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Abstract: Background: Despite substantial progress in investigating its psychophysical complexity,
tinnitus remains a scientific and clinical enigma. The present study, through an ecological and mul-
tidisciplinary approach, aims to identify associations between electroencephalographic (EEG) and
psycho-audiological variables. Methods: EEG beta activity, often related to stress and anxiety, was ac-
quired from 12 tinnitus patients (TIN group) and 7 controls (CONT group) during an audio cognitive
task and at rest. We also investigated psychological (SCL-90-R; STAI-Y; BFI-10) and audiological (THI;
TQ12-I; Hyperacusis) variables using non-parametric statistics to assess differences and relationships
between and within groups. Results: In the TIN group, frontal beta activity positively correlated with
hyperacusis, parietal activity, and trait anxiety; the latter is also associated with depression in CONT.
Significant differences in paranoid ideation and openness were found between groups. Conclusions:
The connection between anxiety trait, beta activity in the fronto-parietal cortices and hyperacusis
provides insights into brain functioning in tinnitus patients, offering quantitative descriptions for
clinicians and new multidisciplinary treatment hypotheses.

Keywords: tinnitus; beta; electroencephalography (EEG); trait anxiety; state anxiety; hyperacusis;
ecological listening task; networks; audiobook

1. Introduction

Perception of sounds and noises through the auditory system serves to help indi-
viduals learn about the external world, orient themselves, and maintain contact with it.
However, some people may perceive sounds without an external source, a phenomenon
known as tinnitus, from the Latin ‘tinnire’ (to ring). Tinnitus is the perception of sound
within the human ear in the absence of external acoustic stimuli. This ‘phantom sound’
potentially causes disabling problems [1]. Individuals experiencing tinnitus report an
unspecified acoustic sound like ringing but also buzzing, clicking, pulsations, and other
noises [2]. The tinnitus-associated sufferance is defined as ‘tinnitus disorder’ and consists
of emotional distress, cognitive dysfunction, and/or autonomic arousal (i.e., stress), leading
to functional disability [3]. This phantom sound is often associated with comorbidities,
especially in the auditory domain, such as hearing loss (HL) [4] and hyperacusis (increased
sensitivity to perceived sound) [5], and studies suggest that the ability to perceive speech
in noise is affected in individuals with tinnitus compared to those without tinnitus [6–8].
However, some tinnitus patients show normal hearing in conventional audiometry and
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do not feel any subjective or aggravation of HL along with new-onset tinnitus: all of the
distress caused by tinnitus is not explained by its psychoacoustic characteristics [9,10], and
chronic tinnitus (CT) does not necessarily involve pathophysiology of the auditory sys-
tem [11]. Furthermore, evidence suggests that in addition to the initial pathology, the neural
activity responsible for generating tinnitus involves neurocognitive and neuro-emotional
networks as well as abnormal interactions between somatosensory, sensorimotor, and
visual-motor systems [12]. For example, attentional and emotional states can be involved
in the emergence and maintenance of tinnitus via top-down mechanisms [13].

Starting with the theoretical ‘psychological model of tinnitus’ proposed by Hallam
et al. [14], who observed that psychological factors play a role in the manifestation of
tinnitus symptoms, a large body of literature now suggests that psychological variables are
critical in tinnitus perception and distress [15]. Moreover, tinnitus is also associated with
poorer performance across various broad cognitive domains [16]. Furthermore, certain
personality traits like neuroticism and psychological disorders, especially anxiety and de-
pression, often coexist with tinnitus and may act as predictors for tinnitus severity [17–19];
see [20].

While recent years have seen remarkable progress in understanding this tinnitus
heterogeneity [21], the risk factors for tinnitus, as well as the mechanisms of tinnitus
generation and maintenance, still need to be better understood [22]. Further, the role of
psychological factors in determining distress in patients has long been recognized and
remains a central theme in researchers’ and clinicians’ views of tinnitus [23]. Continuing,
from a physiological perspective, the ‘neurophysiological model of tinnitus’ proposed by
Jastreboff [24], which is now widely accepted [25], suggests that in addition to all levels
of auditory system pathways, many other brain systems play a crucial role in the onset
of tinnitus.

Merging the psychological and neurophysiological approaches, Anderson and
McKenna [26] have proposed a ‘cognitive model of tinnitus’. According to the authors,
tinnitus is likely to disrupt cognitive functioning, and there are some indications that those
who have it show impaired capacity to accomplish specific cognitive tasks (e.g., [27,28]).

Moreover, studies have shown a strong association between tinnitus, anxiety, de-
pression, and somatic awareness, which may have a confounding influence on cognitive
performance [29], affecting information processing [30–32]. Furthermore, studies sug-
gested interferences of tinnitus with executive function, short and long-term memory,
and processing speed [16]. Finally, self-report measures of tinnitus distress require con-
scious recollection of symptomatology, further highlighting how the role of cognition in
tinnitus is difficult to ignore [26]. Tinnitus and cognition, indeed, are two inseparable
constructs whose interaction can be explained through neuroimaging methods applied
during cognitive tasks [25]. For example, electroencephalography (EEG) and magnetoen-
cephalography (MEG) studies in tinnitus have highlighted several abnormalities regarding
the background cerebral oscillation in various frequency bands, such as theta, delta, al-
pha, beta, or gamma [33]; although there are conflicting data, a general tendency is a
concentration of abnormalities mainly over the temporo-parietal and frontal regions [34].
Additionally, in about 85% of all cases of CT [35], the tinnitus sound is perceived constantly;
thus, resting-state functional measurements seem well suited to identify the neuronal
correlates of tinnitus. Moreover, as tinnitus is mainly experienced during rest, alterations
in the default mode network (DMN) could be associated with it. Studies indeed have
confirmed that the limbic system and attentional resting state networks are more active
in the presence of tinnitus and may explain why persistent tinnitus results in mental fa-
tigue [36]. The DMN is one of the most stable networks in the resting state of the brain,
including multiple brain regions such as the prefrontal lobe, posterior cingulate cortex,
and parietal cortices [37,38]. Moreover, together with DMF, the salience network (SN) and
the frontoparietal networks (FPNs) are often called ‘canonical’ [39], as their interactions
play a role in almost all cognitive functions [40]. The SN has attracted much attention
for its role in the detection of salient information in the environment and the subsequent
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redirection of attentional resources and autonomic processes to generate adaptive cognitive
and homeostatic responses [41]. The FPN, like the central executive network (typically
including the prefrontal cortex and posterior parietal cortex [42]), is crucial for maintaining
and processing information in working memory, problem solving, and decision making.
Its activation is relatively strongest during cognitive effort and negatively correlated with
the DMN [40]. Finally, the auditory network (AN) is responsible for recognizing noise and
speech [43]. Interestingly, changes in the AN, SN, DMN, and FPN have been shown in
patients with tinnitus [44,45].

Having mentioned the concept of a ‘brain network’, we believe it is important here
to point out that network science is a branch of study that focuses on complex networks
including those in computer, economic, cognitive, social, biological, and semantic domains.
Thanks to the study of networks, it is increasingly easy to understand the involvement of
resting-state network interactions in brain disorders [46], including tinnitus. As a matter
of fact, functional connectivity—statistical relationships between a pair of brain regions
that covary or correlate over time—is aberrant in many brain disorders such as anxiety,
depression, and ADHD [47].

Based on network science principles, as proposed by De Ridder et al. [44], each aspect
of tinnitus could be the result of connectivity changes among networks: the lateral pathway
(i.e., the auditory network) and another resting-state network, such as the SN (suffering),
the DMN (embodiment), the central executive network (cognitive disability), and motor net-
work (physical disability). Neurocognitive network dynamics are often discussed in terms
of rhythmic activity in different frequency ranges: delta (δ, 1–3.5 Hz), theta (θ, 4–7.5 Hz),
alpha (α, 8–12 Hz), beta (β, 13–30 Hz), and gamma (γ, above 30 Hz) [48]. Moreover, EEG
investigations have been shown as valid measures for the objective detection of tinnitus
in several investigations [49,50] (for a recent overview, see [51]) and also for neurophys-
iological investigations during auditory cognitive tasks in groups of adult patients and
children with sensory impairments [52–56]. Furthermore, spectral band analysis of the EEG
offers a reliable and useful approach to understanding different psychiatric disorders. The
literature reported differences in bands of the EEG power spectrum between controls and
those with various psychiatric disorders, including depression, anxiety, and addiction [57].
Specifically, higher beta band powers were observed in anxious adults [58], and an excess of
beta waves is associated with stress, anxiety, overthinking, and overstimulation [59]. More-
over, variability in human resting state EEG may reflect emotion regulation processes [60],
while during cognitive tasks, an increase in the amplitude of the beta band was associated
with the anxiety level of an individual [61].

Focusing more on the beta band in specific brain areas, studies have found increased
frontal activity correlated with vigilance [62,63], while in the parietal brain region, beta
activity is correlated with stress states [64,65] and tends to increase due to psychosocial
stress in the reactive and recovery phase [66,67]. Moreover, enhanced beta activity in
posterior brain areas has been associated with increased anxiety in adults [68]. From what
has been introduced so far, audiology, neurobiology, and psychology are the disciplines
generally conceptualizing the mechanisms of CT. Furthermore, concerning the mechanisms
of onset or generation of tinnitus sensation, the functionality and dysfunctionality of the
ear remain the dominant theme in both clinical practice and research. [69].

Advances in neuroimaging have highlighted the neuroplasticity of auditory and
nonauditory brain regions, particularly emotion, attention, and memory regions, solidify-
ing neuroscientists’ interest in this condition [70,71]. In addition to neurobiological evidence
suggesting the role of psychological functions, patients often describe a significant negative
impact of CT on daily life. This influence has sparked increasing interest in the contribution
of psychological functioning to the tinnitus experience, beyond the co-morbidity or symp-
tom of persistent sensation perception but as a potential contributing factor to ongoing
awareness, volume, and severity of tinnitus sensation [23]. Recent reviews have addressed
aspects of auditory and neurobiological functioning in CT [71–73] so, as Trevis et al. [32]
suggest, a comprehensive review of the role of psychological functioning in this clinical
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population is now needed. Indeed, although mechanisms of tinnitus are investigated
with network science and conceived about distinct disciplines such as audiology, biology,
psychology, and physiology, no study to date has attempted to offer a multidisciplinary
integrated neurophysiological, psychological, and audiological approach in an ecological
in vivo experimental setting. Although numerous neuroscientific techniques have been
used to investigate the pathology of tinnitus at the brain level ([74] for a review) and
several paradigms have been applied to assess neural correlates of tinnitus [75], only a few
experimental paradigms [76] have attempted to recreate the everyday ecological context of
the tinnitus-perceiving patient.

Therefore, the aim of our study, through the use of a cutting-edge light EEG system,
already employed in a previous study on tinnitus patients [76], is to investigate differences
in psychological and electroencephalographic (beta band) variables and the presence of
neuro-psycho-audio-physiological frontoparietal beta EEG networks in typical hearing
patients with tinnitus (and in healthy controls) during a simple audio cognitive task in
different levels of listening difficulties, and at resting state.

2. Materials and Methods

This study was conducted at the Head and Neck Department of Polyclinic Umberto I
Sapienza University of Rome, Italy. Informed consent was obtained from all participants
involved in the study.

2.1. Experimental Sample

In this study, 19 participants were recruited: 12 chronic tinnitus (TIN) patients (7F, 5M;
mean age ± SD: 47.416 ± 12.770) and 7 healthy control (CONT) participants (4F, 3M; mean
age ± SD: 46.314 ± 16.331) (see Table 1 for participants details). The patients were recruited
from the ENT ambulatory DAI Head and Neck of Polyclinic Umberto I of Rome, Italy.

Table 1. Demographic and clinical data concerning 12 patients (TIN group) and demographic data
concerning the 7 controls (CONT group). In particular, the table shows for each participant (P) gender;
group (G); TIN (T); CONT (C); age; tinnitus onset; monolateral (M)/bilateral (B) tinnitus percep-
tion; qualitative description of perceived sound/noise; current situations of occurrence; activities
(act.)/situations (sit.) that reduce the perception of tinnitus; if the participant had the perception of
tinnitus during the audio cognitive task; Tinnitus Handicap Inventory (THI) score; grade of tinnitus
severity in line with THI scores: mild (mil); moderate (mod); Italian Tinnitus Questionnaire 12-item
short form (TQ-12) scores; Khalfa Hyperacusis questionnaire scores (HYP).

P G Age Tinnitus Onset M/B
Description of

Perceived
Sound/Noise

Current
Situations of
Occurrence

Tinnitus-
Reducing

act./sit.

Perception
during

the Task
THI Tinnitus

Severity
TQ-
12 HYP

1 T 57.597 2 months ago M Loud high-pitched
whistle Before sleeping Being with people;

listening to music yes 14 mil 8 13

2 T 59.526 5–6 years ago B Water brook Always Watching TV yes 14 mil 7 7

3 T 47.715
2 years ago, being
alone in the house

in the night
B

High-pitched but
slight whistling;

sound ‘as of
ambulance’.

In silence
Everyday life

because he does
street work

no 20 mod 11 15

4 T 26.926 End of June 2022 B
Ambulance sound;

Tibetan bells;
candy frizz

At work
(switchboard
operator in a

pizzeria)

Nothing no 32 mod 13 11

5 T 61.192

2 years ago, at the
end of the

lockdown for
COVID-19

B Pulsating whistle Before sleeping

Listening to music;
working and

focusing attention
on something

no 14 mil 4 30

6 T 47.096
First period in

2000, from 2019
strong perception

B
As of a power

plan in operation;
electrical circuit

Always Nothing no 48 mod 5 16
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Table 1. Cont.

P G Age Tinnitus Onset M/B
Description of

Perceived
Sound/Noise

Current
Situations of
Occurrence

Tinnitus-
Reducing

act./sit.

Perception
during

the Task
THI Tinnitus

Severity
TQ-
12 HYP

7 T 42.359

October 2022 in
conjunction with
strong emotional

stress

M Vigilant whistle. Always Nothing no 26 mod 5 24

8 T 55.397 Post COVID-19
infection B

It appeared as an
itchy and muffled

sensation, then
turned into . . .

Always early in
the morning

and before sleep

During the day the
tinnitus is not felt no 18 mod 2 5

9 T 54.301 June 2022 after a
severe cold M Ear plugged;

violin string shrill

The evening
before sleeping,

in the silence

If distracted the
patient reports
feeling better

no 17 mod 9 16

10 T 58.444 2–3 years ago B Buzzing as a
refrigerator

The evening
before sleeping;

watching TV

Distracted by
cooking; by work yes 15 mil 14 21

11 T 31.814
8–9 years ago,

worked at airport
on runways

B

Left whistle;
bilateral pulsating

sound very
annoying

In the silence
Listening to music;
playing PC with

headphones
no 11 mil 8 12

12 T 26.630 2.5 years ago B
Hissing, high

frequency, like
brake on rails

In the evening
before falling
asleep; tired

Sounds; white
noise (use of

dedicated APPs)
yes 12 mil 11 20

13 C 29.225 - - - - - - - - - -

14 C 61.485 - - - - - - - - - -

15 C 33.521 - - - - - - - - - -

16 C 70.918 - - - - - - - - - -

17 C 41.39 - - - - - - - - - -

18 C 32.162 - - - - - - - - - -

19 C 55.504 - - - - - - - - - -

The inclusion criterion for the TIN group was the perception of the primary symptom
of tinnitus (unilateral and/or bilateral) for at least 3 months; no therapy (pharmacological
and/or psychological) in place to treat tinnitus symptoms. The inclusion criteria common
to all participants were as follows: normal hearing as assessed by pure-tone audiometry
(PTA) tests averaging from 125 at 8 kHz down to 20 dB, and absence of diagnosed relevant
medical conditions (e.g., psychiatric or neurological disorders) or anatomo-functional
alterations that could impact the study, absence of taking psychoactive medications.

2.2. Audiological Assessment

Patients completed two questionnaires to measure tinnitus severity: the Tinnitus
Handicap Inventory (THI) [77] validated in Italian [78] and the Italian Tinnitus Question-
naire 12-item short form (TQ12-I) [79]. Moreover, we proposed a questionnaire to assess
hyperacusis [80] defined as unusual tolerance to ordinary environmental sounds [81] to
evaluate the possible impact on the clinical group considering that hyperacusis seems to
increase in extent at times of anxiety, tiredness, or stress [82,83].

The THI is a 25-item tool with 3 response options (no, sometimes, yes) and a score range
of 0 to 100. It was created to measure the functional and psychosocial effects of tinnitus
and how it affects day-to-day living. The THI provides additional data to the traditional
psychoacoustic assessment (e.g., pitch and loudness matching, minimum masking levels,
residual inhibition). Tinnitus severity is categorized as follows: no handicap (0–16 points),
‘mild’ (18–36), ‘moderate’ (38–56), ‘severe’ (58–76), or ‘catastrophic’ tinnitus handicap
(78–100 points). The THI has been used in neurophysiological studies and is widely
recommended as a research tool for rating the severity of tinnitus [84].

The TQ12-I is the short form of the original 20-item test by the authors of [85] that
allows the assessment of tinnitus-related distress. According to the TQ12-I, the grade of
tinnitus distress is categorized as follows: no clinically relevant tinnitus distress (1–7 points);



Brain Sci. 2024, 14, 570 6 of 22

moderately distressed (8–12 points); severely distressed (13–18 points); and most severely
distressed (>19 points).

The Hyperacusis Questionnaire validated in Italian [86] makes it possible to investi-
gate clinical hyperacusis. The questionnaire is divided into two sections. The first consists
of three binary questions that provide general information on noise exposure and auditory
disorders. A total of 14 self-rating items make up the second section. They will be scored
over 3 main dimensions: attentional (questions 1–4), social (questions 5–10), and emotional
(questions 11–14). Each question/item has a 4-point scoring system: ‘no’ (0 points), ‘yes
a little’ (1 point), ‘yes, a lot’ (2 points), or ‘yes, quite a lot’ (3 points). The Hyperacusis
Questionnaire exhibits high levels of sensitivity in discriminating subjects with hypera-
cusis in the general population. A mean score greater than 28 is considered indicative
of hyperacusis. Finally, through an interview conducted by a specialized health team
(audiologist, psychologist), it was possible to collect specific information related to tinnitus
symptomatology, such as the onset and duration of tinnitus, the lateralization, and the kind
of sound perceived (Table 1).

2.3. Psychological Assessment

Psychopathological symptoms in all participants were evaluated by the Italian ver-
sion [87] of the Symptoms Checklist-90-Revised (SCL-90-R) [88], already used in studies
with patients with tinnitus [89]. The SCL-90-R includes several different subscales exploring
the severity of respondents’ symptoms over the previous seven days. Each item is rated on a
5-point Likert scale ranging from ‘Not at all’ (0) to ‘Extremely’. The checklist consists of nine
subscales and three global indexes of distress. Somatization (SOM); Obsessive-compulsive
(O-C); Interpersonal sensitivity (I-S); Depression (DEP); Anxiety (ANX); Hostility (HOS);
Phobic anxiety (PHOB); Paranoid ideation (PAR); and Psychoticism (PSY) are the nine
subscales. Seven additional items (OTHER) explore disturbances in appetite and sleep. The
general indexes are as follows: the Global Severity Index (GSI) is the single best indicator
of the current level or depth of an individual’s disorder. The Positive Symptom Total (PST)
reflects how many symptoms the respondent endorses. Additionally, the Positive Symptom
Distress Index (PSDI) can be understood as a gauge of symptom intensity because it reflects
the average degree of distress reported for the symptoms endorsed; as such, it can be
interpreted as a measure of symptom intensity.

Anxiety symptoms were evaluated with the STAI-Y questionnaire [90] for Italian
adaptation, see [91], which separately assesses both state anxiety and trait anxiety. Each
type of anxiety has its own scale of 20 scored questions. Participants answered 40 items
on a 4-point Likert scale ranging from 0 (not at all) to 4 (very much so). The range score
for each scale is 20–80, with the higher scores indicating greater anxiety. The STAI-Y is
an instrument widely used in studies in the hearing field [92,93] and in EEG studies with
tinnitus patients [11]. Spielberg proposed a categorization method dividing anxiety into
trait anxiety and state anxiety based on how long the anxiety lasted [94]. State anxiety
is a subjective feeling brought on by tension and other factors. It is characterized by a
short duration and a certain intensity of physiological response. Individuals with high trait
anxiety have cognitive biases that lead them to exaggerate the threat of external information
or stimuli [95]. People with high trait anxiety are thought to be more vulnerable to anxiety
disorders because of the strong behavioral, anatomical, and functional similarities between
them and those with anxiety disorders [96].

The personality traits were assessed using the Italian version [97] of the Big Five
Inventory 10-items (BFI-10) [98], a questionnaire developed based on the 44-item Big Five
Inventory used in tinnitus studies (see [19]). The BFI-10 assesses the following personality
traits: agreeableness/antagonism, conscientiousness/lack of direction, emotional stabil-
ity/neuroticism, extraversion/introversion, and openness/closedness to experience. A
five-point Likert scale is used to rate the items ranging from one = ‘disagree strongly’ to
five = ’agree strongly’.
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2.4. Electroencephalographic Assessment

During the audio cognitive task, each participant wore the Mindtooth Touch EEG
headset (https://www.mindtooth-eeg.com/) (accessed on 24 May 2024), which has already
been used for the assessment of psychophysiological variables in cognitive neuroscience
protocols [63], with 8 electrodes, placed, according to the 10–20 system [99] in prefrontal
(AFz, AF3, AF4, AF7, AF8) and parietal (Pz, P3, P4) cortices plus ground (left mastoid) and
reference (right mastoid). The EEG signal was first band-pass filtered with a fifth-order
Butterworth filter at 2–30 Hz intervals. The blink artifacts were detected by employing
the Reblinca method [100]. At a sampling frequency of 125 Hz, raw data were recorded
through Mindtooth proprietary software (v.5.22) running on a laptop. Offline, the EEG
signal was segmented into 1 s long epochs with 0.5 s of overlap to avoid any ‘boundary
effect’. Then, we applied dedicated algorithms of the EEGLAB toolbox [101] to remove
other sources of artifacts. In detail, the blink-free signal was divided into 1 s long epochs,
and a threshold criterion was applied, i.e., the epochs with a signal amplitude exceeding
±80 mV (threshold) were labeled as ‘artifacts’ [102]. In the end, the EEG epochs marked
as ‘artifacts’ were removed from the EEG dataset to have a clean EEG signal to perform
the analyses. Finally, the Global Field Power (GFP) was calculated from the artifact-free
EEG with a focus on the frequency band of interest focal for the aim of this study, Alpha
and Beta over the frontal area of interest (AOI), channels AFz, AF3, AF4, AF7, and AF8
and the parietal AOI (channels Pz, P3, P4). These bands were defined accordingly with the
Individual Alpha Frequency (IAF) value. Specifically, the IAF corresponds to the peak in
the alpha band (typical IAF value is 10 Hz) obtained from the power spectrum of individual
EEG signals over parietal sites during a rest condition [103], so we estimated it specifically
from each subject through 1 minute of eyes closed, which was recorded before starting the
experiment. Therefore, frequency bands were determined individually for each participant
by using the IAF as the cutoff point between the lower and upper alpha band: alpha
(IAF − 2 ÷ IAF + 2), and beta (IAF + 2 ÷ IAF + 16). The GFP was chosen because it
describes brain EEG activity with the advantage of representing, in the time domain, the
degree of synchronization of a specific cortical region of interest in a specific frequency
band [104,105].

2.5. Audio Cognitive Task

In the present study, we examined, through an integrated approach, the neurophys-
iological (EEG), behavioral, and cognitive mechanisms of tinnitus during a cognitive
ecological listening task under varying stress conditions and in silence (resting state). The
task lasted approximately 20 min and it consisted of 2 phases: the ‘silent phase’ and the
‘audio cognitive stimulation phase’ (see Figure 1 for task structure schematization).
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Figure 1. Graphical representation of the experimental protocol employed.

During the ‘silent phase’, the participants were asked to be relaxed and fix on for 60 s a
point on the white screen in front without any exposure to external auditory stimuli.

The ‘audio-cognitive stimulation phase’ consisted of listening to a short story in Italian
‘Storia di Gianna e delle sue chiavi’ recorded by a female voice, taken from the ‘Progetto Babele
Rivista Letteraria’ already used in neuroscientific experiments [76,106]. The total duration of
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audio stimulation was 11 min 39 s in 3 randomized signal-to-noise ratio (SNR) conditions
(‘noise conditions’): +5; +10; 0 with an average duration of 1 min 31 s. Moreover, a ‘quiet
condition’ was presented at the beginning and the end of stimulation (average duration of
2 min 30 s each).

The stimulus was delivered by 2 audio speakers placed 1 m in front of the participants
at face height, as in previous auditory neuroscience clinical studies [107]. Total auditory
stimulation was set at 65 dB [56]. Before the start of auditory stimulation, participants were
shown a blank screen for 3 s (pre-audio phase). The audio track was processed under various
SNR conditions with the support of Audacity software (version 3.0.0) “Babble noise” [108]
was the noise used, which has previously been employed to build experimental protocols in
auditory neuroscience in samples of normal hearing and hearing-impaired persons [53,109].

During the ‘audio-cognitive stimulation phase’, 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, on 2 distinct VASs already used for tinnitus patients [110] with a score from 0
to 100, the subjective perception of pleasantness and perceived difficulty during listening
(self-reported data). At the end of the story, to investigate mnestic and attentional skills,
the participant was asked to answer 28 multiple-choice questions about the content of
the story (cognitive performance data). The audiobook presentation was controlled and
displayed on a Lenovo PC with a 1024 × 768 monitor. The E-Prime software package
(Psychology Software Tools, Pittsburgh, PA, USA, version 3.0) was used to collect the
participants’ responses.

2.6. Statistical Analysis

Inferential statistical analyses were performed on the psychological and audiological
questionnaires, neurophysiological measures, and self-reported and cognitive performance
data. For all cases, the Shapiro–Wilk test of normality [111] demonstrated that most of the
distributions of data were Gaussian; however, given the small number of experimental
samples, non-parametric tests were employed in the analyses [112], with a significance of
p = 0.05 used for testing for each dependent variables’ differences between the two groups
(TIN; CONT). The psychological dependent variables considered were scores for each scale
of the SCL-90-R; BFI-10; and STAI-Y questionnaires. The audiological dependent variables
considered were the total score of the THI; TQ-I; and Hyperacusis tests. Beta EEG activity in
the frontal and parietal AOIs for each auditory stimulation phase (SNRs: Quiet/+5/+10/+0)
and at resting state (RS-silent phase) were the neurophysiological variables. Finally, we
analyzed self-reported variables (pleasantness and difficulty) and cognitive performance
variables (correct responses to the final questionnaire). A nonparametric Spearman’s
correlation coefficient rho (ρ) was applied to assess the association between variables
within each group. To investigate the significant linear relationships between variables and
distinguish the influence independent from the interaction of dependent variables [113], we
conducted a simple linear regression analysis of the correlated variables for each group. In
fact, if two variables are highly correlated, it is then feasible to predict the value of one (the
dependent variable) from the value of the other (the independent variable) using regression
techniques [114]. Statistical analyses were performed using the computer software JASP
(Version 0.17.2.1).

3. Results
3.1. Differences between Groups

Statistical analysis showed no significant differences between the two groups for
STAI-Y questionnaire scores (p > 0.05). Regarding the Big Five questionnaire, the MW test
shows that TINNs have significantly higher scores for the ‘openness to experience’ trait
than controls (U = 14.00, p = 0.019) (Figure 2).
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Furthermore, the TIN group showed significantly lower scores on the paranoid
ideation SCL-90-R scale than the CONT group (U = 72.00; p = 0.011) (Figure 3).
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to the SCL-90-R questionnaire between groups TIN (tinnitus) and CONT (controls) performed using
the Mann–Whitney U-test. Significant differences between groups emerged (* p ≤ 0.05).

No significant differences in neurophysiological variables emerge between the 2 groups
(p > 0.05).

3.2. Correlation Results
3.2.1. Psychological and Audiological Data

Concerning the correlations between the SCL-90-R scales; STAI-Y scales; and BFI
10 scales, we found significant relationships between state anxiety and depression (ρ = 0.763,
p = 0.004) in the TIN group (Figure 4). Regarding the relationships between the audiological
variables and the psychometric scales, no significant correlation emerged (p > 0.05).

For the CONT group, we found a significant relationship between state anxiety and
Interpersonal sensibility (ρ = 0.793, p = 0.033) (Figure 5), and between trait anxiety and
depression (ρ = 0.847, p = 0.016) (Figure 6).
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3.2.2. EEG, Psychological, and Audiological Data

During the ‘audio-cognitive stimulation phase’, regarding correlations within the TIN
group among EEG and psychological and audiological variables, we found a positive
correlation between beta activity in frontal and parietal areas in all noise conditions and
correlations between trait anxiety and parietal and frontal beta in all conditions except
during the condition SNR+10 (Figure 7). No correlation was significant in the control group.
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Figure 7. Heatmap of correlation coefficient among trait anxiety scores and beta (β) activity in frontal
and parietal area during audio cognitive stimulation phase at different SNR levels (quiet, +5, +10, +0)
in the TIN group. Spearman’s correlations (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001) are shown between
the variables described.

At the resting state during the ‘silent phase’, in the TIN group, we found a positive
correlation between the frontal beta and parietal beta (ρ = 0.839, p = 0.001) (Figure 8).
Moreover, the analysis has shown significant associations between frontal beta activity and
hyperacusis in the resting state (ρ = 0.627, p = 0.029) (Figure 9) and between the parietal
beta and I-S (ρ = −0.885, p = 0.046) (Figure 10). Moreover, a significant correlation also
emerged between state anxiety and correct responses (ρ = 0.685, p = 0.046) (Figure 11). No
correlation was significant in the CONT group.
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3.3. Simple Linear Regression Models

Simple linear regression models were fitted to investigate the relationship between
the audiological, psychological, and neurophysiological variables within TIN and CONT
groups. In the CONT group, no significant results emerged. In the TIN group, concerning
trait anxiety and the frontal beta during the ‘silent phase’, a significant regression was
found (F (1,10) = 6.366, p = 0.03). The R2 was 0.388, indicating that the trait anxiety score
explained approximately 39% of the variance in frontal beta activity at resting state. More-
over, between the two anxiety scales, we found a significant regression (F (1, 10) = 4.968,
p = 0.05). The R2 was 0.332, indicating that trait anxiety explained approximately 33%
of the variance of state anxiety scores. Finally, concerning frontal beta activity at resting
state and hyperacusis, a regression approaching the borderline significance was found
(F (1, 10) = 4.082, p = 0.071), with an R2 of 0.29 and an almost 30% possible contribution of
beta frontal activation to hyperacusis.

Globally, a synthetic representation of the statistically significant relationships found
between the investigated variables in TIN and CONT is given in Figure 12.
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4. Discussion
4.1. Differences between Patients and Controls on Psychological Variables

Concerning the differences between the two groups, it is observed that the TIN group
has a significantly higher openness personality trait (Figure 2). This result could be partially
in line with Kleinstäuber et al.’s study [115] observing that high traits of openness to
experience are correlated with better outcomes in tinnitus treatments. Thus, from the
perspective of treatment choice, for the patients in our study, higher levels of openness
could be a moderator to cognitive behavioral treatment outcomes. In addition, we would
have expected more neuroticism in the TIN in line with the previous literature [116]. Not
having any diagnosed severe tinnitus patients with hearing loss meant this association
was probably not verifiable. Surely in a larger sample (both patients and controls), more
differences could be observed.
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Personality traits were not associated with pathology in our sample, contrary to the
findings of some studies (see [19]). In 2014, the authors of [117] analyzed the relationship
between tinnitus and personality by reviewing the literature from 1968 to 2012, finding an
association between tinnitus and trait neuroticism. However, the studies considered in the
cited review assessed personality traits with a different diagnostic tool than the one used
in the present study. Instead, our result seems to be in line with what the authors of [118]
stated: that (high) THI scores did not predict high scores on any of the personality traits.

Regarding the higher scores in paranoid ideation found in CONT rather than in TIN
(Figure 3) (of slight clinical significance, however), one could speculate that the result was
due to the characteristics of the participants in the control group, who were not selected on
the basis of SCL-90-R scale values but on the basis of the absence of previous psychiatric
diagnoses and symptoms of tinnitus and hearing disorders. Furthermore, as the SCL-90-R
is a very long (90 items) psychometric Likert-type questionnaire that assesses the presence
of numerous psychological symptoms, the higher values obtained by the CONT group
(unaccustomed to psychological assessments) could be due to doubts, disorientation in the
specific questions asked, and bias due to the Likert scale [119].

No significant differences emerged between the two groups on the anxiety STAI-Y
questionnaire in contrast to other evidence showing that subjects with tinnitus have higher
anxiety [20]. This could be due to the fact that no patients manifest severe tinnitus (Table 1).
However, in 11 studies of the 17 reviewed in [20], patients were over 65 years of age. As our
sample was relatively young (47.416 ± 12.770), anxiety symptoms in tinnitus patients could
be age related. However, further studies with generational comparisons are necessary to
confirm this interpretation.

4.2. Correlations between Psychological and Audiological Variables

Concerning the correlations between psychological questionnaires, we observed dif-
ferent patterns between the two groups. Firstly, it should be clarified that interpersonal
sensitivity (I-S) is the capacity and degree to which individuals react to other people’s
behaviors and feelings, social interactions, and their environment [120]. Interpersonal
sensitivity, then, is the degree to which people care intemperately about their interpersonal
relationships and fear being rejected or criticized by others. The correlation (ρ = 0.793)
between I-S and state anxiety found in CONT (Figure 5) is, therefore, in line with evidence
showing that those with high interpersonal sensitivity have greater chances of suffering
from deficient social interactions and interpersonal stress [121]. State anxiety in the clinical
group, on the other hand, correlated with a depressive dimension (ρ = 0.763), which is
in line with the literature that shows the presence of anxiety and depression in tinnitus
patients [122] and, specifically, a correlation between anxiety and depression [123]. The
fact that we did not find an association with the THI could be because, on average, the
group experienced mild tinnitus (mean THI score = 20, see Table 1) whereas the association
between trait anxiety (a stable propensity to experience anxiety, and tendencies to perceive
stressful situations as threatening [93]) and depression in the CONT group (ρ = 0.847)
could suggest trait anxiety as a vulnerability factor to depressive symptoms in the general
population [124]. Finally, state anxiety is positively related to performance in patients
(ρ = 0.628) (Figure 11), which is in contrast to studies showing a negative relationship
between performance and anxiety [125] but in agreement with other studies showing a
positive relationship between anxiety and performance [126]. It could be hypothesized
that the performance-supportive anxiety of the task may be due to the presence of tinnitus
inevitably leading to a higher state of neurophysiological activation than state anxiety,
meaning, therefore, that state anxiety (remember, not pathological in our samples) in tin-
nitus patients performing an auditory cognitive task may be functional to the task. This
hypothesis is part of those who agree that anxiety can be a multifaceted agent [127]: at low
levels, it can be a reason, but at high levels, it can be an obstacle.
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4.3. Differences between Patients and Controls on Beta Band Activity

Regarding the EEG results, there were no significant differences in beta-band activity
between the TIN and CON, contrary to what has been reported in the literature, neither
during a listening task [128] nor during a resting state [129]. However, in [129], the
clinical sample consisted of patients with tinnitus and hearing impairment whereas our
experimental sample consisted of typical hearing patients. However, the clinical sample
evaluated in [128] had clinical pathologies that we excluded.

4.4. Psycho-Audio-EEG Interconnections

Regarding the TIN group, the beta-band cortical statistically significant interconnec-
tions in different noise conditions (Figure 7) and at resting state in silence (Figure 8) could
be dependent on tinnitus as high-frequency waves have been shown to be associated with
the volume of the tinnitus [130]. Furthermore, the fronto-parietal associations’ power
changed as listening difficulty varies (Figure 7) and this could suggest the ‘physiological’ in-
tensification of tinnitus. Notably, these associations were significant except in the +10 SNR
condition, probably because it is the most ‘ecological’ listening condition. Furthermore,
these results seem to corroborate the counterintuitive phenomenon of stochastic resonance
(SR), according to which an optimal amount of noise can, under certain circumstances, be
beneficial for cognitive performance [131], as already found in previous studies by our
group [54].

We feel it is important to emphasize that the association of beta activity between the
frontal and parietal AOI was also present during the ‘silent phase’ (ρ = 0.839) (Figure 8),
which is in line with source EEG studies with tinnitus patients. Specifically, the authors
of [129] showed a generalized power increase in delta and theta limited to fronto-centro-
parietal sites in the beta domain, while in a resting EEG study of patients with severe
tinnitus as compared to healthy controls a significant increase in Z-score power over
the frequency ranges from 0.5 to 22 Hz was reported, which was dominant in fronto-
temporal electrodes [132]. The significant fronto-parietal beta association that emerged
from our analysis could signify a marker not strictly related to the auditory task in patients,
identifying a possible stable neurophysiological network in tinnitus. Considering that beta
activity in frontal cortices has been observed to be associated with vigilance states [63], its
correlation with the parietal AOI could indicate a neurophysiological state of persistent
fronto-parietal activation in tinnitus patients.

Furthermore, the positive correlation we observe between beta activity in the frontal
areas and hyperacusis (ρ = 0.627) (Figure 9) could decline into an auditory-linked neuro-
physiological vigilance. This hypothesis is in line with studies showing that hyperacusis
is accompanied by an increase in beta activity [133] and is supported by the role of the
beta band in alert state cognitive functions and decision making [134–136]. Furthermore,
our result confirms the associations between tinnitus and hyperacusis [4] despite the fact
that Khalfa’s questionnaire was not significantly correlated with the THI (this could be
because of the moderate level of tinnitus perceived by the participants, see Table 1, since the
severity of tinnitus depends on the degree of deafness [86], and, here, we remember that
the clinical sample was made up of normal hearing). So, the triple-correlational axis among
hyperacusis and the frontal and parietal beta in different listening conditions suggests
the presence of increased stress, attention/sensibility to external stimuli, and anxiety in
the TIN.

This interpretative hypothesis of a prior neuro-psychophysiological status in tinnitus
is further supported by the proposed regression model showing the significant predic-
tion given by trait anxiety. Indeed, as in a psycho-neuro-audiological cascade (Figure 12)
converging with evidence showing the impact of trait anxiety on frontal activation asym-
metries [137], trait anxiety could impact, independently of the cognitive audio task, beta
activity in the frontal area, which could be the (obviously, hypothetical) cause of hypera-
cusis in the patient, and also could be associated with parietal AOI activity. And further,
because, as we have anticipated, an increase in beta signal has been associated with an
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increase in anxiety or a decrease in relaxation level (e.g., [138–142]). The evidence of this
psycho-neuro-audiological cascade could be corroborated by the correlation between beta
activity in parietal areas and I-S (ρ = −0.885) (Figure 10), a dimension considered a risk
factor for anxiety [143]. Here, we may have obtained a neurophysiological pattern of this
association. Moreover, our data suggest that trait anxiety would seem to predict state
anxiety in patients that could, at certain levels, impair performance on cognitive tasks [125].

5. Conclusions

Starting from the evidence showing that many clinical aspects of tinnitus are still
enigmatic and cannot be fully explained by current models [144], this study identified
significant associations between psychological factors, EEG beta activity, and audiological
variables in tinnitus patients.

The findings support the presence of a neuro-psycho-audio tinnitus network (NPAT)
characteristic of the patient. Also, we saw how anxious personality traits could be linked to
beta brain activity over the frontal cortex, triggering possible associations with hyperacusis
and parietal cortices. This evidence suggests that an integrated approach to treatment, com-
bining cognitive behavioral therapy and neurofeedback (e.g., [145,146]), may be beneficial
with respect to psychological and/or pharmacological therapy alone.

6. Limitations

This study has its limitations, which nevertheless open up new experiments. First
of all, the experimental sample should be enlarged in the future to obtain greater va-
lidity for the results. Moreover, to further investigate the associations between anxiety
pathology—EEG—and audiological variables, it would be appropriate to include a sample
with anxiety disorders and higher values on audiological questionnaires (THI; hyperacusis)
to assess the differences.
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