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Abstract: Background noise elicits listening effort. What else is tinnitus if not an endogenous
background noise? From such reasoning, we hypothesized the occurrence of increased listening effort
in tinnitus patients during listening tasks. Such a hypothesis was tested by investigating some indices
of listening effort through electroencephalographic and skin conductance, particularly parietal and
frontal alpha and electrodermal activity (EDA). Furthermore, tinnitus distress questionnaires (THI
and TQ12-I) were employed. Parietal alpha values were positively correlated to TQ12-I scores, and
both were negatively correlated to EDA; Pre-stimulus frontal alpha correlated with the THI score
in our pilot study; finally, results showed a general trend of increased frontal alpha activity in the
tinnitus group in comparison to the control group. Parietal alpha during the listening to stimuli,
positively correlated to the TQ12-I, appears to reflect a higher listening effort in tinnitus patients and
the perception of tinnitus symptoms. The negative correlation between both listening effort (parietal
alpha) and tinnitus symptoms perception (TQ12-I scores) with EDA levels could be explained by a
less responsive sympathetic nervous system to prepare the body to expend increased energy during
the “fight or flight” response, due to pauperization of energy from tinnitus perception.

Keywords: EEG; skin conductance; tinnitus; alpha values; continuous speech; background noise;
hyperacusis

1. Introduction

Listening effort is a hot topic in hearing research, especially concerning its implication
in hearing-impaired patients, hearing aid, and cochlear implant users. Listening effort has
been defined as “The mental exertion [effort] required to attend to, and to understand,
an auditory message [listening]” [1] and “The deliberate allocation of mental resources to
overcome obstacles in goal pursuit when carrying out a [listening] task.” (cfr Kahneman
1973—Limited capacity model) [2].

Typical measures of listening effort could be divided into (i) measures of the activity of
the central nervous system, like electroencephalography (EEG) [3,4], functional magnetic
resonance imaging (fMRI) [5], and fNIRS [6,7]; (ii) measures of the activity of the peripheral
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nervous system, like pupillometry [8,9] and electrodermal activity (EDA) [10,11]; (iii) ques-
tionnaires like the Speech, Spatial, and Quality of Hearing Scale (SSQ) [12], the NASA Task
Load Index (NASA-TLX) [11] and ratings [13]; and (iv) dual tasks [14].

However, concerning neurophysiological measures, EEG and pupillometry appear as
the most employed techniques, recently co-recorded [15,16] and given a complementary
but not overlapping sensitivity to listening effort dimensions. Concerning EEG, the most
employed index of listening effort is the variation of alpha rhythm [2] (approximately
8–13 Hz), decreasing during the active processing of language stimuli [17] and possibly
involved in a “gating by inhibition” mechanism, aimed at inhibiting task-irrelevant ac-
tivities in task-irrelevant regions [18]. The parietal area appears to present a clear role
in listening effort processes, with alpha levels increasing with the difficulty level of the
audibility conditions [3,19–23]. The extent of alpha activity decrease is linked to speech
intelligibility [22,24], according to the hypothesis of alpha’s anticipatory/preparatory role
for the arrival of expected stimuli [25]. However, there is evidence of decreasing alpha
activity in correspondence with more difficult hearing conditions [16,26]. Specifically, the
areas of interest in such alpha increases are central-parietal [4,27] and occipital-parietal [28].
The alpha rhythm as an index of the listening effort in speech-in-noise recognition tasks
employing different signal and noise directions has already been studied in hearing loss
patients, for instance, in children with asymmetric hearing loss [20], in single-side deaf
children [29], in adult unilateral cochlear implant (UCI) users [21,30], and also in the com-
parison of different cochlear implant (CI) processors, to identify the tools eliciting the lower
listening effort [31–33].

Tinnitus, one of the most common otological symptoms [34], is generally defined as
an auditory perception in the absence of environmental sound stimulation [35,36]. Tinnitus
can be divided into two broad groups, objective and subjective [37]. Objective tinnitus
is caused by sound generated in the body reaching the ear through conduction in body
tissues [38]. Subjective tinnitus is a perception of a phantom sound heard by a person in
the absence of any external physical stimulation [39]. The pathophysiological background
and causes of tinnitus are not well-determined [40] and can be categorized into primary
and secondary cases [41]. Primary tinnitus is idiopathic and can or cannot be combined
with sensorineural hearing loss. The secondary tinnitus forms are indeed associated with
an identifiable organic cause. Such causes include cerumen impaction to otosclerosis,
cochlear abnormalities, and auditory nerve and central nervous system pathologies [42].
Considering the scientific investigation of EEG correlations in tinnitus patients, to the best
of our knowledge, there is only one study [43] concerning EEG assessment of listening
effort in tinnitus patients employing the MATRIX test as stimuli and the Tinnitus Handicap
Inventory (THI) [44] as a questionnaire for tinnitus symptom-related distress. The present
study decided to employ a more ecologic audiobook, given the relevance of using such
stimuli, which are more similar to everyday communicative conditions, as measures of
listening effort. In addition to EEG, we employed EDA as a measure of skin conductance
and the visual analog scale (VAS) scale as a measure of rated difficulty. Moreover, in
addition to THI [45], we employed TQ12-I to assess tinnitus-related distress [46]. An
EDA measure was included, given the emotional impact of tinnitus on patients and the
emotional sensitivity of such a measure of listening effort, which is already employed in
several studies on emotions [47,48]. EDA has been employed as a listening effort index,
showing increased reactivity in response to degraded auditory conditions compared to
non-degraded ones. However, performances and listeners’ perceptions of task demand
were comparable across the degraded conditions [49]. Furthermore, skin conductance
reactivity to background noise compared to quiet conditions was higher for hearing-
impaired than normal hearing persons [10]. Finally, given the frequent association between
tinnitus and hyperacusis [50], the self-rating of tinnitus and hearing ability worsened and
increased tinnitus modulation [51]. Moreover, in addition to THI and TQ12-I questionnaires,
a hyperacusis assessment questionnaire developed by Khalfa and colleagues [52] was
included in the methods employed.
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Background noise is a well-known condition producing audibility and recognition chal-
lenges in hearing-impaired patients, as evidenced by a plethora of studies (e.g., [20,22,29,53–55]),
but also in normal hearing persons according to the different levels of degradation/difficulty
of the auditory condition [3,4,24,28,56,57]. Specifically, the word-in-noise recognition task
constitutes a suitable protocol for investigating the listening effort since it elicits the effort
necessary to discriminate the speech from the background noise [58].

The main aims of the present pilot study therefore were:

1. The investigation of listening effort neurophysiological indices in normal hearing
tinnitus patients in comparison to normal hearing controls during a continuous speech
stimulus.

2. The assessment of the influence of the different background noise levels on listening
effort indices and the difficulty and pleasantness perception of the stimulus by tinnitus
participants in comparison to healthy controls.

2. Materials and Methods
2.1. Participants

In the present pilot study were enrolled 19 participants: 12 chronic tinnitus (TIN)
patients (7F, 5M; mean age ± SD: 47.416 ± 12.770) and 7 healthy control (CTRL) participants
(4F, 3M; mean age ± SD: 46.314 ± 16.331). Inclusion criteria for all participants were: normal
hearing, assessed through pure tone audiometry testing with a pure tone average (PTA)
ranging from 125 to 8 kHz up to 20 dB, and absence of major pathologies (e.g., certified
psychiatric or neurological pathologies) or anatomo-functional alterations that could affect
the study and the absence of psychoactive drugs assumption. The inclusion criterium for
the TIN group was the perception of the primary tinnitus symptom (unilaterally and/or
bilaterally) for at least 3 months.

2.2. Self-Report Audiological Questionnaires

The THI [44,45] is a 25-item instrument developed to quantify the functional and psy-
chosocial consequences of tinnitus and its impact on everyday life, providing supplemental
information to the conventional psychoacoustic assessment (e.g., pitch and loudness match-
ing, minimum masking levels, residual inhibition) of tinnitus impairment. In addition to
the total score, it is possible to obtain values for three subscales: emotional (E), functional
(F), and catastrophic (C). According to the total THI score, tinnitus severity is divided into
five categories as follows: no handicap (0–16 points), ‘mild’ (18–36), ‘moderate’ (38–56),
‘severe’ (58–76) or ‘catastrophic’ tinnitus handicap (78–100 points) [41,44]. THI has been
widely recommended as a research tool for rating tinnitus severity [59], including EEG
evaluation [60].

The Hyperacusis Questionnaire [52] is an internationally validated test (see [61] for
Italian validation) and makes it possible to investigate clinical hyperacusis, i.e., unusual
tolerance to ordinary environmental sounds [62], while hearing thresholds are often quite
normal.

The Tinnitus Questionnaire 12-item short form (TQ12-I) [46] is the short form of the
original 20-item test [63] that allows the assessment of tinnitus-related distress. The grade of
tinnitus distress according to TQ12-I is categorized as follows: no clinically relevant tinnitus
distress (1–7 points); moderately distressed (8–12 points); severely distressed (13–18 points);
most severely distressed (>19 points).

2.3. Experimental Protocol

The experimental protocol consisted of listening to an audiobook (a short story)
previously used in neuroscientific experiments [64] during the simultaneous acquisition
of both electroencephalographic and autonomic data. The audio track used in the present
study “Storia di Gianna e delle sue chiavi” [https://www.progettobabele.it/AUDIOFILES/
ascolta.php?ID=841 (accessed on 23 January 2023)] was taken from the database “Progetto
Babele Rivista Letteraria” (http://www.progettobabele.it (accessed on 23 January 2023)).

https://www.progettobabele.it/AUDIOFILES/ascolta.php?ID=841
https://www.progettobabele.it/AUDIOFILES/ascolta.php?ID=841
http://www.progettobabele.it
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The total duration of the stimulation was 11 min 39 s in 3 signal-to-noise ratio (SNR)
randomized conditions: +5; +10; 0 with an average duration of 1 min 31 s and in a quiet
condition at the beginning and end of stimulation (average duration 2 min 30 s each). The
stimulus was transmitted by two audio speakers placed at 45 degrees left/right, at face level
1 m in front of the participant, as in previous clinical studies in auditory neuroscience [65].
The total auditory stimulation was set at 65 dB [66]. Before the start of auditory stimulation,
participants were shown a blank screen for 3 s (pre-stimulus phase). The processing of
the audio track in the different SNR conditions was carried out using Audacity software
(https://www.audacityteam.org/download/ (accessed on 30 January 2023)), the noise used
was the “babble noise” [67] already used in the construction of experimental protocols in
auditory neuroscience in normal hearing and hearing-impaired samples [21,22,29,31,55,68].
While listening, the participant was asked to indicate at regular intervals of 90 s, for a total
of 7 times, corresponding to the 7 Quiet and SNR conditions (Figure 1), on two separate VAS
already used for tinnitus patients [69] with a score from 0 to 100, the subjective perception
respectively of perceived pleasantness and difficulty during listening (self-reported data).
At the end of the auditory stimulation, a 28-item multiple-choice questionnaire on the
story’s content collected the participant’s behavioral responses. A Lenovo PC (monitor
resolution 1024 × 768) displayed and controlled the audiobook presentation and collected
participants’ responses through the software package E-Prime (Psychology Software Tools,
Pittsburgh, PA, USA, Version 3.0).
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Figure 1. Graphical representation of the experimental protocol employed in the present pilot study.
The auditory conditions during the audiobook listening were pseudorandomized among participants,
maintaining the sequence Quiet–signal-to-noise ratio (SNR)–Quiet–SNR–Quiet–SNR–Quiet, resulting
in 7 conditions, and for correspondence of each of them, 4 questions have been made at the end of the
listening phase in order to assess comprehension. Every 90 s, a visual analog scale (VAS) concerning
perceived pleasantness and a VAS concerning perceived difficulty were presented to the participant.

2.4. EEG Signal Acquisition and Processing

A Mindtooth Touch EEG standard EEG headset with water electrodes (saltwater
sponge and passive Ag/AgCl electrodes) (https://www.mindtooth.com/ (accessed on
20 January 2023)) already used for the assessment of psychophysiological variables such
as stress in cognitive neuroscience protocols [70] was used for EEG data acquisition. The
electrodes used to investigate the scalp area of interest for the study objective corresponded
to AFz, AF3, AF4, AF7, AF8, Pz, P3, and P4 of the International 10-10 System defined
in [71].

The EEG signal was firstly band-pass filtered with a fifth-order Butterworth filter at
2–30 Hz intervals. The blink artifacts were detected by means of the Reblinca method [72].

The reconstructed EEG signal was then segmented into 1-s-long epochs with 0.5 s of
overlap in order to avoid any “boundary effect”, and three additional criteria for detecting
artifacts based on the signals’ amplitude and trend [73,74] were applied in order to remove
those portions of data still affected by artifacts that had not been corrected before [74].

The Global Field Power (GFP) was calculated for the EEG frequency band of interest,
Alpha (8–13 Hz), from the artifact-free EEG. This band was defined accordingly with the
Individual Alpha Frequency (IAF) value [75], [IAF-4, IAF+2], estimated specifically from

https://www.audacityteam.org/download/
https://www.mindtooth.com/
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each subject through one minute of eyes closed, which was recorded before starting the
experiment.

2.5. Autonomic Activity Signal Acquisition and Processing

Electrodermal activity (EDA) was recorded with a sampling rate of 64 Hz through a
Shimmer 3 GSR+ (Shimmer Sensing, Dublin, Ireland) system applied to the non-dominant
hand of the subject. The constant voltage method (0.5 V) was employed for the acquisition
of the EDA. The electrodes were placed on the palmar side of the middle phalanges of
the second and third fingers, on the non-dominant hand of the participants, according to
published procedures [76]. Employing the LEDAlab software [77], the tonic component of
the skin conductance (Skin Conductance Level, SCL) was estimated. The SCL corresponds
to the slow-changing component of the EDA signal, consistently related to arousal and
stress levels [78].

2.6. Statistical Analysis

Given the nature of the pilot study, with a small sample numerosity, non-parametric
statistics were employed [79,80], using Friedmann ANOVA for within-group analysis, that
is, the testing of the effect of the variable audibility condition (4 levels: Quiet, SNR10, SNR5,
SNR0) for the separate comparison within each group (TIN and CTRL). Mann–Whitney
U-test was instead employed for between-group comparisons, testing the effect of the
variable group (2 levels: TIN, CTRL) on the various indices, assessing the eventual statis-
tically significant difference between the TIN and the CTRL group. Moreover, Spearman
Rank Order correlation was employed for testing correlations between neurophysiological
values, questionnaire scores, and ratings. For the pre-stimulus phase, the mean of the
neurophysiological activity estimated during the 3 s preceding the listening phase was
employed. For the Quiet condition, the average value of the four Quiet conditions phases
employed in the experimental protocol was calculated (Figure 1). For the statistical analysis,
Statistica software (StatSoft, Hamburg, Germany) was employed. All statistical analysis
p-values ≤ 0.05 were considered statistically significant.

3. Results
3.1. Behavioural Results

Concerning the Mann–Whitney U-test for comparison between the number of correct
responses between groups (TIN and CTRL) for each of the experimental conditions (Quiet,
SNR10, SNR5, SNR0), no statistically significant difference was found. Also, the analysis
within each group showed no differences among the experimental conditions.

Concerning the rating scores of the perceived pleasantness and difficulty, there
was not any difference between groups for each experimental condition, while there
was a within-group difference among the experimental conditions for each group (TIN
pleasantness ANOVA Chi Sqr = 9.807, p = 0.020; TIN difficulty ANOVA Chi Sqr = 18.310,
p < 0.001; CTRL pleasantness ANOVA Chi Sqr = 17.609, p < 0.001); CTRL difficulty (ANOVA
Chi Sqr = 10.454, p = 0.015) (Figure 2).

Concerning the THI and TQ12-I questionnaires, average scores were 20.083 (moderate
severity) and 8.083 (moderately distressed).
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3.2. EEG Results
3.2.1. Parietal Alpha

During the pre-stimulus phase, parietal alpha levels did not differ between groups,
but in the TIN group, a moderate correlation between parietal alpha levels and the number
of total correct responses was found (r = 0.582, p = 0.047) and a strong correlation with
the number of the correct responses for the Quiet condition (r = 0.671, p = 0.017). Dif-
ferently, in the CTRL group, pre-stimulus parietal alpha levels strongly correlated with
the hardest auditory condition (SNR0) correct responses (r = 0.805, p = 0.029). Moreover,
in the TIN group, there were negative correlations between pre-stimulus parietal alpha
levels and the perceived difficulty ratings for all the conditions (Quiet r = −0.735, p = 0.006;
SNR10 r = −0.879, p < 0.001; SNR5 r = −0.762, p = 0.004) except for the hardest one (SNR0
r = −0.315, p = 0.319). In addition, in the TIN group, pre-stimulus parietal alpha levels
were also negatively strongly correlated (r = −0.720, p = 0.008) with hyperacusis scores as
indexed by the Khalfa questionnaire [52] (Figure 3).

Concerning the estimated levels of parietal alpha during listening to the audiobook
under the different auditory conditions, there were no statistically significant differences
between groups. The Friedman ANOVA analysis showed no effect of the variable condition
on the parietal alpha levels in the TIN group, but for the CTRL group, it was found that
the effect of the variable condition just missed statistical significance, in particular with
decreasing parietal alpha from the easiest (Quiet) to the most challenging condition (SNR0)
(ANOVA Chi Sqr = 0.763, p = 0.054).

However, only for the TIN group, there was a negative correlation between parietal
alpha levels and EDA values in all the conditions (Quiet r = −0.727, p = 0.007; SNR5
r = −0.615, p = 0.033; SNR0 r = −0.706, p = 0.010) except for SNR10 (r = 0.419, p = 0.174)
(Figure 4). Moreover, it was found a correlation in the TIN group between parietal alpha
levels and TQ12-I scores in all the conditions: Quiet r = 0.749, p = 0.005, SNR10 r = 0.749,
p = 0.005, SNR5 r = 0.815, p = 0.001, SNR0 r = 0.626, p = 0.029 (Figure 4).
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3.2.2. Frontal Alpha

Analogously to parietal alpha, we investigated the cortical activity preceding the
expected stimulus (audiobook) for frontal alpha. There was no statistically significant
difference between the TIN and the CTRL group for the pre-stimulus frontal alpha levels.
The TIN group found a correlation between pre-stimulus frontal alpha levels and THI
scores (r = 0.599, p = 0.040), with higher pre-stimulus frontal alpha levels linked to higher
THI scores (Figure 5).
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Concerning the frontal alpha levels during the different conditions, there was a general
trend of increased alpha activity in the TIN in comparison to the CTRL group (Mann–
Whitney U-test: Quiet p = 0.031; SNR10 p = 0.083; SNR5 p = 0.038; SNR0 p = 0.057) (Figure 6).
Finally, no effect of the variable condition in the within-group analysis was observed for
both the TIN and the CTRL group.

3.3. EDA Results

No differences existed between groups for the EDA levels in all the conditions, even in
the pre-stimulus phase. In the TIN group EDA levels were negatively correlated with TQ12-
I in almost all the conditions (Quiet r = −0.590, p = 0.043; SNR5 r = −0.626, p = 0.029; SNR0
r = −0.843, p < 0.001), except for SNR10 (r = 0.105, p = 0.744). There were no within-group
differences concerning EDA levels.
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4. Discussion

The absence of statistically significant differences in the behavioral data between the
CTRL and TIN groups (p > 0.05) could be because, on average, the perception of tinnitus
assessed with the THI was moderate, not severe or catastrophic. In addition, the TQ12-I
average score was moderately distressed and not severely or most severely distressed.
Perceived severity and distress, therefore, failed to impact behavioral performance, in line
with the review of the impact of tinnitus severity on behavioral performances in cognitive
tasks [81]. We can assume that the disconfirmation due to the clinical condition is not
yet reflected in a negative behavioral pattern. However, the results show patterns at the
neurophysiological level.

For the tinnitus group, the negative correlation between parietal alpha during the
listening and the EDA levels was supported by a previous comparative study showing
the same negative correlation [82]. The same authors state the multidimensional nature of
listening effort measures, among which measures were scarcely correlated [82], therefore
providing complementary but not overlapping measures of listening effort. Also, the
negative correlation, found in the tinnitus group, between the perceived Difficulty in
almost all the conditions (except the hardest one: SNR0) and the pre-stimulus alpha levels
were found by Alhanbali and colleagues through a factorial analysis showing these two
measures resulted in being included into the same factor (factor 4) in a factor analysis
performed over many listening effort measures [82]. An analog discussion could be made
for performance and pre-stimulus alpha levels, resulting in the correlation of the present
study in the tinnitus group for the easiest condition (Quiet) correct responses with the
overall task correct responses; baseline alpha levels and correct responses have been
associated in factor 1 as a result of the factor analysis mentioned above [82]. Moreover,
according to Klimesch and colleagues [17], increased baseline alpha activity is an indicator
of pre-task cortical engagement that predicts improved task performance. Here it is possible
to speculate that the correlation between pre-stimulus alpha and performance in the TIN
group, specifically in the simplest condition, may be due to the increased cortical resources
required to cope with listening in the “external” quiet listening. Considering the absence
of such a correlation in the CTRL group, this could be a prodrome marker of the greater
listening effort perceived even in the absence of external noise, given that the “internal”
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tinnitus noise is still present. Tinnitus can be considered a form of internal noise that may
affect speech recognition in both ears through central interference [83].

Concerning the correlation between pre-stimulus frontal alpha levels and THI score,
a study investigating the distress network in chronic tinnitus patients showed a positive
correlation between at-rest alpha activity over the prefrontal cortex and the THI [60].

Given the negative correlation (Figure 3) between pre-stimulus parietal alpha levels
and Khalfa questionnaire scores, hyperacusis seems to negatively influence the cerebral
activity aimed at preparing the reactivity to a stimulus to obtain better performances.
Such a hypothesis is supported by a previous study showing that normal hearing patients
with tinnitus and diagnosed hyperacusis performed worse than the control group in
speech recognition in the presence of competitive noise [84]. On the contrary, given the
positive correlation (Figure 3) between pre-stimulus parietal alpha levels and the number
of total correct responses, parietal alpha activity before an expected stimulus appears to be
confirmed to play a preparatory role for performances [21,24].

Furthermore, parietal alpha levels during listening to the auditory stimuli, positively
correlated to the TQ12-I (Figure 4), appear to reflect a higher listening effort in tinnitus
patients and higher distress related to tinnitus symptoms perception.

The negative correlation between both listening effort (parietal alpha) and tinnitus
symptoms perception (TQ12-I scores) with EDA levels could be explained by the less
responsive sympathetic nervous system to prepare the body to expend increased energy
during the “fight or flight” response [68], due to the pauperization of such energy from
tinnitus perception, as deducible from the cascade of negative psychophysical effects caused
by tinnitus [85]. Moreover, chronic stress can lead to an “allostatic load” that could be
reasonably produced in persons with hearing loss, subjected to increased and sustained
cognitive load and stress [10]. The present study advanced the hypothesis of generalizing
such phenomena from hearing loss to a condition characterized by normal hearing but
an auditory disorder, tinnitus. The hypothesis above is also supported by the lack of
habituation retrieved in normal hearing tinnitus patients [86] and the lack of correlation
between parietal alpha and EDA values in the control group.

TQ12-I appears to be more sensitive to tinnitus symptoms perception during auditory
task execution, while THI seems more sensitive to them regarding a preparatory/baseline
phase. This could be explained by the hypothesis that TQ12-I would better reflect the
functional-cognitive dimension of tinnitus-related distress. At the same time, the THI
would be more informative about general task-independent symptomatology. Finally, as
predicted, for (normal hearing) tinnitus patients, the listening effort appears to be more
related to tinnitus symptoms perception than environmental audibility conditions, given
the lack of statistical differences between quiet and background noise conditions. Given
the nature of the pilot study of the present research, a limitation of the study is the limited
sample size. Therefore, further investigations are needed to confirm the current results
and test additional tinnitus groups characterized by hearing loss and/or different sample
stratification.

5. Conclusions

The results of the present pilot study led to some preliminary conclusions concerning
the above-mentioned main objectives of the research:

1. The investigation of listening effort neurophysiological indices in normal hearing
tinnitus patients in comparison to normal hearing controls during a continuous speech
stimulus.

Despite a general lack of difference between the TIN and CTRL groups concerning
performances and perceived pleasantness or difficulty, possibly explained by the
normal hearing condition shared by both groups, neurophysiological patterns
and correlations retrieved in the TIN group support the hypothesis of a relation
between listening effort underpinnings and tinnitus symptoms. The relevance
of employing continuous speech stimuli presents a step forward in identifying
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neural patterns mirroring the daily communication conditions experienced by
tinnitus patients.

2. The assessment of the influence of the different background noise levels on listening
effort indices and the difficulty and pleasantness perception of the stimulus by tinnitus
participants in comparison to healthy controls.

In the present study, the level of SNR appears to not influence the listening effort
experienced by the TIN group, probably due to the normal hearing condition
chosen for patients, a condition purposefully selected to avoid biases due to the
hearing-impaired condition effect on listening effort. Such a result should be
further investigated on an enlarged sample.

Author Contributions: Conceptualization, G.C. and B.M.S.I.; methodology, G.C. and B.M.S.I.; soft-
ware, B.M.S.I., A.V. and G.G.; formal analysis, G.C., B.M.S.I. and A.V.; investigation, B.M.S.I. and
G.G.; data curation, B.M.S.I., G.G. and A.G. (Andrea Giorgi); writing—original draft preparation,
G.C.; writing—review and editing, G.C. and B.M.S.I.; visualization, G.C. and B.M.S.I.; supervision,
G.A., A.G. (Antonio Greco) and F.B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Head and Neck Department of
Policlinico Umberto I, Roma, Italia (no. 034/2023). All the collected data were pseudorandomized to
prevent any association with the subject’s identity.

Informed Consent Statement: Informed consent was obtained from all participants involved in the
study. The study was approved by the Institutional Review Board of the Medical School and the
University Hospital in which it was carried out (reference no. 034/2023).

Data Availability Statement: The raw data supporting the conclusions of this article and the material
will be made available by the authors without undue reservation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McGarrigle, R.; Munro, K.J.; Dawes, P.; Stewart, A.J.; Moore, D.R.; Barry, J.G.; Amitay, S. Listening effort and fatigue: What exactly

are we measuring? A British Society of Audiology Cognition in Hearing Special Interest Group ‘white paper’. Int. J. Audiol. 2014,
53, 433–445. [CrossRef] [PubMed]

2. Pichora-Fuller, M.K.; Kramer, S.E.; Eckert, M.A.; Edwards, B.; Hornsby, B.W.Y.; Humes, L.E.; Lemke, U.; Lunner, T.; Matthen, M.;
Mackersie, C.L.; et al. Hearing Impairment and Cognitive Energy: The Framework for Understanding Effortful Listening (FUEL).
Ear Hear. 2016, 37, 5S–27S. [CrossRef] [PubMed]

3. Weisz, N.; Hartmann, T.; Müller, N.; Lorenz, I.; Obleser, J. Alpha rhythms in audition: Cognitive and clinical perspectives. Front.
Psychol. 2011, 2, 73. [CrossRef] [PubMed]

4. Obleser, J.; Wöstmann, M.; Hellbernd, N.; Wilsch, A.; Maess, B. Adverse Listening Conditions and Memory Load Drive a
Common Alpha Oscillatory Network. J. Neurosci. 2012, 32, 12376–12383. [CrossRef] [PubMed]

5. Vaden, K.I.; Kuchinsky, S.E.; Cute, S.L.; Ahlstrom, J.B.; Dubno, J.R.; Eckert, M.A. The cingulo-opercular network provides
word-recognition benefit. J. Neurosci. 2013, 33, 18979–18986. [CrossRef]

6. Shatzer, H.E.; Russo, F.A. Brightening the Study of Listening Effort with Functional Near-Infrared Spectroscopy: A Scoping
Review. Semin. Hear. 2023, 44, 188–210. [CrossRef]

7. White, B.E.; Langdon, C. The cortical organization of listening effort: New insight from functional near-infrared spectroscopy.
Neuroimage 2021, 240, 118324. [CrossRef]

8. Zekveld, A.A.; Kramer, S.E.; Festen, J.M. Pupil Response as an Indication of Effortful Listening: The Influence of Sentence
Intelligibility. Ear Hear. 2010, 31, 480–490. [CrossRef]

9. Ohlenforst, B.; Zekveld, A.A.; Lunner, T.; Wendt, D.; Naylor, G.; Wang, Y.; Versfeld, N.J.; Kramer, S.E. Impact of stimulus-related
factors and hearing impairment on listening effort as indicated by pupil dilation. Hear. Res. 2017, 351, 68–79. [CrossRef]

10. Mackersie, C.L.; MacPhee, I.X.; Heldt, E.W. Effects of Hearing Loss on Heart Rate Variability and Skin Conductance Measured
During Sentence Recognition in Noise. Ear Hear. 2015, 36, 145. [CrossRef]

11. Mackersie, C.L.; Cones, H. Subjective and psychophysiological indices of listening effort in a competing-talker task. J. Am. Acad.
Audiol. 2011, 22, 113–122. [CrossRef] [PubMed]

https://doi.org/10.3109/14992027.2014.890296
https://www.ncbi.nlm.nih.gov/pubmed/24673660
https://doi.org/10.1097/AUD.0000000000000312
https://www.ncbi.nlm.nih.gov/pubmed/27355771
https://doi.org/10.3389/fpsyg.2011.00073
https://www.ncbi.nlm.nih.gov/pubmed/21687444
https://doi.org/10.1523/JNEUROSCI.4908-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22956828
https://doi.org/10.1523/JNEUROSCI.1417-13.2013
https://doi.org/10.1055/s-0043-1766105
https://doi.org/10.1016/j.neuroimage.2021.118324
https://doi.org/10.1097/AUD.0b013e3181d4f251
https://doi.org/10.1016/j.heares.2017.05.012
https://doi.org/10.1097/AUD.0000000000000091
https://doi.org/10.3766/jaaa.22.2.6
https://www.ncbi.nlm.nih.gov/pubmed/21463566


Brain Sci. 2023, 13, 1084 12 of 15

12. Gatehouse, S.; Noble, W. The Speech, Spatial and Qualities of Hearing Scale (SSQ). Int. J. Audiol. 2004, 43, 85–99. [CrossRef]
[PubMed]

13. Van Esch, T.E.M.; Kollmeier, B.; Vormann, M.; Lyzenga, J.; Houtgast, T.; Hällgren, M.; Larsby, B.; Athalye, S.P.; Lutman, M.E.;
Dreschler, W.A. Evaluation of the preliminary auditory profile test battery in an international multi-centre study. Int. J. Audiol.
2013, 52, 305–321. [CrossRef]

14. Fraser, S.; Gagné, J.-P.; Alepins, M.; Dubois, P. Evaluating the effort expended to understand speech in noise using a dual-task
paradigm: The effects of providing visual speech cues. J. Speech Lang. Hear. Res. 2010, 53, 18–33. [CrossRef]

15. Miles, K.; McMahon, C.; Boisvert, I.; Ibrahim, R.; de Lissa, P.; Graham, P.; Lyxell, B. Objective Assessment of Listening Effort:
Coregistration of Pupillometry and EEG. Trends Hear. 2017, 21, 2331216517706396. [CrossRef]

16. Seifi Ala, T.; Graversen, C.; Wendt, D.; Alickovic, E.; Whitmer, W.M.; Lunner, T. An exploratory Study of EEG Alpha Oscillation
and Pupil Dilation in Hearing-Aid Users During Effortful listening to Continuous Speech. PLoS ONE 2020, 15, e0235782.
[CrossRef]

17. Klimesch, W.; Sauseng, P.; Hanslmayr, S. EEG alpha oscillations: The inhibition–timing hypothesis. Brain Res. Rev. 2007, 53, 63–88.
[CrossRef]

18. Jensen, O.; Mazaheri, A. Shaping Functional Architecture by Oscillatory Alpha Activity: Gating by Inhibition. Front. Hum.
Neurosci. 2010, 4, 186. [CrossRef]

19. Dimitrijevic, A.; Smith, M.L.; Kadis, D.S.; Moore, D.R. Cortical Alpha Oscillations Predict Speech Intelligibility. Front. Hum.
Neurosci. 2017, 11, 88. [CrossRef] [PubMed]

20. Cartocci, G.; Maglione, A.G.; Vecchiato, G.; Flumeri, G.D.; Colosimo, A.; Scorpecci, A.; Marsella, P.; Giannantonio, S.; Malerba,
P.; Borghini, G.; et al. Mental workload estimations in unilateral deafened children. In Proceedings of the 2015 37th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, Italy, 25–29 August 2015;
pp. 1654–1657.

21. Cartocci, G.; Maglione, A.G.; Rossi, D.; Modica, E.; Borghini, G.; Malerba, P.; Piccioni, L.O.; Babiloni, F. Alpha and Theta EEG
Variations as Indices of Listening Effort to Be Implemented in Neurofeedback Among Cochlear Implant Users. In Symbiotic
Interaction; Ham, J., Spagnolli, A., Blankertz, B., Gamberini, L., Jacucci, G., Eds.; Springer International Publishing: Cham,
Switzerland, 2018; pp. 30–41.

22. Marsella, P.; Scorpecci, A.; Cartocci, G.; Giannantonio, S.; Maglione, A.G.; Venuti, I.; Brizi, A.; Babiloni, F. EEG activity as
an objective measure of cognitive load during effortful listening: A study on pediatric subjects with bilateral, asymmetric
sensorineural hearing loss. Int. J. Pediatr. Otorhinolaryngol. 2017, 99, 1–7. [CrossRef]

23. Wöstmann, M.; Herrmann, B.; Wilsch, A.; Obleser, J. Neural Alpha Dynamics in Younger and Older Listeners Reflect Acoustic
Challenges and Predictive Benefits. J. Neurosci. 2015, 35, 1458–1467. [CrossRef]

24. Obleser, J.; Weisz, N. Suppressed Alpha Oscillations Predict Intelligibility of Speech and its Acoustic Details. Cereb. Cortex 2012,
22, 2466–2477. [CrossRef] [PubMed]

25. Foxe, J.J.; Snyder, A.C. The Role of Alpha-Band Brain Oscillations as a Sensory Suppression Mechanism during Selective Attention.
Front. Psychol. 2011, 2, 154. [CrossRef] [PubMed]

26. Fiedler, L.; Seifi Ala, T.; Graversen, C.; Alickovic, E.; Lunner, T.; Wendt, D. Hearing Aid Noise Reduction Lowers the Sustained
Listening Effort during Continuous Speech in Noise-A Combined Pupillometry and EEG Study. Ear Hear. 2021, 42, 1590–1601.
[CrossRef]

27. Petersen, E.B.; Wöstmann, M.; Obleser, J.; Stenfelt, S.; Lunner, T. Hearing loss impacts neural alpha oscillations under adverse
listening conditions. Front. Psychol. 2015, 6, 177. [CrossRef]

28. Wisniewski, M.G.; Thompson, E.R.; Iyer, N. Theta- and alpha-power enhancements in the electroencephalogram as an auditory
delayed match-to-sample task becomes impossibly difficult. Psychophysiology 2017, 54, 1916–1928. [CrossRef] [PubMed]

29. Cartocci, G.; Scorpecci, A.; Borghini, G.; Maglione, A.G.; Inguscio, B.M.S.; Giannantonio, S.; Giorgi, A.; Malerba, P.; Rossi, D.;
Modica, E.; et al. EEG rhythms lateralization patterns in children with unilateral hearing loss are different from the patterns of
normal hearing controls during speech-in-noise listening. Hear. Res. 2019, 379, 31–42. [CrossRef]

30. Piccioni, L.O.; Cartocci, G.; Maglione, A.G.; Modica, E.; Rossi, D.; Mancini, M.; Babiloni, F. EEG variations as estimators of
listening effort during recognition of words in noise in unilateral and bilateral sequential adult cochlear implant users. J. Hear. Sci.
2018, 8, 116.

31. Cartocci, G.; Maglione, A.G.; Rossi, D.; Modica, E.; Malerba, P.; Borghini, G.; Flumeri, G.D.; Aricò, P.; Babiloni, F. Applications in
cochlear implants and avionic: Examples of how neurometric measurements of the human perception could help the choice of
appropriate human-machine interaction solutions beyond behavioral data. PsychNol. J. 2016, 14, 67–84.

32. Cartocci, G. The influence of different cochlear implant features use on the mental workload index during a word in noise
recognition task. Int. J. Bioelectromagn. 2016, 18, 60–66.

33. Quaranta, N.; Zinfollino, M.; Casulli, M.; Ardito, A.; Bartoli, R.; Cartocci, G.; Maglione, A.G.; Modica, E.; Rossi, D.; Mancini, M.;
et al. Listening effort during speech in noise recognition: A neurophysiologic evaluation of consecutive sound processors. J. Hear.
Sci. 2018, 8, 116.

https://doi.org/10.1080/14992020400050014
https://www.ncbi.nlm.nih.gov/pubmed/15035561
https://doi.org/10.3109/14992027.2012.759665
https://doi.org/10.1044/1092-4388(2009/08-0140)
https://doi.org/10.1177/2331216517706396
https://doi.org/10.1371/journal.pone.0235782
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.3389/fnhum.2017.00088
https://www.ncbi.nlm.nih.gov/pubmed/28286478
https://doi.org/10.1016/j.ijporl.2017.05.006
https://doi.org/10.1523/JNEUROSCI.3250-14.2015
https://doi.org/10.1093/cercor/bhr325
https://www.ncbi.nlm.nih.gov/pubmed/22100354
https://doi.org/10.3389/fpsyg.2011.00154
https://www.ncbi.nlm.nih.gov/pubmed/21779269
https://doi.org/10.1097/AUD.0000000000001050
https://doi.org/10.3389/fpsyg.2015.00177
https://doi.org/10.1111/psyp.12968
https://www.ncbi.nlm.nih.gov/pubmed/28792606
https://doi.org/10.1016/j.heares.2019.04.011


Brain Sci. 2023, 13, 1084 13 of 15

34. Esmaili, A.A.; Renton, J. A review of tinnitus. Aust. J. Gen. Pract. 2018, 47, 205–208. [CrossRef]
35. Molnár, A.; Mavrogeni, P.; Tamás, L.; Maihoub, S. Correlation Between Tinnitus Handicap and Depression and Anxiety Scores.

Ear. Nose Throat J. 2022, 01455613221139211. [CrossRef] [PubMed]
36. Noreña, A.J.; Lacher-Fougère, S.; Fraysse, M.-J.; Bizaguet, E.; Grevin, P.; Thai-Van, H.; Moati, L.; Le Pajolec, C.; Fournier, P.;

Ohresser, M. Chapter 21—A contribution to the debate on tinnitus definition. In Progress in Brain Research; Langguth, B., Kleinjung,
T., De Ridder, D., Schlee, W., Vanneste, S., Eds.; Tinnitus—An Interdisciplinary Approach towards Individualized Treatment:
Towards Understanding the Complexity of Tinnitus; Elsevier: Amsterdam, The Netherlands, 2021; Volume 262, pp. 469–485.

37. Møller, A.R. Tinnitus: Presence and future. In Progress in Brain Research; Langguth, B., Hajak, G., Kleinjung, T., Cacace, A., Møller,
A.R., Eds.; Tinnitus: Pathophysiology and Treatment; Elsevier: Amsterdam, The Netherlands, 2007; Volume 166, pp. 3–16.

38. Møller, A.R. Pathophysiology of tinnitus. Otolaryngol. Clin. N. Am. 2003, 36, 249–266. [CrossRef] [PubMed]
39. Wang, M.; Liu, J.; Kong, L.; Zhao, Y.; Diao, T.; Ma, X. Subjective tinnitus patients with normal pure-tone hearing still suffer more

informational masking in the noisy environment. Front. Neurosci. 2022, 16, 983427. [CrossRef]
40. Makar, S.K.; Biswas, A.; Shatapathy, P. The Impact of Tinnitus on Sufferers in Indian Population. Indian J. Otolaryngol. Head Neck

Surg. 2014, 66, 37–51. [CrossRef]
41. Mavrogeni, P.; Maihoub, S.; Tamás, L.; Molnár, A. Tinnitus characteristics and associated variables on Tinnitus Handicap Inventory

among a Hungarian population. J. Otol. 2022, 17, 136–139. [CrossRef]
42. Tunkel, D.E.; Bauer, C.A.; Sun, G.H.; Rosenfeld, R.M.; Chandrasekhar, S.S.; Cunningham, E.R.; Archer, S.M.; Blakley, B.W.; Carter,

J.M.; Granieri, E.C.; et al. Clinical Practice Guideline: Tinnitus. Otolaryngol. Head Neck Surg 2014, 151, S1–S40. [CrossRef]
43. Sendesen, E.; Kılıç, S.; Erbil, N.; Aydın, Ö.; Turkyilmaz, D. An Exploratory Study of the Effect of Tinnitus on Listening Effort

Using EEG and Pupillometry. Otolaryngol. Head Neck Surg. 2023, 1–9. [CrossRef]
44. Newman, C.W.; Jacobson, G.P.; Spitzer, J.B. Development of the Tinnitus Handicap Inventory. Arch. Otolaryngol. Head Neck Surg.

1996, 122, 143–148. [CrossRef]
45. Monzani, D.; Genovese, E.; Marrara, A.; Gherpelli, C.; Pingani, L.; Forghieri, M.; Rigatelli, M.; Guadagnin, T.; Arslan, E. Validity of

the Italian adaptation of the Tinnitus Handicap Inventory; focus on quality of life and psychological distress in tinnitus-sufferers.
Acta Otorhinolaryngol. Ital. 2008, 28, 126–134. [PubMed]

46. Moschen, R.; Fioretti, A.; Eibenstein, A.; Natalini, E.; Cuda, D.; Chiarella, G.; Rumpold, G.; Riedl, D. Validation of the Italian
Tinnitus Questionnaire Short Form (TQ 12-I) as a Brief Test for the Assessment of Tinnitus-Related Distress: Results of a
Cross-Sectional Multicenter-Study. Front. Psychol. 2018, 9, 65. [CrossRef] [PubMed]

47. Mauss, I.B.; Robinson, M.D. Measures of emotion: A review. Cogn. Emot. 2009, 23, 209–237. [CrossRef] [PubMed]
48. Chiarella, S.G.; Torromino, G.; Gagliardi, D.M.; Rossi, D.; Babiloni, F.; Cartocci, G. Investigating the negative bias towards artificial

intelligence: Effects of prior assignment of AI-authorship on the aesthetic appreciation of abstract paintings. Comput. Hum. Behav.
2022, 137, 107406. [CrossRef]

49. Francis, A.L.; MacPherson, M.K.; Chandrasekaran, B.; Alvar, A.M. Autonomic Nervous System Responses During Perception of
Masked Speech may Reflect Constructs other than Subjective Listening Effort. Front. Psychol. 2016, 7, 263. [CrossRef] [PubMed]

50. Cederroth, C.R.; Lugo, A.; Edvall, N.K.; Lazar, A.; Lopez-Escamez, J.-A.; Bulla, J.; Uhlen, I.; Hoare, D.J.; Baguley, D.M.; Canlon, B.;
et al. Association between Hyperacusis and Tinnitus. J. Clin. Med. 2020, 9, 2412. [CrossRef]

51. Ralli, M.; Salvi, R.J.; Greco, A.; Turchetta, R.; De Virgilio, A.; Altissimi, G.; Attanasio, G.; Cianfrone, G.; de Vincentiis, M.
Characteristics of somatic tinnitus patients with and without hyperacusis. PLoS ONE 2017, 12, e0188255. [CrossRef]

52. Khalfa, S.; Dubal, S.; Veuillet, E.; Perez-Diaz, F.; Jouvent, R.; Collet, L. Psychometric Normalization of a Hyperacusis Questionnaire.
ORL 2002, 64, 436–442. [CrossRef]

53. Asp, F.; Mäki-Torkko, E.; Karltorp, E.; Harder, H.; Hergils, L.; Eskilsson, G.; Stenfelt, S. A longitudinal study of the bilateral benefit
in children with bilateral cochlear implants. Int. J. Audiol. 2015, 54, 77–88. [CrossRef]

54. Healy, E.W.; Yoho, S.E. Difficulty understanding speech in noise by the hearing impaired: Underlying causes and technological
solutions. In Proceedings of the 2016 38th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Orlando, FL, USA, 16–20 August 2016; pp. 89–92.

55. Inguscio, B.M.S.; Mancini, P.; Greco, A.; Nicastri, M.; Giallini, I.; Leone, C.A.; Grassia, R.; Di Nardo, W.; Di Cesare, T.; Rossi, F.;
et al. ‘Musical effort’ and ‘musical pleasantness’: A pilot study on the neurophysiological correlates of classical music listening in
adults normal hearing and unilateral cochlear implant users. Hear. Balance Commun. 2022, 20, 79–88. [CrossRef]

56. Strauß, A.; Kotz, S.A.; Scharinger, M.; Obleser, J. Alpha and theta brain oscillations index dissociable processes in spoken word
recognition. Neuroimage 2014, 97, 387–395. [CrossRef] [PubMed]

57. Hannemann, R.; Obleser, J.; Eulitz, C. Top-down knowledge supports the retrieval of lexical information from degraded speech.
Brain Res. 2007, 1153, 134–143. [CrossRef] [PubMed]

58. Eckert, M.A.; Teubner-Rhodes, S.; Vaden, K.I. Is Listening in Noise Worth It? The Neurobiology of Speech Recognition in
Challenging Listening Conditions. Ear Hear. 2016, 37, 101S–110S. [CrossRef] [PubMed]

59. McCombe, A.; Baguley, D.; Coles, R.; McKenna, L.; McKinney, C.; Windle-Taylor, P. Guidelines for the grading of tinnitus severity:
The results of a working group commissioned by the British Association of Otolaryngologists, Head and Neck Surgeons, 1999.
Clin. Otolaryngol. Allied Sci. 2001, 26, 388–393. [CrossRef]

https://doi.org/10.31128/AJGP-12-17-4420
https://doi.org/10.1177/01455613221139211
https://www.ncbi.nlm.nih.gov/pubmed/36346819
https://doi.org/10.1016/S0030-6665(02)00170-6
https://www.ncbi.nlm.nih.gov/pubmed/12856295
https://doi.org/10.3389/fnins.2022.983427
https://doi.org/10.1007/s12070-011-0291-x
https://doi.org/10.1016/j.joto.2022.04.003
https://doi.org/10.1177/0194599814545325
https://doi.org/10.1002/ohn.367
https://doi.org/10.1001/archotol.1996.01890140029007
https://www.ncbi.nlm.nih.gov/pubmed/18646574
https://doi.org/10.3389/fpsyg.2018.00065
https://www.ncbi.nlm.nih.gov/pubmed/29445353
https://doi.org/10.1080/02699930802204677
https://www.ncbi.nlm.nih.gov/pubmed/19809584
https://doi.org/10.1016/j.chb.2022.107406
https://doi.org/10.3389/fpsyg.2016.00263
https://www.ncbi.nlm.nih.gov/pubmed/26973564
https://doi.org/10.3390/jcm9082412
https://doi.org/10.1371/journal.pone.0188255
https://doi.org/10.1159/000067570
https://doi.org/10.3109/14992027.2014.973536
https://doi.org/10.1080/21695717.2022.2079325
https://doi.org/10.1016/j.neuroimage.2014.04.005
https://www.ncbi.nlm.nih.gov/pubmed/24747736
https://doi.org/10.1016/j.brainres.2007.03.069
https://www.ncbi.nlm.nih.gov/pubmed/17451657
https://doi.org/10.1097/AUD.0000000000000300
https://www.ncbi.nlm.nih.gov/pubmed/27355759
https://doi.org/10.1046/j.1365-2273.2001.00490.x


Brain Sci. 2023, 13, 1084 14 of 15

60. Mohsen, S.; Mahmoudian, S.; Talbian, S.; Pourbakht, A. Correlation Analysis of the Tinnitus Handicap Inventory and Distress
Network in Chronic Tinnitus: An EEG Study. Basic Clin. Neurosci. 2019, 10, 499–514. [CrossRef]

61. Fioretti, A.; Tortorella, F.; Masedu, F.; Valenti, M.; Fusetti, M.; Pavaci, S. Validity of the Italian version of Khalfa’s questionnaire on
hyperacusis. Acta Otorhinolaryngol. Ital 2015, 35, 110–115.

62. Vernon, J.A. Pathophysiology of tinnitus: A special case—Hyperacusis and a proposed treatment. Am. J. Otol. 1987, 8, 201–202.
63. Hiller, W.; Goebel, G. Rapid assessment of tinnitus-related psychological distress using the Mini-TQ. Int. J. Audiol. 2004, 43,

600–604. [CrossRef]
64. Russo, A.G.; De Martino, M.; Mancuso, A.; Iaconetta, G.; Manara, R.; Elia, A.; Laudanna, A.; Di Salle, F.; Esposito, F. Semantics-

weighted lexical surprisal modeling of naturalistic functional MRI time-series during spoken narrative listening. Neuroimage 2020,
222, 117281. [CrossRef]

65. Inguscio, B.M.S.; Cartocci, G.; Sciaraffa, N.; Nicastri, M.; Giallini, I.; Greco, A.; Babiloni, F.; Mancini, P. Gamma-Band Modulation
in Parietal Area as the Electroencephalographic Signature for Performance in Auditory-Verbal Working Memory: An Exploratory
Pilot Study in Hearing and Unilateral Cochlear Implant Children. Brain Sci. 2022, 12, 1291. [CrossRef]

66. Cartocci, G.; Giorgi, A.; Inguscio, B.M.S.; Scorpecci, A.; Giannantonio, S.; De Lucia, A.; Garofalo, S.; Grassia, R.; Leone, C.A.;
Longo, P.; et al. Higher Right Hemisphere Gamma Band Lateralization and Suggestion of a Sensitive Period for Vocal Auditory
Emotional Stimuli Recognition in Unilateral Cochlear Implant Children: An EEG Study. Front. Neurosci. 2021, 15, 608156.
[CrossRef] [PubMed]

67. Turrini, M.; Cutugno, F.; Maturi, P.; Prosser, S.; Leoni, F.A.; Arslan, E. Bisyllabic words for speech audiometry: A new italian
material. Acta Otorhinolaryngol. Ital. 1993, 13, 63–77. [PubMed]

68. Lovallo, W.R. Stress and Health: Biological and Psychological Interactions; SAGE Publications: Thousand Oaks, CA, USA, 2015;
ISBN 978-1-4833-4743-1.

69. Attanasio, G.; Cartocci, G.; Covelli, E.; Ambrosetti, E.; Martinelli, V.; Zaccone, M.; Ponzanetti, A.; Gueli, N.; Filipo, R.; Cacciafesta,
M. The Mozart effect in patients suffering from tinnitus. Acta Otolaryngol. 2012, 132, 1172–1177. [CrossRef] [PubMed]

70. Sciaraffa, N.; Di Flumeri, G.; Germano, D.; Giorgi, A.; Di Florio, A.; Borghini, G.; Vozzi, A.; Ronca, V.; Varga, R.; van Gasteren, M.;
et al. Validation of a Light EEG-Based Measure for Real-Time Stress Monitoring during Realistic Driving. Brain Sci. 2022, 12, 304.
[CrossRef] [PubMed]

71. Oostenveld, R.; Praamstra, P. The five percent electrode system for high-resolution EEG and ERP measurements. Clin. Neurophysiol.
2001, 112, 713–719. [CrossRef]

72. Di Flumeri, G.; Aricó, P.; Borghini, G.; Colosimo, A.; Babiloni, F. A new regression-based method for the eye blinks artifacts
correction in the EEG signal, without using any EOG channel. In Proceedings of the 2016 38th Annual International Conference
of the IEEE Engineering in Medicine and Biology Society (EMBC), Orlando, FL, USA, 16–20 August 2016; pp. 3187–3190.

73. Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. J. Neurosci. Methods 2004, 134, 9–21. [CrossRef]

74. Vozzi, A.; Ronca, V.; Aricò, P.; Borghini, G.; Sciaraffa, N.; Cherubino, P.; Trettel, A.; Babiloni, F.; Di Flumeri, G. The Sample
Size Matters: To What Extent the Participant Reduction Affects the Outcomes of a Neuroscientific Research. A Case-Study in
Neuromarketing Field. Sensors 2021, 21, 6088. [CrossRef]

75. Klimesch, W. EEG alpha and theta oscillations reflect cognitive and memory performance: A review and analysis. Brain Res. Rev.
1999, 29, 169–195. [CrossRef]

76. Boucsein, W.; Fowles, D.C.; Grimnes, S.; Ben-Shakhar, G.; Roth, W.T.; Dawson, M.E.; Filion, D.L. Society for Psychophysiologi-
cal Research Ad Hoc Committee on Electrodermal Measures Publication recommendations for electrodermal measurements.
Psychophysiology 2012, 49, 1017–1034. [CrossRef]

77. Benedek, M.; Kaernbach, C. A continuous measure of phasic electrodermal activity. J. Neurosci. Methods 2010, 190, 80–91.
[CrossRef]

78. Ronca, V.; Martinez-Levy, A.; Vozzi, A.; Giorgi, A.; Aricò, P.; Capotorto, R.; Borghini, G.; Flumeri, G.D.; Babiloni, F. Wearable
Technologies for Electrodermal and Cardiac Activity measurements: A Comparison between Fitbit Sense, Empatica E4 and
Shimmer GSR3+ 2023. Sensors 2023, 23, 5847. [CrossRef]

79. Siegel, S. Nonparametric Statistics. Am. Stat. 1957, 11, 13–19. [CrossRef]
80. Weber, M.; Sawilowsky, S. Comparative Power Of The Independent t, Permutation t, and WilcoxonTests. J. Mod. Appl. Stat.

Methods 2009, 8, 10–15. [CrossRef]
81. Mohamad, N.; Hoare, D.J.; Hall, D.A. The consequences of tinnitus and tinnitus severity on cognition: A review of the behavioural

evidence. Hear. Res. 2016, 332, 199–209. [CrossRef] [PubMed]
82. Alhanbali, S.; Dawes, P.; Millman, R.E.; Munro, K.J. Measures of Listening Effort Are Multidimensional. Ear Hear. 2019, 40,

1084–1097. [CrossRef]
83. Huang, C.-Y.; Li, D.-S.; Tsai, M.-H.; Chen, C.-H.; Cheng, Y.-F. The Impact of Acute Tinnitus on Listening Effort: A Study Based on

Clinical Observations of Sudden Sensorineural Hearing Loss Patients. Int. J. Environ. Res. Public Health 2022, 19, 3661. [CrossRef]
84. Hennig, T.R.; Costa, M.J.; Urnau, D.; Becker, K.T.; Schuster, L.C. Recognition of Speech of Normal-hearing Individuals with

Tinnitus and Hyperacusis. Int. Arch. Otorhinolaryngol. 2011, 15, 21–28.

https://doi.org/10.32598/bcn.9.10.215
https://doi.org/10.1080/14992020400050077
https://doi.org/10.1016/j.neuroimage.2020.117281
https://doi.org/10.3390/brainsci12101291
https://doi.org/10.3389/fnins.2021.608156
https://www.ncbi.nlm.nih.gov/pubmed/33767607
https://www.ncbi.nlm.nih.gov/pubmed/8135099
https://doi.org/10.3109/00016489.2012.684398
https://www.ncbi.nlm.nih.gov/pubmed/23025336
https://doi.org/10.3390/brainsci12030304
https://www.ncbi.nlm.nih.gov/pubmed/35326261
https://doi.org/10.1016/S1388-2457(00)00527-7
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.3390/s21186088
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.1111/j.1469-8986.2012.01384.x
https://doi.org/10.1016/j.jneumeth.2010.04.028
https://doi.org/10.3390/s23135847
https://doi.org/10.1080/00031305.1957.10501091
https://doi.org/10.22237/jmasm/1241136120
https://doi.org/10.1016/j.heares.2015.10.001
https://www.ncbi.nlm.nih.gov/pubmed/26523370
https://doi.org/10.1097/AUD.0000000000000697
https://doi.org/10.3390/ijerph19063661


Brain Sci. 2023, 13, 1084 15 of 15

85. Colagrosso, E.M.G.; Fournier, P.; Fitzpatrick, E.M.; Hébert, S. A Qualitative Study on Factors Modulating Tinnitus Experience. Ear
Hear. 2019, 40, 636–644. [CrossRef]

86. Cartocci, G.; Attanasio, G.; Fattapposta, F.; Locuratolo, N.; Mannarelli, D.; Filipo, R. An electrophysiological approach to tinnitus
interpretation. Int. Tinnitus J. 2012, 17, 152–157. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/AUD.0000000000000642
https://doi.org/10.5935/0946-5448.20120027

	Introduction 
	Materials and Methods 
	Participants 
	Self-Report Audiological Questionnaires 
	Experimental Protocol 
	EEG Signal Acquisition and Processing 
	Autonomic Activity Signal Acquisition and Processing 
	Statistical Analysis 

	Results 
	Behavioural Results 
	EEG Results 
	Parietal Alpha 
	Frontal Alpha 

	EDA Results 

	Discussion 
	Conclusions 
	References

