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ABSTRACT

Purpose: The purpose of this study was to determine the feasibility of online
testing in a quiet room for three auditory perception experiments in normal-
hearing listeners: speech, music, and binaural cue.

Method: Under Experiment 1, sentence perception was measured using fixed
signal-to-noise ratios (SNRs: +10 dB, 0 dB, and -10 dB) and using adaptive
speech reception threshold (SRT) procedures. The correct scores were com-
pared between quiet room and soundproof booth listening environments. Exper-
iment 2 was designed to compare melodic contour identification between the
two listening environments. Melodic contour identification was assessed with 1,
2, and 4 semitone spacings. Under Experiment 3, interaural level difference
(ILD) and interaural time differences (ITD) were measured as a function of carrier
frequency. For both measures, two modulated tones (400-ms duration and 100-Hz
modulation rate) were sequentially presented through headphones to both ears,
and subjects were asked to indicate whether the sound moved to the left or
right ear. The measured ITD and ILD were then compared between the two lis-
tening environments.

Results: There were no significant differences in any outcome measures (SNR-
and SRT-based speech perception, melodic contour identification, and ITD/ILD)
between the two listening environments.

Conclusions: These results suggest that normal-hearing listeners may not
require a controlled listening environment in any of the three auditory assess-
ments. As comparable data can be obtained via the online testing tool, using
the online auditory experiments is recommended.

This study is an extension of the study by Yoon
et al. (2021). The authors in the previous study examined
the effect of listening environments and testing procedures
on temporal and spectral cue perception of individuals
with normal hearing (NH). They compared across listen-
ing environments (soundproof vs. quiet room), testing
orders (ascending vs. descending vs. counterbalanced), and
number of sessions (multiple trials vs. single trial). The
study findings imparted evidence for remote audiology
administration since the above factors did not significantly
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impact the results. Therefore, it was opined that a quiet
room and a single trial of measurement with testing order
counterbalanced for spectral and temporal assessment of
individuals with NH would suffice (Yoon et al., 2021).
However, as the authors acknowledged as a limitation,
further research is warranted to expand the same knowl-
edge base for more complex stimuli, speech, and in more
realistic conditions with the presence of noise. In addition,
due to COVID-19, in-person testing has substantially been
limited. In those scenarios, control data of remote audio-
logical testing in NH listeners for commonly used test pro-
tocols can be highly beneficial.

Speech perception at various signal-to-noise ratios
(SNRs) is the most common outcome measure to quantify
ability of listeners for processing real-world stimuli at
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everyday listening environments (Plapous et al., 2006).
This metric is particularly useful to capture nonlinear pat-
terns of performance that can occur at specific SNRs. The
nonlinear performance-intensity function is not uncom-
mon in listeners with both NH and hearing loss. For
example, consonant recognition improved linearly in NH
listeners when SNR improved from —18 dB to 0 dB but
remained flattened after then (G. A. Miller & Nicely,
1955). Individuals with hearing loss typically show the
opposite pattern. Speech perception recognition remains
little or almost no changes below 0 dB SNR but improved
linear after then (Phatak et al., 2009). Similar trends are
observed in cochlear implant users (Balkany et al., 2007,
Choi et al., 2017; Ma et al., 2016) and hearing aid users
(Armstrong et al., 1997, C. W. Miller et al., 2016). SNR-
based speech perception is useful to capture overall pat-
terns of performance-intensity functions but takes time,
which makes it less favorable metric at clinics. In contrast,
a speech reception threshold (SRT), one of the most com-
monly used clinical testing protocols, is a quick way to
assess patient’s speech perception in noise (Naylor, 2016;
Panday et al., 2018). SRT finds a single SNR needed for
patients to reach 50% performance that results in ignoring
SNRs needed for other points of percent correct. The SRT
measure avoids floor and ceiling effects usually encountered
when testing at fixed SNR levels. The SRTs obtained from
patients with degree of hearing loss can directly be com-
pared, whereas percent correct scores obtained at different
SNRs cannot be compared (Smits et al., 2021). Current lit-
erature supports online testing for hearing screenings and
pure-tone audiometry. However, there is a need to validate
the use of most encountered speech stimuli in noise for
remote assessment and treatment of hearing loss. In this
study, we intended to generate data for both approaches
for speech perceptions under quiet room and soundproof
booth listening environments so that researchers and clini-
cians could use them as a control.

Apart from speech perception in noise, there has
been a recent surge of research interest in music percep-
tion of individuals with hearing loss and hearing device
users. It is well known that optimal speech recognition
can be achieved through temporal envelope cues even
without the spectral and temporal fine structure cues
(Shannon et al., 1995; Xu & Pfingst, 2008). However, for
melody recognition, spectral and temporal fine structure
cues are essential (Pantev et al., 2003; Sares et al., 2018;
Smith et al., 2002; Varnet et al., 2015). Individuals with
hearing loss or auditory prostheses have a poor spectral
resolution, affecting their music perception and apprecia-
tion (Galvin et al., 2007, 2009; Gfeller et al., 2006). It
would be interesting to know if the music perception in a
remote environment, as in a quiet room is like that of a
soundproof room. The knowledge base would aid future
research in studying spectral and temporal fine structure

cues tapped by the musical pitch perception experiments
to be conducted in a remote setup.

Another important aspect of daily listening is binaural
hearing that aids in sound localization (Grieco-Calub &
Litovsky, 2010; Van Deun et al., 2010; Zirn et al., 2019) and
better speech perception in adverse listening situations (Choi
et al., 2017; Veugen et al., 2017). Two major cues of binau-
ral hearing are the interaural time difference (ITD) and the
interaural level difference (ILD; Akeroyd, 2006). However,
compared to SNR- and SRT-based speech perception mea-
sures, binaural hearing though important for daily living are
less discussed and are not often studied in a clinical setup
(Shafiro et al., 2020). In this study, our intention was to gen-
erate data of ITD and ILD measures with NH listeners in a
quiet room so that the use of online testing would increase
accessibility for more audiological evaluations.

Hence, as shown in the previous quiet-room study
(Yoon et al., 2021), a quiet room listening environment
allowed us to obtain comparable data in spectral and tem-
poral processing. However, the validity of quiet rooms
needs to be proven in more clinically relevant measures.
Thus, this study was formulated to determine whether the
speech perception (Experiment 1), music perception (Exper-
iment 2), and binaural cue perception (Experiment 3) per-
formances of individuals with NH are comparable in the
two listening environments: quiet room and soundproof
booth. Suppose this study findings report the efficacy of a
quiet room as that of a soundproof booth. Furthermore,
future studies should also apply these methods to listeners
with hearing loss or those with the auditory prosthesis.
Such a test module will aid in faster and comprehensive
evaluations at a remote setup without an expensive sound-
proof room, resulting in enhancing teleaudiology at large.

General Method

Three experiments were administered in two listening
environments, a quiet room and a soundproof booth with
an online testing protocol: sentence perception (Experiment
1), music perception (Experiment 2), and binaural cue per-
ception (Experiment 3). Each experiment was conducted on
a separate day. A total of 52 NH undergraduate and gradu-
ate students at Baylor University participated, and each
subject participated in only one experiment but for both lis-
tening environments of the experiment. A NH group was
purposefully selected to control any effect of intrinsic factors
(hearing loss of participants) or minimize the confounding
variables as much as possible. All had thresholds better than
20-dB hearing level at audiometric frequencies from 0.25 to
8 kHz. No participants reported prior ear diseases and expe-
rience in psychoacoustic experiments. All subjects received
course credit for their participation. All the subjects pro-
vided informed consent, and the Baylor University Institu-
tional Review Board approved all procedures.
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For each experiment and procedure for determining
most comfortable level (MCL), step-by-step video instruc-
tions were provided to all participations. For the quiet room
listening condition, subjects administered the tasks by them-
selves. The quiet room listening condition had three specific
requirements: (a) presentation level for all tasks should be at
their MCL (see Procedures in Experiment 1 for details), (b)
they use their own choice of headphones including ear-
phones and earbuds and (c) all tasks should be conducted in
their room with no obvious ambient noise (e.g., television,
music, fan, air conditioner sound, dog in the room). Two
experienced graduate assistants were also available for tech-
nical difficulties for the quiet room test setups.

For the soundproof booth listening condition, the
different subjects from those who participated in the quiet
room condition were recruited to repeat the same tasks in
the quiet room condition but in the soundproof booth.
The graduate assistants provided the verbal instructions
and controlled the whole testing procedure.

Any participants who had outlier data in either lis-
tening condition were asked to repeat the experiments
with the help of a graduate assistant because these psycho-
acoustic experiments were new to all subjects. The outliers
were determined by finding first (F), third (T), and inter
(I) quartiles from the entire data. The upper and lower
limits were calculated by T+(1.5*I) and F—(1.5*I), respec-
tively (Ferrari et al., 2020). Any data out of these upper
and lower limits were considered outliers.

Experiment 1: Speech Perception
Subjects

Twenty-two adults with NH participated in sentence
perception measures under the quiet room and soundproof
booth listening environments. Sentence perception was
administered using two testing procedures: at a specific
SNR and using an adaptive SRT. One group of 11 adult
subjects participated in the SNR sentence perception for
both listening environments (10 women and one man; mean
age = 21 + 0.7). Another group of 11 adult subjects partici-
pated in the SRT sentence perception for both listening
environments (11 women; mean age = 21 + 0.61). All the
subjects were native speakers of American English.

Stimuli

The speech perception procedure used the Revised
Speech Perception in Noise Test (R-SPIN; Bilger, 1984;
Wilson et al., 2012) to measure SNR- and SRT-based speech
perception. Only the low-predictability sentences from the R-
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SPIN materials were used. The R-SPIN materials were
selected since they allow for a sentence construction of the
test materials yet are amenable to closed-set computerized
testing with forced-choice procedures. The R-SPIN materials
are organized in sets of 25 sentences and an example sentence
from the low-predictability set is, “Miss White won’t think
about the crack,” where the last word of the sentence is
always the scored keyword. A male talker produced the sen-
tences. Sentences were presented to the left ear via head-
phones, and subjects were instructed to respond using a com-
puter interface to indicate the last word of the sentence. The
closed set sentence identification task was preferred in this
study since the lexical factors impacting the word recognition
and word identification for a closed set become like an open
set sentence identification task when a greater set size is cho-
sen for the closed set task (Clopper et al., 2006; G. A. Miller
et al., 1951). Moreover, in a closed-set test, despite the differ-
ent language expertise of participants, the response selection
is from the common linguistic pool (Jerger et al., 1968).

For the noise conditions, speech-spectrum noise was
generated by filtering random noise drawn from a uniform
distribution through a speech-spectrum shaping filter. This
filter was generated by estimating the power spectral density
of the corresponding speech materials using Welch’s period-
ogram method and converting this density to an eighth-
order IIR filter using Prony’s method (Oppenheim, 1978). A
20-s sample of noise was generated and played continuously
throughout the speech recognition procedures. Brief 20-ms
attack and release ramps were applied at the beginning and
end of the noise sample to avoid snap, crackle, and pop arti-
facts between loops. The SNR was specified based on the
root-mean-square value of the speech and noise samples.
For a given SNR, the speech and noise samples were com-
bined and scaled such that the total output power was set
equal to the subject-specified comfortable loudness level.

Procedure

Both SNR- and SRT-based speech perception was
conducted with monaural presentation (left ear) using
headphones to simulate a standard testing protocol at
most clinics. Before a formal test, MCL was determined
by presenting one R-SPIN sentence, “The woman knew
about the lid,” in quiet to the left ear via headphones
(Sennheiser HAD 280 supra-aural headphones were used
for the soundproof booth listening condition). This sen-
tence was produced by the same male talker who pro-
duced the R-SPIN sentences used for the formal test. Each
subject adjusted computer volume to be “comfortable, but
slightly loud” or “comfortable,” based on Cox’s Loudness
Scale (Cox et al., 1997). The MCL was used for both
SNR and SRT procedures. Each spoken sentence was
shown at the bottom of the computer screen with the last



word missing. Subjects were asked to choose the correct
word from the 25 possible words on a computer screen.
For the SNR procedure, sentence perception was
measured at —10 dB, 0 dB, and +10 dB SNRs (speech-
shaped noise). The three SNRs represented bad, better,
and good listening environments. For each SNR, 25 sen-
tences were randomly presented twice (a total of 50 pre-
sentations per SNR) to obtain more reliable outcomes.
Percent correct score was computed by dividing the num-
ber of correct responses by 50. For the SRT procedure,
the initial SNR of a measurement run was set to 12 dB.
The SNR was decreased by 2 dB following correct
answers and was increased by 2 dB following mistakes.
The procedure continued until the subject made eight mis-
takes, and the SRT was taken as the average of the last
four reversals. Correct-answer feedback was provided on
all trials, and participants could use a repeat button for
stimulus replay and were instructed to do so if necessary.

Results

Figure 1 shows the average percent correct, along
with standard errors as a function of SNR (left panel) and
average SRT (right panel). Mean percent correct data of
SNR procedure were analyzed with two-way repeated-
measures analysis of variance (ANOVA) using two
independent-within variables: listening condition with two
levels (i.e., quiet room and soundproof booth) and SNR
with three levels (i.e., —10, 0, 10 dB). Mean SRT data
were analyzed with a paired ¢ test to compare a quiet
room versus a soundproof booth.

For the percent correct data across SNRs (left panel),
the listening environment had a significant impact on sen-
tence perception (open vs. filled bars), F(1, 60) = 4.26, p =
.04, indicating that percent scores were significantly better
under the quiet room listening condition than under the

soundproof booth listening condition. The statistical analy-
sis yields a significant main effect of SNR, F(2, 60) =
149.90, p < .001, indicating that subject’s speech perception
is significantly affected by the noise level. Analysis also
showed significant interaction between the two independent
variables, F(2, 60) = 3.63, p = .03. Pairwise multiple com-
parisons with Bonferroni correction showed a significant
listening environment effect at —10 dB SNR (p = .001), as
indicated by asterisks. Pairwise multiple comparisons also
showed a significant SNR effect between —10/0 dB (p <
.001) and —10/10 dB (p < .001) for both listening environ-
ments, as indicated by asterisks. For the SRT data (right
panel), the listening environment had no significant impact
on sentence perception, #20) = —0.89, p = .39, indicating
that SRT was not significantly different between the listen-
ing environments.

Discussion

Experiment 1 aimed at comparing the speech percep-
tion in the noise of individuals with NH across a quiet ver-
sus soundproof booth. The results indicated no significant
difference across the two listening environments in noise at
0 dB and +10 dB SNRs. No significant difference across
the two listening environments were also obtained for SRT
measure. These findings indicate that a quiet room would
be sufficient to conduct experiments involving fixed SNR
testing at 0 dB and +10 dB SNRs and SRT measurements
in individuals with NH. This study, thereby, imparts evi-
dence for conducting an experiment or clinical tests in a
quiet room set up effectively with results as good as that of
a soundproof booth when studying the influence of noise
on speech perception. These findings support the previously
reported findings of no significant difference in pure tone
thresholds across the quiet room and soundproof booth
(Maclennan-Smith et al., 2013; Margolis & Madsen, 2015).

Figure 1. Mean percent correct scores as a function of signal-to-noise ratio (SNR; left panel) and mean speech reception threshold (SRT;
right panel) with standard errors in quiet room and soundproof booth listening environments. Significant pairwise multiple comparison out-
comes are indicated by asterisks, indicating that **p < .01 and **p < .001.
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This study found that the percent correct scores
were significantly different across the quiet versus sound-
proof booth at —10 dB SNR but not at 0 dB or +10 dB
SNRs. This result suggests effective utilization of a quiet
room for speech perception testing of NH participants at
+10 dB and 0 dB SNRs except at —10 dB or negative
SNR. At —10 dB SNR, significantly better percent cor-
rect scores in quiet room compared to the soundproof
booth can be explained by the possibility of negative psy-
chological factors or a sense of claustrophobia sensed by
the participants in a soundproof booth (Behar, 2021). In
contrast to the soundproof booth, the participants are at
much ease and comfort for testing in their quiet room.
In addition, the subject is presumed to have greater famil-
iarity and habituation with personal headphones used in a
quiet room testing instead of supra-aural headphones in the
soundproof booth. Therefore, the familiarity and habitua-
tion may provide significant advantage over less familiar
supra-aural headphones in quiet room at —10 dB SNR. The
occurrence of SNR in the daily listening situation is a cru-
cial factor in deciding the SNRs to study in research prac-
tice. Since the negative SNRs have a lower occurrence in
real-world listening environments (Smeds et al., 2015; Smits
et al., 2021), a quiet room can be recommended for speech
perception testing of individuals with NH.

Moreover, this study showed a significant difference
in the speech perception scores across SNRs. It was
observed that the speech perception scores significantly
varied between —10 dB and 0 dB SNR, —10 dB, and
+10 dB SNR under both listening environments. In con-
trast, no significant difference was noted between the 0 dB
and +10 dB in either listening condition. These findings
suggest that the quiet room has similar potential as that
of a soundproof booth to capture an SNR effect on
speech perception for clinical testing. Therefore, the quiet
room listening environment can be recommenced for
experimental designs and clinical evaluation setups.

The SRT of NH adults in the existing literature ranges
from —-0.10 dB with Bamford—Kowal-Bench Speech-in-
Noise test (BKB-SIN) American English sentences (Fowler
et al., 2021) to approximately —10 dB with Finnish sen-
tences (Dietz et al., 2014), German sentences (Dietz et al.,
2014; Kollmeier & Wesselkamp, 1997), and American
English Hearing in Noise Test sentence (Nilsson et al.,
1994). All these studies were conducted with open set
approach. The SRT obtained in this study in a soundproof
room with a closed set approach (-7 dB) is compatible with
some of these data sets. We expected lower (i.e., better)
SRT scores with our closed set approach because a closed
set task is lesser demanding than the open set task (Holmes
et al., 1988). Our SRTs were better than SRT obtained with
BKB-SIN sentences. A potential reason for the difference is
that the speech spectrum-shaped noise used in this study is
known to have extremely low-intensity fluctuations over
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time (Shukla et al., 2018), so weaker masker than competing
multitalker babble was used in the BKB-SIN test.

One methodological concern of this study was using
a single type of sentence (R-SPIN). Reports have shown
that certain lists of R-SPIN sentences have psychometric
functions for low predictability and high predictability
sentences bisecting each other at low SNRs rather than
maintaining reasonable separations (Wilson et al., 2012).
Greater insight would have been obtained if multiple test
materials, such as BKB-SIN, Hearing in Noise Test, and
Institute of Electrical and Electronics Engineers sentences,
were assessed, including even word-level tests to confirm
the findings. Moreover, only 25 closed-set sentences are
available in R-SPIN tests. Due to the limited availability
of sentences for all the conditions, all the sentences were
repeated 2 times in this study. This would have led to car-
ryover effects, resulting in a threat to the internal validity
of the study.

Overall, the study outcomes are promising and support
the use of soundproof booth-free, subject’s own computer-
based speech perception in the noise assessment of individ-
uals with NH. This method offers an effective alternative
when circumstances do not allow standard speech assessment
in a soundproof booth. Furthermore, it would also be inter-
esting to study whether a quiet room setup would suffice
even for speech perception in noise assessment of individuals
with hearing loss or those using hearing devices.

Experiment 2: Music Perception
Subjects

Ten adult NH listeners (10 women; mean age = 22
+ 0.4) participated in a melodic contour identification in
quiet for both quiet room and soundproof booth listening
environments.

Stimuli

The stimuli for melodic contour identification were
rendered using Sibelius - Music Notation Software (Avid
Technology). The musical notes were rendered using the
“Piano” note setting in Sibelius and each note was ren-
dered as 400 ms in duration. The nine contours consisted
of five-note patterns including “rising,” “falling,” “flat,”
“rising-flat,” “falling-flat,” “rising-falling,” “falling-rising,”
“flat-rising,” and “flat-falling” (Galvin et al., 2007). The
notes within a pattern were each separated by 200 ms.
Melodic contour identification was assessed using contours
having a center note of 220 Hz, which corresponds to A3
in Western music notation.



Procedure

Melodic contour identification was assessed with a
nine-alternative forced-choice paradigm as a function of
tone spacing: 1, 2, and 4 semitones. 1 semitone is the
smallest interval used in most music systems (Bell &
Jedrzejczak, 2017; Trehub et al., 1986). It is also near the
average discrimination thresholds for cochlear implant
users (Ping et al., 2012). The use of the 2- and 4-semitone
spacings allows us to generate data sets that will be com-
pared with performance for cochlear implant users with
poorer discrimination (Ping et al., 2012). The melodic con-
tours were presented to the left ear through headphones at
the subjects’ MCL, determined in Experiment 1. With
each tone spacing setting, percent correct was determined
on 27 presentations (9 contours X 3 repetitions). The par-
ticipants were instructed to select the correct melody con-
tour heard from the options displayed on the screen. Par-
ticipants could use a repeat button for stimulus and were
instructed to do so if necessary.

Results

Figure 2 shows mean percent correct, along with
standard errors for the quiet room (open bars) and
soundproof booth (filled bars) environments. These mean
scores were analyzed with two-way repeated-measures
ANOVA using two independent variables: listening con-
dition with two levels (i.e., quiet room and soundproof
booth) and note spacing with three levels (i.e., 1, 2, 4
semitones). The statistical analysis showed no significant
difference between the listening environments, F(2, 54) =
0.07, p = .79 and no significant main effect of the note
spacing, F(2, 54) = 0.64, p = .53. Analysis also showed no
significant interaction between independent variables, F(2,
54)=0.03, p = .97.

Figure 2. Mean percent correct scores with standard errors as a
function of note frequency spacing in semitone in quiet room and
soundproof booth listening environments.
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Discussion

The results indicated no significant difference across
a quiet room and a soundproof booth. The mean percent
score (greater than 85%) was similar to that in existing lit-
erature, 82.4 + 17.6% (Jung et al., 2010). The percent cor-
rect scores greater than 85% across the three-tone spacing
settings are also in synchrony with the existing literature
of successful melody recognition more than 70% of the
time (Jung et al., 2010; Kang et al., 2009).

Furthermore, similar performances between the
two listening environments can be explained by the fact
that the testing is conducted at the MCL, of the partici-
pant rather than the threshold level. The testing at the
threshold level, in contrast to the MCL, is expected to be
influenced by slight ambient noise. Along the same lines,
melody contour identification is similar to auditory pro-
cessing tests as both are generally carried out above
threshold levels. Similar findings of no significant differ-
ence in the results of auditory processing measures
across the test settings either quiet room or soundproof
booth are reported (Lucker, 2017). Our result along
with other study suggests that melody contour identifica-
tion is also less likely to require a soundproof room for
administration.

Consequently, it can also be understood that the
perception of spectral and temporal fine structure cues
critical for music perception is minimally affected by the
room acoustics once it is devoid of any obvious ambient
noise. There have been related reports of no significant
influence on temporal fine structure for the range of level
of testing over the range of 20-50 dB sensational level or
SL (Moore & Sek, 2009). Since this study involved testing
at the MCLs (almost 30-40 dB SL), it can be reasoned
that no profound consequences led to the melody identifi-
cation scores with minimal ambient noise in the quiet
room setup. Moore and Sek (2009) also postulated that
temporal fine structure tests can be run on any personal
computer with a good quality soundcard with no special-
ized equipment. This study supports these findings and
suggests the possibility of music perception testing to be
carried out in a quiet room devoid of any obvious ambi-
ent noise.

Contrastingly, there have been reports of altered
music perception with change in the room acoustics, primar-
ily reverberation. The better musical sound quality of NH
in nonreverberant listening environments when compared to
reverberant conditions is widely reported in the literature
(Roy et al., 2015; Sayles & Winter, 2008). Therefore, it
implies that the room acoustics, especially reverberation,
has profound consequences on music perception. This study
noted no significant difference in melody identification
between the two listening environments. It can be explained
by the possibility of nonreverberant quiet rooms used in this
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study. Hence, it is opined that melody contour identification
can be carried out in quiet rooms in school buildings or
offices by ensuring that they are nonreverberant, with back-
ground noises minimal, and prior addressed. It would further
aid in easily evaluating subjects or participants at their loca-
tion, rather than requiring them to visit the soundproof lab.

Furthermore, no significant difference was noted in
melody contour identification across the three-tone spacing
settings (1, 2, and 4). These tone space settings refer to the
pitch difference between notes in a pattern. This feature
highly depends on the pitch discrimination ability of a lis-
tener. It is reported that just noticeable difference needed
for a NH individual to identify a pitch difference between
two notes correctly is about one semitone (Kang et al.,
2009). Therefore, since this study incorporated one semitone
(just noticeable difference) and more as the tone spacing, no
significant difference was noted in the melody identification
percent correct scores. The findings were common across
the tone spacing settings for quiet rooms and soundproof
booths. Moreover, it is reasonable to state that a quiet room
can be utilized even for studies investigating the just notice-
able difference for pitch discrimination or evaluating mel-
ody contour identification with very low tone spacings.

Experiment 3: Binaural Cue
Perception

Subjects

A total of 20 adult listeners with NH participated in
the binaural cue threshold measures (ILD and ITD) in
quiet. One group of 10 subjects (nine women and one
man; mean age = 21 + 0.4) participated in the ILD task
for both listening environments. Another group of 10
adult NH subjects (nine women and one man; mean
age = 25.1 £ 9.7) participated in the ITD task for both lis-
tening environments.

Stimuli

For both ILD and ITD threshold measures, stimuli
were 400 ms in duration with 20-ms raised-cosine attack
and release times. Stimuli were amplitude-modulated sinu-
soids with the modulator being a half-wave rectified (i.e.,
transposed) envelope. The modulation frequency of the
modulator was 100 Hz, which was selected as representing
a typical fundamental frequency of a male talker. The
rationale behind using modulated tones rather than
unmodulated ones was that they are ecologically valid as
natural sounds are typically modulated. Moreover, the
modulation envelope facilitates ITD discrimination. We
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used common carrier frequencies that are known to be
effective to ILD and ITD measures of NH listeners. For
the ILD threshold measure, carrier frequencies of 1500 Hz,
2500 Hz, and 4500 Hz were used to generate small,
medium, and large effects of ILD (Jones et al., 2015; Koka
et al., 2011; Stecker, 2014). For the ITD threshold measure,
carrier frequencies of 350 Hz, 750 Hz, and 1150 Hz were
used to generate small, medium, and large effects of ITD
(Kuwada et al., 2010; Stecker, 2014).

Procedure

For both ILD and ITD threshold measures, two
modulated tones with a modulation rate of 100 Hz were
sequentially presented to both ears through headphones in
quiet. The modulation rate of 100 Hz is near the average
fundamental frequency of a male talker (Kovacic &
Balaban, 2009). So, it is a relevant and ecologically valid
modulation frequency to use as a probe. The subjects were
asked to indicate which way the sound moved to the left
or right ear. Before formal testing, loudness balancing was
carried out using the Cox’s Loudness Scale (Cox et al.,
1997). For loudness balancing, a 1-kHz tone was pre-
sented to the left ear at the MCL of the listener, deter-
mined in Experiment 1. The participants were instructed
to adjust the level at the right ear with 1-dB step using a
button given on the computer screen until the loudness
was perceptually equal. For both ILD and ITD measures,
the threshold was determined with each of the three car-
rier frequencies in a block testing paradigm.

The procedure to estimate ILD was a two-interval,
two-alternative, forced-choice paradigm with three carrier
frequencies: 1500, 2500, and 4500 Hz. The three carrier
frequencies are known to generate small, medium, and
large effect of ILD threshold measure in NH listeners
(Akeroyd, 2014; Hartmann & Wittenberg, 1996; Kalcioglu
et al., 2003; Willert et al., 2006). The intervals were 400 ms
long with 200 ms of silence between intervals. On a given
trial, an ILD was applied to either the left or right channel
of the stereo signal for the first stimulus interval. The
same ILD was applied to the opposite channel for the sec-
ond interval. For example, if the ILD was 24 dB and the
left channel was reduced by 24 dB in the first interval,
then the right channel would be reduced by 24 dB in the
second interval. For well-balanced stimuli, this process
creates a sensation of the sound internally moving across
the midline of the head. The channel of the stereo signal
for reducing in the first interval was randomly assigned
with 50% probability. Adaptive procedures were used to
measure the ILD threshold. The initial ILD was set as
24 dB; with each correct answer, it was decreased by a
factor of 2, and with each wrong answer, it was increased
by a factor of 2. This adaptive rule with a step size 3 times



larger (on an exponential scale) following mistakes con-
verges to 75% discrimination accuracy (Kaernbach, 1991).
The procedure continued until the subject made eight mis-
takes, and the ILD threshold was taken as the average of
the last four reversals.

Using a similar procedure used for ITD threshold
measure, ITD was assessed with three carrier frequencies:
350, 750, and 1150 Hz. The three carrier frequencies are
known to generate small, medium, and large effect of ITD
threshold measure in NH listeners (Brughera et al., 2013;
Hartmann & Wittenberg, 1996; Wightman & Kistler, 1992;
Willert et al., 2006). On a given trial, the first interval of
the left or right channel of the stereo signal was delayed by
the ITD with a 50% probability. Following this, the second
interval of the opposite channel was delayed by the ITD.
The initial ITD was set to 100 ms, then decreased by two
following correct answers and increased by two following
mistakes. The procedure continued until the subject made
eight mistakes, and the ITD threshold was taken as the
average of the last four reversals.

Results

Figure 3 shows the mean ILD threshold (left panel)
and ITD threshold (right panel), along with standard
error. Both ILD and ITD thresholds were analyzed with
two-way repeated-measures ANOVA using two indepen-
dent variables: listening condition and carrier frequency.
For the ILD thresholds, no significant main effects of the
listening environment, F(1, 36) = 0.06, p = .80 and of the
carrier frequency, F(2, 36) = 0.72, p = .50 were observed.
Analysis also showed a nonsignificant interaction between
independent variables, F(2, 36) = 0.13, p = .88. For the
ITD thresholds, no significant main effects of the listening
environment, F(1, 36) = 0.37, p = .55, but the main effect
of the carrier frequency was significant, F(2, 36) = 5.90,
p = .006. There was no significant interaction between

independent variables, F(2, 36) = 0.03, p = .98. Pairwise
multiple comparisons with Bonferroni correction showed a
significant difference between 350 Hz and 750 Hz for the
quiet room (p = .40) and the soundproof booth (p = .38),
as indicated by asterisks.

Discussion

This study findings indicated no significant difference
in both ILD and ITD thresholds under the two listening
environments for all the three carrier frequencies. However,
it was noted that the ITD for 350-Hz carrier frequency was
significantly larger than the ITDs obtained for 750-Hz car-
rier frequency in both listening environments.

The information embodied in ITD and ILD cues is
known to aid in horizontal plane localization and speech
recognition for NH listeners in adverse listening situations,
such as cocktail party (Blauert, 1997; Yost et al., 1996).
Due to this advantage, ITD and ILD cues have been
applied to individuals with bimodal fittings (Choi et al.,
2017; Veugen et al., 2017) and bilateral cochlear implants
(Grieco-Calub & Litovsky, 2010; Van Deun et al., 2010;
Zirn et al., 2019). Zeng et al. (2004) reported that the ILD
cues reflect the level differences embedded in the temporal
envelope. On the other hand, the ITD cues reflect the dif-
ferences in the embedded temporal fine structure. Hence,
with this information, it can be inferred that in this study
the music perception as well as ITD cues both rely on the
temporal fine structure cues. Henceforth, the same justifica-
tion of no significant influence on temporal fine structure for
the range of level of testing 20-50 dB SL (Moore & Sek,
2009) as mentioned for music perception experiment also
holds good for ITD experiment.

This study provides evidence for using a quiet room
for ITD and ILD measurements in individuals with NH.
Our results suggest that an online home-based assessment
of localization abilities in a quiet room has the potential

Figure 3. Mean interaural level difference (ILD) threshold (left panel) and interaural time difference (ITD) threshold (right panel) with standard
errors as a function of carrier frequency in quiet room and soundproof booth listening environments. Significant pairwise multiple-comparison

outcomes are indicated by asterisks, indicating that *p < .05.
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to be used for individuals with hearing loss and hearing
devices.

General Discussion and Future
Plans

This study provided data sets of NH listeners for
speech perception, music perception, and binaural cue
perception experiments under quiet room and soundproof
booth listening environments. The findings indicated no
significant difference in the two listening environments.
Hence, an online testing mode in a quiet room for these
three auditory experiments is recommended for research
and clinical practice involving NH listeners. Further-
more, with evidence of a quiet room being sufficient for
all the three experiments tested, a test battery can be
designed for online home-based testing. Such a test bat-
tery would result in a comprehensive auditory assess-
ment with added benefits such as low travel and clinic
use cost, greater flexibility in accessing the subjects,
and flexibility in administering multiple tests. The pre-
requisite for online administration of auditory experi-
ments may include using a quiet, nonreverberant room
with no obvious ambient noise.

One technical concern is that the frequency responses
of the different headphones used by each participant may
vary; the outcomes of all experiments may be affected.
Medwetsky et al. (2020) reported that a significant effect
of different earphones on speech perception in noise in
listeners with high-frequency hearing loss. Specifically,
Sennheiser and Blue Ever Blue earphones provided signifi-
cantly better speech perception than Apple EarPods
(Medwetsky et al., 2020). These findings indicate that our
three experiments were affected. We acknowledge this
potential effect; however, in this study, no significant
difference between quiet and soundproof booths was
observed, so the effects of using different headphones are
marginal. In the future, a larger study with sufficient sam-
ple size under each headphone models can help study the
effect of different frequency responses on the outcome
measures.

Future studies must also validate these findings in
those with hearing loss or with hearing devices, which
would aid in catering to the auditory assessment needs of
many patients, even in the remote. Remote testing, in
contrast to in-lab testing, has several benefits, such as it
supports ecological validity since the subjects are tested
while they are immersed in real-world environments
(Bottalico et al., 2020; Parker et al., 2020). Further, it
overcomes geographical and transportation barriers by
permitting the subjects to undergo tests in the comfort of
their homes (Bobb et al., 2016; de Graaff et al., 2018).
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Greater flexibility in scheduling appointments and
reduced stress associated with the travel planning for in-
lab testing is also assured. The approaches for executing
remote testing in audiological practice are beyond the scope
of the current article and are illustrated in depth by (Peng
et al., 2020).
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