB SNR, fixed-noise = —13.18dB SNR, and
fixed-level = —13.49dB SNR) [F(2,58) = 3.52,p =
0.036,72 = 0.11] (Fig. 2). There were significant two-
way interactions between sound presentation and starting
SNR [F(1,29) = 71.61,p < 0.001,72 = 0.71], as well as
between starting SNR and mixing method [F'(2,58) =
5.32,p = 0.008,7712, = 0.16]. The two-way interaction
between sound presentation and mixing method was not
significant [F(2,58) = 2.40,p = 0.100, nfj = 0.08]. Finally,
there was a significant three-way interaction between
sound presentation, starting SNR, and mixing method
[F(2,58) = 7.70,p = 0.001, 72 = 0.21].

In order to explain the three-way interaction, the
effects of starting SNR and mixing method were investi-
gated separately for diotic and antiphasic sound presen-
tations by means of two post-hoc 2 x 3 ANOVAs. For
diotic sound presentation, neither starting SNR (aver-
age DIN SRT for low = —10.05dB SNR and high =
—10.02dB SNR) [F(1,29) = 0.10,p = 0.751,772 = 0.004]
nor mixing method (average DIN SRT for fixed-speech
= —9.86dB SNR, fixed-noise = —10.14dB SNR, and
fixed-level = —10.10dB SNR) [F(2,58) = 2.12,p =
0.130, nﬁ = 0.07] had significant effects. In addition, the
interaction between the starting SNR and the mixing
method was also not significant [F(2,58) = 0.49,p =
0.617, 7]12, =0.02].

For antiphasic sound presentation, however, a sig-
nificant main effect was shown for starting SNR (aver-
age DIN SRT for low = —16.98dB SNR and high =
—15.67dB SNR) [F(1,29) = 77.46,p < 0.001,771% = 0.73]
and mixing method (average DIN SRT for fixed-speech
= —16.17dB SNR, fixed-noise = —16.22dB SNR, and
fixed-level = —16.60dB SNR) [F(2,58) = 3.88,p =
0.026,77 = 0.12]. The interaction between the start-
ing SNR and mixing method was significant [F'(2,58) =

online

71819
4]5]6

0

Figure 1. The interface of the onsite (left panel) and online (right panel) versions of the DIN test.

9.53,p < 0.001,1712, = 0.25]. In order to explain the
two-way interaction, post-hoc pairwise comparisons of
the mixing methods for each starting SNR condition
were performed, yielding six paired-sample t-tests. These
revealed that for the low starting SNR condition, the
SRT for fixed-speech was 0.81dB lower (better perfor-
mance) than that for fixed-level [¢(29) = —3.73,paq; <
0.01]. For the high starting SNR condition, the SRT
for fixed-noise was 0.60dB lower than that for fixed-
level [£(29) = —3.13,paqj < 0.05]. Other comparisons
between mixing methods for both the low and high
starting SNR conditions showed no significant effects
(see Tab. 1).

3.2 Online DIN test

For the online DIN test data, we performed a 2 X
2 x 2 ANOVA on the DIN SRT's with sound presentation
(diotic, antiphasic), starting SNR, (low, high), and mixing
method (fixed-speech, fixed-noise) as the within-subject
factors. The sphericity assumption was met for all effects.
The outcome of the three-way ANOVA showed a signifi-
cant main effect for sound presentation (average DIN SRT
for diotic = —9.48dB SNR and antiphasic = —15.28dB
SNR) [F(1,21) = 1115.19,p < 0.001,72 = 0.98], starting
SNR (average DIN SRT for low = —12.59dB SNR and
high —12.18dB SNR) [F(1,21) = 9.77,p = 0.005,775 =
0.32], and mixing method (average DIN SRT for fixed-
speech = —12.16dB SNR and fixed-noise = —12.60dB
SNR) [F(1,21) = 6.80,p = 0.016,72 = 0.25]. There was
a significant interaction between sound presentation and
starting SNR. [F(1,21) = 13.76,p = 0.001,72 = 0.40].
Other interactions were not significant. For diotic sound
presentation averaged over the mixing method condi-
tions, a post-hoc paired-samples t-test showed no signif-
icant difference between the low and high starting SNRs
[t(42) = 0.38,p = 0.709]. Conversely, antiphasic sound
presentation (averaged over mixing method) revealed a
significant difference between low and high starting SNRs
[t(42) = —2.47,p = 0.018].
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v olishld

-20

diotic

e

Mixing method
E3 fixed-level
E3 fixed-noise
Ed fixed-speech

Starting SNR

B3 low
E3 high

antiphasic

Figure 2. The onsite DIN test scores (dB SNR) for sound presentation (shown on the left and right sides for diotic and
antiphasic, respectively), starting SNR (shown in the white or gray shade for low and high, respectively), and mixing method
(shown in green, blue, and red colors for fixed-speech, fixed-noise, and fixed-level, respectively). The boxplots show the lower
and upper quartiles and the lines show the median scores of participants. The dots represent outliers, and the whiskers indicate
the lowest and highest data points within plus or minus 1.5 times the interquartile range.

Table 1. Pairwise comparison of mixing methods for the two starting SNRs, in the onsite, antiphasic presentation

condition.
Starting SNR Mixing method t(29) Dadj Mean SRT Difference (SD) dB SNR
Low Fixed-noise & fixed-level ~— —0.768  0.897 —0.16 (1.31)
Low Fixed-speech & fixed-level = —3.726  0.005™* —0.81 (1.19)
Low Fixed-speech & fixed-noise —2.576  0.061 —0.65 (1.38)
High Fixed-noise & fixed-level — —3.132  0.020* —0.60 (1.04)
High Fixed-speech & fixed-level ——0.215 0.831 —0.04 (1.05)
High Fixed-speech & fixed-noise  2.302 0.086 0.56 (1.32)

Notes. paq; < 0.05; **)p,a; < 0.01.

3.3 The comparison of the onsite and online DIN test
scores

For the comparison of the onsite and online data, we
performed a four-factor ANOVA (2 x 2 X 2 x 2) on the
DIN SRTs with the platform (onsite, online), sound pre-
sentation (diotic, antiphasic), starting SNR (low, high),
and mixing method (fixed-speech, fixed-noise) as within-
subject factors. Figure 3 shows the comparison of DIN
test data for the onsite and online platforms for the same
22 participants and the conditions that were included
in both experiments. The outcomes show a significant
main effect of the platform (average DIN SRT for
onsite = —13.02dB SNR and online = —12.38dB SNR)
[F(1,21) = 14.84,p = 0.001,77 = 0.41], sound presenta-
tion (average DIN SRT for diotic = —9.72dB SNR and
antiphasic = —15.68dB SNR) [F'(1,21) = 1773.97,p <
0.001,72 = 0.99], starting SNR (average DIN SRT for
low = —12.97dB SNR and high = —12.43dB SNR)
[F(1,21) = 32.12,p < 0.001,72 = 0.61]. Although the
effect sizes were substantial, the difference in SRT values
between the conditions was relatively small, amounting to
an average of only 0.64dB SNR between the onsite and
online DIN test scores. There was no significant effect for

the mixing method (fixed-speech, fixed-noise) [F'(1,21) =
5.13,p = 0.129, 7712) = 0.11]. There was a two-way interac-
tion between the sound presentation and starting SNR
[F(1,21) = 71.72,p < 0.001,77 = 0.77] and between
the mixing method and platform [F(1,21) = 5.91,p =
0.024,772 = 0.22]. There was a three-way interaction
between the starting SNR, mixing method and platform
[F(1,21) = 4.67,p = 0.042,775 = 0.18]; and a four-
way interaction between the sound presentation, starting
SNR, mixing method and platform [F'(1,21) = 6.49,p =
0.019,7]3 = 0.24]. None of the other effects were sig-
nificant. We conducted separate post-hoc paired-sample
t-tests to compare the differences between onsite and
online platforms for all eight conditions. These results
showed significant effects of platform for diotic sound pre-
sentation with low starting SNR and fixed-speech, where
the onsite SRT was 0.75dB lower than the online SRT.
For antiphasic sound presentation, there was a significant
effect for low starting SNR and fixed-noise (onsite SRT
1.12dB lower) and high starting SNR and fixed-speech
(onsite SRT 1.30dB lower) (see Tab. 2). In all condi-
tions, participants performed better in the onsite plat-
form, except for the antiphasic sound presentation with
high starting SNR and fixed-noise.
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Figure 3. The onsite (left panel) and online (right panel) DIN test scores (dB SNR) for sound presentation (shown on the
left and right sides of panels for diotic and antiphasic, respectively), starting SNR (low, high), and mixing method (fixed-
speech, fixed-noise, and fixed-level). The boxplots show the lower and upper quartiles and the lines show the median scores of
participants (N = 22). The dots represent outliers, and the whiskers indicate the lowest and highest data points within plus or

minus 1.5 times the interquartile range.

Table 2. Direct comparison of sound presentation, starting SNR, and mixing method parameters between onsite and

online platforms as within-subject factors.

Sound presentation Starting SNR ~ Mixing method  ¢(21) Dadj Mean SRT Difference (SD)dB SNR
Diotic Low Fixed-speech ~ —3.692 0.011* —0.75 (0.95)
Diotic Low Fixed-noise —1.982  0.182 —0.41 (0.96)
Diotic High Fixed-speech ~ —2.005  0.232 —0.48 (1.12)
Diotic High Fixed-noise —1.323  0.400 —0.29 (1.01)
Antiphasic Low Fixed-speech —2.607  0.082 —0.83 (1.50)
Antiphasic Low Fixed-noise —3.081 0.034* —1.12 (1.71)
Antiphasic High Fixed-speech —3.608 0.012* —1.30 (1.69)
Antiphasic High Fixed-noise 0.129 0.898 0.05 (1.73)

Notes. *)p.q; < 0.05.

4 Discussion

The present study investigated the effect of sound
presentation, starting SNR, and mixing method on DIN
SRT scores in normal-hearing young adults, as conducted
onsite and online. The outcomes of the current study
showed that, for the onsite and online platforms, the
sound presentation, starting SNR, and mixing method
all affect the DIN test scores, but to differing degrees. In
line with H1 and previous studies, differences in DIN test
scores for the diotic and antiphasic sound presentations
were shown for both onsite (6.30 dB) and online (5.80dB)
platforms [17, 19, 34]. However, against H2 and H3, both
the starting SNR and mixing method results demon-
strate an unexpected significant but small (all effects were
< 1dB) effect on the onsite and online DIN test scores.
Finally, against H4, there was a small (0.64dB on aver-
age) but significant main difference between onsite and
online tests.

4.1 Sound presentation

The DIN test results showed a significant difference
between the diotic and antiphasic sound presentation con-
ditions, both for the onsite (average DIN SRT for diotic
= —10.03dB and antiphasic = —16.33dB, a difference
of 6.30dB) and online platforms (average DIN SRT for
diotic = —9.48 dB and antiphasic = —15.28 dB, a differ-
ence of 5.80dB). Our results support H1 that antiphasic
sound presentation leads to lower thresholds (indicating
better performance) compared to diotic, which is in line
with Smits et al. [19]. The phase reversal in one ear in the
antiphasic condition creates a spatially diffuse presenta-
tion of the target speech relative to the diotically pre-
sented masker, which leads to release from masking [35].
De Sousa et al. (2020) emphasized that the integration
of sounds from both ears (binaural integration) improves
speech perception in noise, especially when there is a
phase difference between the ears [17].
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4.2 Starting SNR

Contrary to H2, the DIN test scores differed signifi-
cantly for starting SNR. Our results revealed that if the
starting SNR was high (0dB), participants, on average,
reached a higher DIN SRT than for a low starting SNR
(—16dB). This effect of starting SNR was shown most
prominently for the antiphasic conditions for both onsite
and online DIN test outcomes. For the diotic conditions,
starting SNR did not significantly impact the DIN test
scores, which is consistent with Smits et al. [27]. They
suggested that the starting SNR has a negligible effect
(< 0.1dB) on the final SRT for normal-hearing individ-
uals when its value is within 10dB of the DIN SRT.
Conversely, in the antiphasic conditions, for which the
adaptive tracks plateaued around —17dB SNR, signifi-
cant effects of starting SNR were found on the DIN test
scores. A likely cause for this effect is that, when the start-
ing level was 0 dB SNR, it took participants a larger num-
ber of trials to reach their DIN test threshold than when
the starting SNR, was already close to the DIN SRT (see
Fig. 4). The way the DIN test score is calculated, aver-
aging over the last 21 SNRs, was originally based on the
assumption that participants would reach near-threshold
values within the first five steps of the adaptive staircase
procedure. However, given the initial SNR of 0dB and
the step size of 2dB, a participant cannot reach a thresh-
old lower than —10dB SNR within those 5 initial steps.
In order to reach a threshold of —16dB SNR, as shown
in the results, at least eight steps are necessary. Need-
ing more steps increased the DIN test score for antipha-
sic presentation and high starting SNR conditions. These
findings were confirmed when recalculating the DIN SRT's
using only the last 18 trials, where the effect of start-
ing SNR, initially observed with 21 trials, became non-
significant [F'(1,29) 141,p = 0.249, 72 0.05].

A similar change was observed when reanalyzing the
online outcomes [F(1,21) = 0.84,p = 0.369, 77?, = 0.04].

4.3 Mixing method

Different from H3 and from what is shown in the litera-
ture [13], the mixing method had a significant main effect
on the onsite (antiphasic) and online DIN test scores. For
the onsite conditions, the SRTs for fixed-speech were sig-
nificantly higher (by 0.5dB) from those obtained with
fixed-level for the low starting SNR, while the SRTs
for fixed-noise were significantly higher (by 0.3dB) than
those obtained with fixed-level for the high starting SNR.
When choosing a mixing method, the main concern is
that the levels of both target speech and noise masker
stay within the dynamic hearing range of the listener.
Speech presentation levels should stay above the partic-
ipant’s audibility threshold, which is a concern for the
fixed-noise condition, since speech levels are adaptively
changed. In practice, those levels can become low if the
listener’s SRT is low. Masker noise levels can become
loud for fixed-speech conditions, when a participant has
a low SRT. For example, in the antiphasic low starting
SNR condition in the onsite experiment, the noise level
for fixed-speech reached levels above 80dB SPL. These
elevated noise levels might have had a negative impact
on participants’ performance, as reflected by the current
results. Even in normal-hearing participants, speech per-
ception may be hindered at higher presentation levels.
This decline in performance is not only due to partici-
pants being agitated by high presentation levels but also
because spectral resolution can be affected [36, 37]. This
effect is one of the reasons why different mixing methods
may be more appropriate for specific populations. These
observations also serve as a reminder that presentation
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levels have to be capped in the DIN test due to its adap-
tive procedure, not only to protect the participant from
loud levels, but also to ensure that the data is not con-
taminated by the potential level-related spectral smear-
ing effect described above. In the design of the current
study, for this purpose the stimuli were limited to a range
between —20dB SNR and 420 dB SNR. Accordingly, sat-
uration of the results was observed for some of the partic-
ipants in the antiphasic listening conditions, which might
have led to a slight underestimation of their performance.
Note that this performance saturation only affects high
performing individuals and will not occur with hearing
impaired listeners that do not reach these low SRT.

4.4 Platform

Against H4, there was a statistically significant dif-
ference between the onsite and online DIN test scores
in some conditions, with the largest observed difference
being 1.30 dB. These values are near or within the typical
test-retest variability (~0.7—1dB) reported for DIN in
normal-hearing listeners, suggesting it may be of limited
clinical significance [3, 27]. In particular, for the antipha-
sic sound presentation higher SNRs (worse performance)
were shown for the online compared to onsite tests. One
explanation for this effect of platform on antiphasic test
outcomes could be the use of different headphones in the
onsite and online experiment. However, Potgieter et al.
(2016) showed that there were no significant differences
in the DIN SRTs when using different types and quali-
ties of headphones [14]. Notably, that study focused on a
diotic sound presentation, so these findings may not fully
exclude potential headphone interactions in antiphasic
sound presentations. Thus, an interaction effect of head-
phone quality and antiphasic sound presentation cannot
be entirely excluded, and future research should investi-
gate this possibility more systematically. In general, one
could argue that in the online presentation there is no
guarantee of a clean separation between left and right
audiosource, which is more critical for antiphasic than for
diotic listening. Regarding these findings, in this study,
participants used high-quality headphones in the onsite
platform, and they mentioned using good quality head-
phones for the online experiment. Therefore, the observed
differences between onsite and online results are likely due
to factors other than headphone quality.

An additional factor that could contribute to the dif-
ference in scores between the online and onsite outcomes,
is the lack of remote calibration in the online experiment.
Participants were required to adjust the presentation level
to a comfortable level for themselves while listening to
digit triplets in masking noise (at 0dB SNR). Allowing
participants to self-adjust unavoidably created variabil-
ity in the testing conditions, potentially influencing test
outcomes. Motlagh Zadeh et al. (2024) underscore that
such variability can have a statistically significant impact
on test outcomes, suggesting that personal adjustment of
sound levels can indeed affect the DIN test scores differ-
ently between onsite and online experiments [26]. In our

study, participants were asked not to change the level
during the whole experiment once set at the start.

Furthermore, the “delete” button was not added to
the online version of the DIN test. In the onsite version,
participants could use this button to correct mistakes or
accidental clicks, whereas in the online version, once a
button was pressed, the response was final and could not
be undone. Hence, participants could not change their
answers in the online session. We did not record the
“delete” button usage in the onsite tests. Although par-
ticipants only mentioned the use of it sporadically, the
absence of this option in the online experiment may have
contributed to some of the observed differences between
onsite and online DIN test scores.

5 Conclusions

This study aimed to investigate the effects of sound
presentation, starting SNR, and mixing method on the
DIN test scores in participants with normal hearing,
onsite and online. We observe that, although the different
combinations of the tested parameters did significantly
affect DIN test scores, these effects were small. Never-
theless, we must be aware of the distinctions between
the diotic and antiphasic sound presentation methods,
as well as the instances in which it is necessary to cus-
tomize your DIN test to the population, in which case
either starting SNR or mixing method should be well con-
sidered. By understanding and addressing these param-
eters, researchers and clinicians can continue to refine
and improve the validity, reliability, and feasibility of
speech audiometry tests, ultimately enhancing the quality
of hearing assessment and care.
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