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Abstract
Background - a pitch mismatch is considered detrimental for binaural integration and auditory 
performance in asymmetric hearing rehabilitated with cochlear implant. However, current psychoacoustic 
pitch balancing procedures are time consuming and annoying, leading to disengagement and unreliable 
results.
Aim - the aim of this study is to speed up the psychoacoustic pitch discrimination test maintaining high 
levels of reliability and engagement with a gamified mobile-based procedure appropriate for children and 
adults.
Methods - a preliminary case study is presented of a mobile-based application to test pitch discrimination 
in an adult patient affected by asymmetric hearing loss with mild sensorineural hearing loss in one ear 
and profound sensorineural hearing loss rehabilitated with cochlear implant in the other ear. The details 
of the procedure and the results of ease of use and workload questionnaires are reported.
Results - the pitch discrimination test pointed out a frequency-specific mismatch between the unaided 
ear and the cochlear-implanted ear. The questionnaires’ scores suggest that the gamified procedure 
could be easily implemented in the testing protocol of cochlear implant fitting.
Conclusion - the results of the psychoacoustic pitch discrimination test could be useful to improve 
cochlear implant fitting. Research is ongoing to verify and validate the efficiency of the gamified pitch 
discrimination procedure reported in the present study.
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Introduction
One broad definition of pitch is that it is 

a perceptual characteristic of sounds that, 
when they are presented at equal loudness, 
it enables them to be ranked along a low to 
high dimension (McDermott, 2011).

The ability to distinguish between pitches 
plays an important role in various aspects 
of our daily lives. For instance, being able to 
discern pitch is essential for perceiving mu-
sic melodies (Moore, 2012), while in verbal 
communication (Laures and Weismer, 1999), 
it helps in understanding different talkers 
and the prosodic nuances of speech, which 
are particularly significant in tonal languag-
es (Deroche et al., 2019). Additionally, pitch 

is a fundamental cue for separating different 
sound sources, aiding in the segregation of 
auditory information. When access to cues 
related to changes in speech fundamental 
frequency is limited, it can negatively impact 
the ability to recognize speech, especially 
in noisy environments (Binns and Culling, 
2009). Pitch, a perceptual attribute primar-
ily determined by the frequency content of 
a sound (Moore, 2012), can be represented 
through various cues, including place pitch, 
which involves selecting a specific region of 
excitation in the cochlea (Marimuthu, Swan-
son and Mannell, 2016), and temporal pitch 
(Saenz and Langers, 2014). The mapping of 
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place pitch encoding relies on the established 
tonotopic map of the cochlea. However, this 
map can exhibit variability between ears and 
among individuals, possibly changing within 
the same individual over time. Furthermore, 
deviations in neural plasticity associated with 
hearing loss can lead to alterations in the to-
notopic map (Koops et al., 2020).

In patients undergoing rehabilitation for 
hearing loss, the most significant interaural 
discrepancy occurs in individuals with one 
cochlear implant (CI) and varying degrees of 
acoustic hearing in the opposite ear, rang-
ing from normal to severely impaired (Pieper 
et al. 2022). When acoustic hearing is sup-
plemented with a hearing aid, it’s termed 
as “bimodal” approach. If the individual has 
normal hearing, it’s denoted as “single-sided 
deafness and CI” strategy (SSD-CI). Frequen-
cy resolution, tonotopic mismatch, and in-
teraural mismatch exert distinct impacts on 
speech comprehension and spatial release 
from masking in simulated scenarios of bilat-
eral CIs. Reducing interaural mismatch could 
be crucial for maximising binaural advantag-
es and enhancing CI efficacy in environments 
with competing speech, which is a common 
listening situation (Xu et al., 2020).

The correct measurement of pitch discrim-
ination may be useful for two main reasons. 
The first is that good results in other related 
measures, such as an accurate pitch ranking 
ability, appear to be an independent predic-
tor of overall CI performance outcome (Ken-
way et al., 2015). The second is that it has 
been found that the pitch discrimination can 
be used as a reference for the fitting of the CI 
(Saleh, 2013).

There are also two main limitations to the 
clinical application of pitch discrimination 
tests. One is the total time required to com-
plete the procedure, which can lead to an-
noyance and disengagement, and the other 
is that there are several variables and bias-
es affecting this measure. Here we present 
a case study on a quick pitch discrimination 
test performed with a rigorous psychoacous-
tic procedure implemented in an engaging 
task via a mobile app.

Materials and Methods

Participant
A male, 59 years-old, affected by right ear 

idiopathic profound deafness (Figure 1) with-
out comorbidities, was enrolled at the Gruppo 
Otologico (Casa di Cura Piacenza, Piacenza, 
IT) and tested 5 years after right ear CI (Co-
chlear Nucleus CI532 Slim Modiolar, Cochle-
ar Limited, Sydney, AU) with an off-the-ear 
processor (Cochlear Nucleus Kanso, Cochlear 
Limited, Sydney, AU). Unaided speech recep-
tion threshold for 50% of correctly recognized 
bisyllabic words (SRT50) in quiet was located 
at 25 dB hearing level (HL), while direct input 
SRT50 in quiet was located at 55 dB HL. At the 
unaided italian Matrix Sentence Test (Hoer-
zentrum Oldenburg, DE), the SRT50 was 5.3 
dB in the S0N0 condition and -1.8 dB in the 
S0N+90 (i.e. with noise on the right side) con-
dition, while in the CI-aided condition SRT50 
was 4.4 dB in the S0N0 condition and -2.7 dB 
in the S0N+90 condition. Prior to the experi-
ment, electrode impedances of the implanted 
ear were checked.

Figure 1. Pure tone audiometry: left PTA500-4000Hz 
= 28.75 dB HL; right profound deafness. Full 
circles: right CI-aided pure tone threshold, 

PTA500-4000Hz = 43.75 dB HL.

Stimuli
Acoustic stimuli were generated as expo-

nentially decaying sinusoids, derived from 
the impulse responses of a resonant sec-
ond-order infinite impulse response (IIR) fil-
ter (De Poli and Avanzini, 2005) with central 
frequency set to control the stimulus pitch 
and sampling frequency of 44.1 kHz. The pa-
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rameter controlling timbre and duration re-
mained constant at 0.1. During testing, audio 
was synthesised in real-time using Pure Data 
open-source software on a tablet (Apple iPad 
Pro 11-inch 3rd generation 256 GB, Cuperti-
no, US) facilitated by Pure Data libpd audio 
synthesis library (Brinkmann et al., 2016). The 
stimuli were delivered monaurally through 
the direct input to the right CI and through a 
loudspeaker (Genelec 8020D, Insalmi, FI) po-
sitioned at approximately one meter lateral 
to the left ear. To ensure adequate loudness, 
the iPad’s digital output was routed through a 
preamplifier system (Antelope Zen Go Syner-
gy Core USB sound interface, Sofia, BG, via a 
USBC-3.5 mm jack adapter, and then the an-
alog output was amplified using a RME Baby-
face Pro sound card, Haimhausen, DE). The 
system was calibrated to achieve a tolerance 
of 2.5 dB sound pressure level (SPL) and a 
peak amplitude of 103 dB SPL measured with 
a calibrated class 1 sound level meter (XL2 
Sound Level Meter, NTi Audio, Schaan, LI).

Procedure
The pitch discrimination session included 

six steps:
Familiarisation, involving collaborative 

training trials with the experimenter.

Figure 2. The tablet user interface running 
the loudness balance test (a) and the pitch 

discrimination test (b); the stereo line-out of the 
tablet is splitted into left and right channels; the 

left channel is connected to a soundcard and 
preamplifier system (c); an active loudspeaker 
delivers the acoustic signal to the left ear (d); 
the right wire is connected to the line-in jack 
of a wireless streamer (Cochlear MiniMic 2+, 
Cochlear Limited, Sydney, AU) (e); a wireless 

direct input to the cochlear implant processor 

stimulates the right ear while microphones 
are turned off (f). Continuous lines: wired 

connections; dashed line: wireless connection.

Determination of a degree of similarity in a 
scale with 5 integer steps of three different 
waveforms (pure tones, exponentially decay-
ing sinusoids, and Pulse-Spreading Harmonic 
Complexes - PSHCs) with a 1 kHz central fre-
quency presented with a 500 ms stimulus on-
set asynchrony between the two sides.

Loudness balancing, where the partici-
pant adjusted stimuli to their most com-
fortable loudness (MCL) and established an 
equal-loudness contour (ELC).

Two-interval, two-alternative forced choice 
(2I-2AFC) adaptive pitch discrimination test-
ing.

A catch trial, serving as a distractor task, 
where the listener identified whether a pair 
of pure tones sounded different or the same.

Evaluation of the overall experience through 
brief questionnaires on task load and ease of 
use.

The test setup is reported in figure 2.

Loudness balancing
The participant adjusted loudness to a 

comfortable level, starting from 50 dB SPL in 
the acoustic-hearing ear. SPL was increased 
or decreased by 1 or 4 dB steps using four 
animated buttons. In this way, we estimated 
an equal loudness contour (ELC) for each of 
the three test stimuli in both ears. The first 
step consisted in presenting seven stimuli 
spaced in half-octave steps centred around 
1 kHz in random order. The listener set each 
one at the most comfortable level. The sec-
ond step consists in comparing each of these 
levels with the test stimulus set at the most 
comfortable level (MCL) presented with a 500 
ms onset asynchrony. In this second step, a 
layout similar to the one used for MCL deter-
mination allowed sound level adjustments, 
with buttons enabling increments and decre-
ments of the levels at the contralateral ear of 
1 or 3 dB SPL steps. An example of the result 
of the ELC estimation procedure is illustrated 
in Figure 3.

2I-2AFC pitch discrimination
Discrimination thresholds can be measured 

using various methods. Adaptive procedures 
are usually preferred over constant stimuli as 
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they ensure a dense sampling of the psycho-
metric curve in the region of the threshold 
(Arzounian et al., 2017). That region is hard to 
situate prior to the experiment because of in-
terindividual differences and training effects.

Figure 3. Equal loudness levels set by the listener 
in the loudness balancing procedure.

A common procedure, implemented here, 
is the two-interval two-answer forced choice 
(2I-2AFC). In the 2I-2AFC pitch discrimination 
adaptive procedure, two stimuli are present-
ed on each trial with slightly different frequen-
cies, and the listener must decide whether 
the latter has a higher pitch than the former. 
We utilised a weighted up-down method sim-
ilar to the simple up-down rule (Kaernbach, 
1991). The frequency step between the tones 
to be compared was adjusted to track the 
75% correct point on the psychometric func-
tion. After each incorrect response, the rela-
tive frequency difference was doubled, while 
after a correct response, it was divided by the 
cubic root of 2. The initial step size was set to 
10%, and it was adapted with a single adap-
tive track for rapid convergence over at least 
16 trials, aiming to complete the experiment 
in approximately 30 minutes. Upon comple-
tion of 16 trials, the mean and the 95% con-
fidence interval were computed and a catch 
trial was inserted. The pitch discrimination 
sequence stops when one of three following 
conditions is satisfied:

at the 16th and 32nd trials, the threshold 
fell in the 95% interval of confidence comput-
ed from the previous values of the same pitch 
discrimination sequence, hence indicating a 
stable value;

at the 32nd trial, the threshold has reached 
a value smaller than 0.3%, considered to be 

the just noticeable difference in frequency 
discrimination of a trained normal hearing 
individual;

the pitch discrimination sequence reached 
a maximum length of 48 trials (Figure 4).

Figure 4. Temporal profiles of the three pitch 
discrimination sequences according to 

the two-interval two-answer forced choice 
adaptive procedure. Central frequency of the 
test stimulus: dashed horizontal line; correct 

responses: dots; incorrect answers: crosses. The 
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vertical dashed lines mark the 16th and 32nd 
trials, where the pitch discrimination sequence 
is interrupted by catch trials. Horizontal dotted 
lines represent the upper and lower bounds of 
the 75% confidence interval computed using all 

sequence thresholds.

We tested three frequencies (750 Hz, 1 kHz, 
and 2 kHz) that align well with the “speech ba-
nana” and fall within the effective range of CIs 
(Nguyen et al., 2023). The pitch discrimination 
session lasted approximately 30 minutes.

Collected data were stored in the device 
and then transferred to a personal computer 
for analysis.

Graphical user interface
The pitch discrimination graphical user in-

terface (GUI) was designed to provide an en-
gaging experience, incorporating elements 
of serious game mechanics (Bhopal and Sen-
an, 2022). The interface features two bounc-
ing “marbles” positioned on each side of the 
screen, running on a track that scrolls hori-
zontally. When the marbles bounce, corre-
sponding stimuli are presented. A question 
mark and two arrows appear contextually, 
prompting participants to indicate whether 
the second stimulus is higher or lower than 
the first.

This visual design choice was inspired by 
the established space-pitch associations 
made by infants across cultures (Dolscheid 
et al., 2014). Feedback was provided through 
animations showing the marbles either con-
verging or diverging based on the correctness 
of the response. A strawberry was awarded 
as a reward for correct answers, enhancing 
engagement, while a visible score counter 
tracked performance.

Quality of the experience
Sessions included assessments using a 

modified version of the NASA Raw Task Load 
Index (RTLX) and a Short User Experience 
Questionnaire (UEQ-S) to evaluate workload 
and subjective user experience (Hart & Stave-
land, 1988; Schrepp et al., 2017). Experiment-
ers assisted the participant in completing the 
questionnaires.

Results
The participant ranked the pure tones and 

the PSHC as quite similar at the two ears (in-
teger score = 4), and the exponentially de-
caying sinusoids slightly less similar (integer 
score = 3). The results of the pitch discrimina-
tion session are summarised in table 1 and in 
Figure 5.

Stimulus central 
frequency (Hz) MCL (dB SPL) Threshold (%)

Contralateral 
stimulus central 

frequency

75% Confidence 
interval

750 86 5.1 788 [512, 939]

1000 85 5.0 1050 [900, 1082]

2000 86 12.6 2252 [1496, 2317]

Table 1. Results of the pitch discrimination session.
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Figure 5. Pitch discrimination thresholds of the 
three tested stimuli. The dotted line represents 
the identity, the triangles represent the upper 

and lower bounds of the 95% confidence 
intervals, the vertical dashed lines represent the 

discrimination thresholds.

Procedure Times (minutes)

MCL 750 Hz 0.3

MCL 1000 Hz 0.3

Procedure Times (minutes)

MCL 2000 Hz 0.7

ELC (complete procedure) 2.52

Pitch discrimination 750 Hz 2.57

Pitch discrimination 1000 Hz 1.98

Pitch discrimination 2000 Hz 1.75

Table 2. Time required to complete each step 
of the pitch discrimination procedure.

Table 2 summarises the times taken to 
complete each single step of the procedure. 
These times represent the sum of the inter-
vals during which the listener provided re-
sponses after the stimuli were presented. The 
total test duration encompasses various fac-
tors, including interstimulus intervals, time 
required for graphic animations and transi-
tions between different GUIs, intermissions 
of catch trials, and some minutes for intro-
ducing the listener to the task. Given these 
factors, although the listener spent approx-
imately 10 minutes completing the various 
tasks, this time was spread over a total ses-
sion time of approximately 30 minutes.

Figure 6 illustrates the results of the NASA 
RTLX and UEQ-S questionnaires.
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Figure 6. NASA Raw Task Load Index (RTLX) and Short User Experience Questionnaire (UEQ-S) results. 
In the UEQ-S no column = 0.

Discussion
Different methods have been used in the 

literature to compare pitch between electric 
and acoustic stimuli, including fixed stimuli 
and adaptive procedures (Adel et al. 2019). All 
of these can be potentially contaminated by 
non-sensory biases. Moreover, the same elec-
trode could be matched to frequencies largely 
separated, suggesting that the subjects were 
not performing real pitch comparisons be-
tween the ears, but were judging the acoustic 
range of the stimulus as higher or lower than 
the electric stimulus. Octave confusion can 
also occur. In adaptive tasks the acoustic fre-
quency presented on a given trial is based on 
the subject’s response to the preceding trial, 
leading to a progressive restriction of the pitch 
range. Biases for these tasks are that the pitch 
can be strongly correlated with the starting 
frequency and that the pitch of the acoustic 
stimulus may not vary a lot between consec-
utive trials, which could distract the subjects 
from the task itself, especially if the stimuli 
vary across other dimensions (e.g., loudness 
or timbre), which may be more salient than 
the pitch dimension (Adel et al. 2019).

The equal loudness of pure tones is a 
function of frequency. Fletcher and Munson 
(Fletcher and Munson, 1933) determined the 
first equal-loudness contours (ELCs) for nor-
mal-hearing (NH) listeners, and these still 
form the basis for the A-weighted SPL. The 
stimuli used in pitch discrimination experi-
ments are usually pure tones (Arzounian et 
al. 2017) or 1/3-octave band noise (Adel et al. 
2019). Optimal stimuli have been designed to 

simulate the broad spread of excitation, with 
an adjustable pulse rate to minimise intrinsic 
modulations after auditory filtering, known as 
PSHC (Hilkhuysen and Macherey 2014). In dis-
crimination experiments with complex tones, 
just-noticeable differences ranging from less 
than one semitone to several semitones were 
found (Luo et al. 2014). Another study report-
ed large individual variability in pitch-ranking 
thresholds, ranging from 1 to 8 semitones 
(Kang et al. 2009). Studies using real musical 
instruments have estimated pitch discrimi-
nation thresholds for CI listeners of around 
80%-90% (Brockmeier et al. 2011). In all of 
these studies, the variance across partici-
pants was considerable, with some partici-
pants only being able to discriminate pitch 
with a frequency difference slightly less than 
100% (one octave) and best individual thresh-
olds around 3% (0.5 semitones). The best CI 
users performance is similar to pitch discrim-
ination thresholds with musical instruments 
for normal-hearing listeners (Brockmeier et 
al. 2011). The thresholds found in this study 
align with the ones found in literature (Luo et 
al., 2014); for 750 Hz and 1000 Hz, the thresh-
olds set to slightly less than a semitone, while 
it is more than doubled for 2000 Hz. The 2000 
Hz threshold is not directly correlating with 
the pure-tone audiometry presented in Fig-
ure 1, nevertheless it is still surprisingly small 
compared to other results involving SSD-CI 
listeners. However, we observe that the stim-
ulus with a central frequency of 2000 Hz took 
the longest time for the MCL determination, 
which could reflect some uncertainty. There 
are similarities among the three tested stim-
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uli’s waveforms, pure-tones and PSHCs set 
to 4 out of 5, and the exponentially decaying 
sinusoid set to 3 out of 5, indicating that the 
inter-aural unbalancing is limited. The PSHC 
is expected to be the highest ranking (Adel et 
al., 2019), but it resulted that the pure-tones 
were found similar, more than the decaying 
sinusoids. Nevertheless, it must be noted 
that the similarity question was probably too 
vague, because not focusing on a particu-
lar dimension (i.e., level or pitch), and it was 
probably not completely understood.

There are several limitations of the clinical 
application of pitch discrimination tests. One 
is the total time span of the procedure, eas-
ily reaching several hours (Arzounian et al., 
2017), far beyond the attention span of an 
adult and even more of a paediatric patient, 
leading to fatigue, annoyance, and task dis-
engagement with inconclusive or misleading 
results. The other is that it is a highly variable 
measurement, both at an inter-individual lev-
el for a normal-hearing population (Kang et 
al., 2009) as well as for a hearing-impaired 
one (Brockmeier et al., 2011), and for sever-
al types of bias interfering with the measure 
(Stakhovskaya et al., 2017).

Gamification refers to the application of 
game elements developed in the entertain-
ment industry to a context that is not tradi-
tionally a game (Lester, 2017). Play behaviour 
in games can be intrinsically motivating, and 
can be used in a wide variety of contexts in-
cluding deafness (Cano et al., 2015). Recent-
ly, the application of gamification to auditory 
training has led to improvements in speech 
perception thresholds in different compet-
ing noise conditions (Bologna, et al., 2023). 
Although the results are promising, atten-
tion must be paid to not increase distractions 

and introduce contradictory multimodal ele-
ments.

The results of the NASA RTLX and UEQ-S 
indicate a high mental demand (Figure 6). 
The physical load is low, as expected from 
the passive and reflective kind of task. The 
temporal load is higher, probably due to the 
scrolling of the screen and the fact that there 
was no chance for repeating the stimuli, be-
cause only one listening trial was allowed per 
pair. The participant rated his performance 
as very good, while the effort and frustration 
were limited. These results could be proba-
bly linked to the fact that the participant was 
a professional audio engineer and he could 
have been accustomed to paying attention to 
small differences in auditory cues. The UEQ-S 
outcomes align with the results of NASA RTLX. 
The test experience was not perceived as par-
ticularly complicated, nor exciting, or inter-
esting. It has been considered conventional, 
but leading edge as well, indicating that it was 
an activity familiar to the listener, but proba-
bly presented in a new way. A valuable result 
is that the participant found the app efficient 
and supportive.

Conclusion
A mobile application has been developed 

with the aim to improve psychoacoustic pitch 
matching procedures between acoustic and 
electric hearing. The results of the pitch dis-
crimination task align with the literature, 
suggesting that the mobile app can be an ef-
ficient tool for a quick, reliable, self-adminis-
tered test that can provide key elements for 
improving the fitting of CIs. Research is on-
going to verify and validate the results of this 
preliminary case study.
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