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Abstract: The objective of this work is to confirm the asymmetry in non-linguistic auditory perception,
as well as the influence of anxiety-depressive disorders on it. Eighty-six people were recruited in
the emotional well-being group, fifty-six in the anxiety group, fourteen in the depression group, and
seventy-seven in the mixed group. In each group, audiograms were obtained from both ears and the
differences were statistically analyzed. Differences in hearing sensitivity were found between both
ears in the general population, such differences increased in people with anxiety-depressive disorders.
When faced with anxiety-depressive disorders, the right ear suffered greater hearing loss than the left,
showing peaks of hyper-hearing at the frequency of 4000 Hz in the anxiety subgroup, and hearing
loss in the depression subgroup. In relation to anxiety, the appearance of the 4:8 pattern was observed
in the right ear when the person had suffered acute stress in the 2 days prior to the audiometry, and in
both ears if they had suffered stress in the 3-30 days before said stress. In conclusion, the advantage
E:edcgtfgsf of the left ear in auditory perception was increased with these disorders, showing a hyperaudition
peak in anxiety and a hearing loss in depression.
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10.3390/sym14010024 1. Introduction
Though some researchers had considered hemispheric lateralization at the beginning

of the 19th century, there is a general consensus that the study of functional asymmetry of

the cerebral hemispheres began in 1861 [1]. For a long time, many researchers thought that
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Published: 24 December 2021 but also in amphibians and reptiles [3], bony fishes [4], and birds [5], as well as cartilaginous

and jawless fishes [6]. Recent evidence for asymmetrical organization has been shown in in-
with regard to jurisdictional claims in  VeTtebrate species, such as Octopus vulgaris [7], honey bee Apis mellifera [8] and nematode
published maps and institutional afiil- ~ Caenorhabditis elegans [9], which showed that lateralization is not restricted to humans,
iations. but constitutes a fundamental principle of nervous system organization [10]. Furthermore,

it has been seen that this asymmetry is not limited to language but encompasses specific
cognitive tasks and behavioral characteristics, such as handedness, auditory preference,

EY and physical exercise [11,12].
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This effect has been subsequently confirmed by neuroimaging techniques [15,16] and its de-
viation used as a labeler of alterations in language [17] and in the psychiatric sphere [17-19].
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Even an imagery REA (with an imagined voice or a sound input) has been confirmed in
more recent studies [20,21] and its alteration found in patients with hallucinations [22].

However, the superiority of the right hemisphere is debatable when it comes to pro-
cessing non-speech sounds (tones and music), since the investigations show controversial
results. While Sininger and Bathara found a clear advantage of the right hemisphere when
it comes to detecting tonal stimulation of different spectrum [23], Brancucci et al. circum-
scribed this advantage for high frequencies [24]. The results are much more disparate when
the hemispheric laterality is measured through orienting biases [25] or in specific high-level
motor-related and multisensory cortical regions [26].

The latest evidence focuses on the parameters of sound, rather than on the language vs.
music domains. In this way, the right hemisphere would be specialized in discriminating
the intensity variations [27] and sound frequency [23,28,29], while the left hemisphere
would do so for variations in its duration [28-30]. More specifically, studies based on
animal models [31,32] and in humans [33,34] suggest that the underlying difference in
auditory asymmetry has to do with the time windows over which the left versus the right
auditory cortex processes sounds (asymmetric-sampling-in-time).

Recent medical literature displays some associations among otological pathology and
mental stress. The most significant one is anxiety and depression related to hearing loss,
a fact mostly explained by the social isolation linked to deafness [35-40]. In addition, a
constant noise seems to induce anxious-depressive states which at the same time decreases
tolerance thresholds [41,42]. Anxiety and depression are disorders of the emotional sphere
that affect 10% of the global population [43], with a high rate of comorbidity between
these two entities both in primary-care-only patients [44] and patients referred to a mental
health specialist [45]. Functional magnetic resonance imaging (fMRI), dichotic listening
tests, and electroencephalographic (EEG) tests have been extensively used to analyze
hemispheric laterality on these mental disorders [46-49]. Thus, it has been reported that
major depression is associated with a subtle loss of the thickness of the right superior
temporal cortex compared to that observed in healthy subjects [46]. From the point of
view of function, major depression has shown hypofunction of different structures in both
hemispheres [47,48], but with an apparent right hemispheric dominance [49].

Anxiety disorders, on the other hand, present a relatively greater right parietotemporal
activity than the left one. Additionally, part of the left hemispheric advantage is lost when
it comes to recognizing stimuli from language [48,50]. These facts seem to also indicate that
anxiety presents dysfunctions in both hemispheres, when compared with healthy subjects,
although with relative hyperfunction in the right.

There is less scientific evidence on what happens when anxiety and depressive symp-
toms coexist. It has been observed, so far, a greater activity of the right amygdala and its
interconnectivity with the right superior temporal gyrus when compared with healthy
subjects [51,52].

We wonder if the hemispheric asymmetry in terms of hearing and emotional process-
ing could be reflected in the classic tonal audiograms that are performed for the detection
of hearing loss. Only a few studies have looked at the impact of anxiety or depression
on hearing thresholds on an audiogram. Some of them have reported higher hearing
thresholds in these disorders, specifically at low frequencies in the case of anxiety [53]. On
the contrary, a marked hearing loss at higher frequencies has been found in depression.
However, other studies have found contradictory results [54].

The goal of this study is to determine whether there are significant hearing differences
between the right and the left ear as measured by classical tonal audiometry and the
influence on it of anxiety-depressive disorders. In this way, interaural hearing differences
and auditory thresholds were used to compare people with symptoms of anxiety and/or
depression and people without these symptoms, looking for which part of the audiogram
is the most affected. It would allow orienting hearing loss detected by classical tonal
audiometry towards a specific neurotic picture.
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2. Materials and Methods
2.1. Study Type

A cross-sectional study comparing pure-tone audiometry (air conduction) in subjects
with a significant degree of anxiety and/or depression compared with subjects without a
significant degree of these symptoms.

The study was approved by the Clinical Research Ethics Committee of the Univer-
sity Hospital La Princesa (Madrid, Spain) and later on by the Southeast Local Research
Commission of Madrid.

2.2. Subjects

For this study, 327 people who sought care at the Health Centre Mejorada del Campo
(Madrid, Spain) were selected by systematic sampling (1 in 5) from the lists of people
with on-demand appointment at 6 family medicine consultations (3 in the morning and
3 in the afternoon). All the subjects who agreed to participate were informed about the
study and what it involved. Subjects were then asked to sign the informed consent form
and complete an initial questionnaire. Those subjects with significant hearing loss, acute
otological process, psychotic disease, epilepsy, serious illness, pregnancy, or alcohol or drug
use were excluded. From 327 subjects, 58 refused informed consent and 36 presented some
exclusion criteria, so that 233 participants were finally included in the study.

Included participants underwent an ear examination and any earwax blockages were
removed. Pure-tone audiometry (air conduction) was then carried out in a room where
silence was guaranteed thanks to its location away from other rooms or passageways. A
soundproof room was renounced as the aim was to measure airway hearing in conditions
closer to reality. Later, participants underwent screening for anxiety and depression (Gold-
berg Anxiety and Depression Scale—GADS). Participants without significant scores for
anxiety and depression on the GADS were included in the emotional well-being group,
whereas participants with significant scores for anxiety and/or depression were then asked
to take the Hamilton Rating Scale questionnaires. Participants were included in the anxiety,
depression or mixed group, depending on whether their scores were significant for anxious
symptoms, depressive symptoms or both.

2.3. Study Variables
2.3.1. Pure-Tone Audiometry (Air Conduction)

The instrument used was a basic Maico MA40 clinical audiometer with a CE-0124
calibration certificate in accordance with the ANSI S3.1996 calibration standard, made in
Eden Prairie (Maico, Eden Prairie, MN, USA). Signals were frequency-modulated, pulsed
pure tones. Frequency accuracy was +1% for each frequency.

The lower threshold for air conduction pure tones was measured for the following
frequencies in each ear: 125, 250, 500, 750, 1000, 1500, 2000, 3000, 4000, 6000 and 8000 Hz.
Each threshold was collected after checking it at least three times.

2.3.2. Goldberg Anxiety and Depression Scale (GADS)

This scale was developed by Goldberg [55] in 1988 from a modified version of the
Psychiatric Assessment Schedule. It is a screening tool. In the present work a validated
Spanish version was used [56]. The physician asks the patient questions about the symp-
toms contained in the scales and occurring in the last 15 days, ignoring any symptoms that
are no longer present or present only in mild degree. As well as supporting a diagnosis of
anxiety or depression (or both, in mixed cases), the GADS is able to discriminate between
these two entities. The following cut-off points were used: a total anxiety score > 4 detects
73% of all cases of anxiety; a total depression score > 3 detects 82% of all cases of depression.

2.3.3. Hamilton Anxiety Rating Scale (HAM-A)

The Hamilton Anxiety Rating Scale used was the abridged 14-item version in its
validated Spanish-language version [57]. It is a clinician-administered scale on which each
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item is rated from 0 to 4. Patients are asked about how they have felt in the last 3 weeks. It
yields a score in the range of 0 to 56. The following cut-off points were used: 0-5 points (no
anxiety), >5 points (anxiety).

2.3.4. Hamilton Depression Rating Scale (HAM-D)

The Hamilton Depression Rating Scale is a clinician-administered scale that aims
to evaluate symptom severity from a quantitative perspective. For this assessment, the
validated Spanish version was used [58]. Each item is rated on a three- or five-point scale,
with a score from 0 to 2 or 0 to 4, respectively. It yields a total score in the range of 0
to 52. The following cut-off points were used to assess depression: no depression: 0-7;
depression: >7.

2.3.5. Sociodemographic Variables

Information was collected on age (in years), gender, nationality, education, working
status, noise exposure, use of ear protection, and present or past use of any analgesic,
anxiolytic or antidepressant for longer than a week.

The data were collected in a database (see Supplementary Document S1).

2.4. Statistical Analysis
2.4.1. Sample Characteristics

A descriptive analysis of the sample was carried out to know the characteristics of the
members of the sample.

2.4.2. Audiogram Analysis

Right- and left-ear audiograms were first compared in each group (emotional well-
being, anxiety, depression and mixed). By means of the Kolmogorov-Smirnoff test, it was
shown that the values of the hearing thresholds did not conform to a normal distribution,
so a logarithmic transformation was applied. At this point, the data met the criteria of
normal distribution and homogeneity of variance (test de Bartlett), which allowed the
application of a two-factor ANOVA: ear (2 levels; right and left) and frequencies (11 levels;
0.125,0.25,0.5,0.75, 1, 1.5, 2, 3, 4, 6 and 8 kHz). When significant effects were obtained that
allowed further comparisons, the Bonferroni multiple comparison test was applied.

The different groups were indicated with their acronyms, for the emotional well-being
(EWB), anxiety (ANX), depressive symptoms (DEP), and mixed group (MIX).

The magnitude of the interaural difference was compared by pairs of groups using a
two-factor ANOVA. Group (2 levels; EWB-ANX/EWB-MIX/EWB-DEP / ANX-MIX/ANX-
DEP/MIX-DEP) and frequencies (11 levels; 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6 and 8 kHz).
When significant effects allowed further comparisons, the Bonferroni multiple comparison
test was applied.

Subsequently, the hearing thresholds of both ears were compared between the different
groups. The comparison was quantitative (mean and standard deviation of the hearing
thresholds) and qualitative (relative frequencies of 6 auditory patterns) for each frequency
of the audiogram. For the quantitative comparison, a three-factor ANOVA was applied
(frequency and ear as intra-subject factors and group as inter-subject factors). The significant
effects allowed a later post hoc comparison by means of Tukey’s correction. For the
qualitative assessment, the different auditory patterns (major Peak, minor peak, major
valley, minor valley, major plateau, minor plateau) were coded from 0 to 6. The frequency
of appearance of said auditory patterns at each frequency of the audiogram was compared
between groups by creating contingency tables and applying Pearson’s chi-square analysis
for frequency comparison.

The chosen significance level was 0.05. Data analysis was carried out using version
9.0.0. of the GraphPad Prism software for Windows (GraphPad Software, San Diego, CA,
USA). See Supplementary Document with statistical data.
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3. Results

The sample consisted of 233 participants; of these, 86 made up the emotional well-
being group, 77 the mixed group, 56 the anxiety group and 14 the depression group.

The proportion of women was similar for the three pathological groups (around 75%),
although higher than in the emotional well-being group (48%). Regarding age, the mean
for all groups was around 45 years, except for the depression group, which had a higher
mean of almost 10 years. Again, the depression group differed by presenting a higher
proportion of people who were unemployed (57%) and by a greater active consumption
of analgesics (42.86%). The rest of the sociodemographic variables did not show notable
differences between groups.

Table 1 shows the hearing thresholds for each frequency in the right and left ear in the
various study groups.

Table 1. Auditory thresholds of the right and left ear for each group.

Right Ear
F (Hz) 125 250 500 750 1000 1500 2000 3000 4000 6000 8000
EWB 15.63 14.24 14.07 13.08 11.74 12.91 13.02 17.33 19.71 29.24 31.05
(n=86) (£7.69) (£8.46) (+8.39) (4£9.43) (£9.78) (£11.36) (+12.42) (4+17.35) (£1859) (+21.17) (£22.7)
ANX 19.02 18.75 17.32 14.29 13.48 14.91 16.07 16.88 17.32 28.66 28.75
(n=56) (£11.81) (£13.01) (+14.17) (£15.65) (4+15.25) (415.39) (£16.09) (£17.41) (£18.29) (£21.56) (£20.23)
DEP 21.79 23.21 22.86 19.29 16.79 18.57 21.79 23.93 27.86 35 35
(n=14) (£6.08) (£8.23) (+8.48) (£8.05) (£8.46) (£10.08) (£11.54) (£12.58) (£13.26) (£19.32) (£20)
MIX 19.41 19.47 17.3 15.33 15.07 16.32 15.92 18.16 21.38 30.33 29.67
(n=77) (4£10.23) (£10.31) (£11.62) (+13.42) (£15) (£15.71) (+16.93) (+18.54) (£21) (£22.11) (£23.2)
Left Ear
F (Hz) 125 250 500 750 1000 1500 2000 3000 4000 6000 8000
EWB 13.79 14.36 11.63 114 9.65 11.1 11.28 15.76 19.24 31.16 31.63
(n=86) (£9,7) (£114) (£12.16) (£12.85) (£13.3) (£14.48) (£17.86) (£2091) (£2295) (£25.17) (£25.5)
ANX 15.09 14.73 10.98 8.661 7.232 10.45 10.18 12.59 14.2 23.66 25.54
(n=56) (£8.34) (£8.39) (£8.17) (£941) (£9.67) (£11.69) (+13.75) (£15.23) (£16.92) (+17.77) (+17.88)
DEP 18.93 18.21 16.07 15 14.29 16.79 16.07 21.79 25.71 35.71 31.79
(n=14) (£7.89) (4+8.46) (£8.36) (£9.81) (£9.17) (£749) (£9.44) (£11.03) (£12.54) (£18.69) (£17.28)
MIX 16.12 16.84 13.42 11.64 10.39 13.16 11.32 14.14 16.32 25.79 26.64
(n=77) (£10.25) (£10.89) (£11.2) (£12.55) (£14.37) (£15.23) (£15.54) (£17.56) (£19.15) (£20.91) (422.25)

Mean (+ standard deviation) in dB; F: frequency; EWB: emotional well-being group; ANX: anxiety group; DEP:
depression group; MIX: mixed group. n: sample size.

3.1. Analysis in Subjects without Psychological Alterations

Audiometry in a group of 86 subjects without psychological alterations (emotional
well-being group) showed that there was a statistically significant difference between
the two ears, although no specific frequency showed significant differences, that could
be observed through the post-test (Figure 1). The different frequencies for the two ears
(Figure 1A) and the interaural difference (Figure 1B) are represented for this study group.

3.2. Comparison of Interaural Hearing Differences

First, the interaural difference of the emotional well-being group was compared with
the other groups (anxiety, mixed and depression), (Figure 2A—C). All these comparisons
were statistically significant (two-way ANOVA). In addition, the interaural differences that
had been observed in the emotional well-being subjects were enlarged by the psychological
alteration they suffered.

However, when comparing these interaural differences in the pathology groups
(Figure 2D-F), no statistically significant difference was observed (two-way ANOVA).



Symmetry 2022, 14, 24 6 of 18

A Frequency (Hz)
125 250 500 750 1000 1500 2000 3000 4000 6000 8000

=~

Frequency (Hz)
125 250 500 750 1000 1500 2000 3000 4000 6000 8000

w—— EWB-RE

I ~— —EWB
=== EWB-LE / =

Auditory Threshold (dB)

10 ; p<0.05

Hearing differential RE - LE (dB)

Figure 1. Comparison of auditory frequencies between both ears for the emotional well-being group
(EWB). (A) Audiogram of both ears, RE: right ear, LE: left ear. Statistical significance using two-way
ANOVA (p < 0.05), Bonferroni post hoc comparisons (p > 0.05); (B) plotting of the interaural difference
in the emotional well-being group for the different frequencies. Sample size: n = 86. The error bars
depict standard deviations.

3.3. Specific Location of Interaural Differences in the Different Groups

The comparison of the audiogram of both ears in the emotional well-being group
showed that, although statistically significant differences were found between both ears,
no significant differences were observed in any specific frequency (two-way ANOVA,
Bonferroni post-test) (Figure 3A). However, such differences were found in the rest of
the groups, except in the depression group (Figure 3D). It is striking that the interaural
differences in the anxiety group are located at the frequency of 1000 and 2000 Hz (Figure 3B),
while in the mixed group, specific differences were situated at higher frequencies (3000 and
4000 Hz) (Figure 3C).

3.4. Comparison of Hearing Thresholds between Groups

Statistically significant differences were found in hearing thresholds of specific ears
(right or left), when comparing the emotional well-being group to other groups. The
emotional well-being group presented a lower threshold in the right ear (heard better in the
right ear) for the frequencies of 125 and 250 Hz compared to the mixed group, and for the
frequencies of 125, 250, 500, 750 and 2000 Hz compared to the depression group (Figure 4).

When the hearing thresholds for each ear were compared among the pathology groups,
it was observed that the anxiety group showed a lower threshold than the depression group
in the frequency of 4000 Hz of the right ear, while in left ear differences were found in the
frequency of 3000 and 4000 Hz. In general, the thresholds for the group with depressive
symptoms increased for all frequencies analyzed (Figure 5).

3.5. Modifications in the Shape of the Audiogram as a Function of Changes in Hearing Sensitivity

The change in hearing sensitivity in the pathology groups conditioned the significant
appearance (Pearson’s chi-square test) of specific patterns in the left ear for certain frequen-
cies of the audiogram with respect to the emotional well-being group. It was observed
that the anxiety group presented a minor peak pattern at the frequency of 4000 Hz with a
higher frequency than the emotional well-being group, while the depression group showed
a lower frequency of said minor peak at 4000 Hz and a lower frequency of the minor valley
pattern at 3000 Hz (Figure 6).
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Figure 2. Comparison of interaural hearing differences between groups. (A) Comparison of interaural
differences between the emotional well-being group and the anxiety group; (B) comparison of interau-

ral differences between the emotional well-being group and the mixed group; (C) comparison of inter-

aural differences between the emotional well-being group and the depression group; (D) comparison

of interaural differences between the anxiety group and the depression group; (E) comparison of
interaural differences between the anxiety group and the mixed group; (F) comparison of interaural
differences between the mixed group and the depression group. EWB: emotional wellbeing group
(n = 86), ANX: anxiety group (n = 56), MIX: mixed (n = 77), DEP: depression group (n = 14). RE:
right ear, LE: left ear. Statistical significance using two-way ANOVA (p < 0.05), Bonferroni post hoc
comparisons (* p < 0.05). The error bars depict standard deviations.
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Figure 3. Comparison of audiograms between both ears for each group. All groups showed statisti-
cally significant differences between both ears (two-way ANOVA). (A) EWB: emotional well-being
group (n = 86); (B) ANX: anxiety group (n = 56) showed significant differences in the frequency
of 1000 and 2000 Hz; (C) MIX: mixed group (n = 77) showed differences in the frequency of 3000
and 4000 Hz; (D) DEP: depression group (n = 14). RE: right ear, LE: left ear. Statistical significance,
two-way ANOVA (p < 0.05) and Bonferroni post hoc comparisons (* p < 0.05). The error bars depict
standard deviations.

Finally, there is a specific pattern (4:8 pattern, that is, hyperaudition at 4000 and
8000 Hz with decreased hearing at 6000 Hz) that appears to be temporarily linked to stress.
This relationship shows an asymmetric presentation between both ears as a function of the
time that said stress occurred. When the person had suffered stress in the last two days, the
right ear showed the statistically significant presence of this pattern compared to those who
had not, while the left ear did not show this pattern. However, over time (when 3-30 days
had elapsed after the stressful event) this pattern extended to the left ear (Fisher’s exact
test) (Figure 7).
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Figure 4. Comparison of hearing thresholds, for both ears, between the emotional well-being groups
with mental dysfunction groups. (A) The comparison between emotional well-being and anxiety
did not show significant differences; (B) the comparison between emotional well-being and mixed
group showed significant differences, specifically localized in the right ear at the frequencies of 125
and 250 Hz; (C) the comparison between emotional well-being and the group with depression group
showed significant differences, specifically localized in the right ear at the frequencies of 125, 250,
500, 750 and 2000 Hz. Three-way ANOVA and Tukey post hoc test (* p < 0.05). The error bars depict

standard deviations.
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Figure 5. Comparison of hearing thresholds, for both ears, among the mental dysfunction groups.
Hearing thresholds were significantly higher in the depression group than in the anxiety group,
showing differences in the right ear (4000 Hz) and in the left ear (3000 and 4000 Hz). Three-way
ANOVA and Tukey post hoc test (* p < 0.05). The error bars depict standard deviations.
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emotional well-being and the anxiety group (4000 Hz), and between emotional well-being and the
depression group (3000 and 4000 Hz); (B) the types of patterns that were analyzed are shown on the
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and 30 days shows that the 4:8 pattern appears in both ears. Fisher’s exact test.

4. Discussion

In the present work, significant differences have been found in hearing sensitivity
between both ears in the general population. These differences have been observed to
increase in people suffering from anxiety disorders, depression, or both. However, no
differences were observed between these groups. Likewise, the specific frequencies where
the interaural differences in the affected groups were significantly different have been
determined and have been compared between the different study groups. It was also found
that these differences in specific frequencies caused the appearance of specific patterns in
the audiogram of the left ear, both in the anxiety and depression groups, with respect to the

emotional well-being group.

All this together suggests that anxiety would cause an increase in the interaural
difference due to hyperaudition in the left ear, reflecting a dominance of the right cerebral
hemisphere. If the process progresses to a state of depression, hearing in both ears would
worsen, but the interaural difference would remain significant, mainly at the expense of

greater loss in the right ear, that is, of the left hemisphere.

There are several factors that seem to influence lateralization. Better tonal hearing
through the left ear is consistent with an apparent dominance of the right hemisphere
when processing non-verbal auditory information (tones and music) [59,60]. Similar results
have been previously obtained by analyzing the asymmetry of basic auditory percep-
tion using pure tones in healthy individuals with age ranges between 3-5 years [61] and
18-32 years [23,62], finding a specific and statistically significant difference for 1 kHz [23].
In this last study, only the frequencies 500, 1000 and 4000 Hz were tested. In our study,
from eleven analyzed frequencies, no specific differences were found, but a global one with
a prioritization of the central frequencies. In addition, the right hemisphere has shown
superiority when it comes to better discriminating variations in the intensity of tones [27].
In addition, it is reported that the right hemisphere is more influenced by the degree of
activation or emotionality of the individual [63,64]. Currently, there are two theories to
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explain emotional processing and hemispheric laterality, the Right Hemisphere Hypothesis
(RHH) [65,66] and the Valence Hypothesis (VH) [67,68]. The first one postulates that the
right hemisphere is specialized in processing all kinds of emotions. The second one sug-
gests a specialization of the left/right hemisphere to process positive /negative emotions,
respectively. More recent results support a coexistence of both theories, where the activity
of the right hemisphere would be superior for all emotional processing, being more evi-
dent when a positive emotional stimulus is presented to the left hemisphere or a negative
emotional stimulus is presented to the right hemisphere [63,69].

In addition, a certain degree of relative arousal or alertness is required for day-to-day
activities. For an activity that demands the subject’s attention, such as the classic tonal
audiogram, even more. It is possible that this aspect also contributed to the subjects of
the emotional well-being group hearing better through the left ear. Likewise, it seems to
contribute greatly in the case of the anxiety and mixed groups. In this way, it is reported a
clear hyperfunction of the right hemisphere in anxiety disorders [50,51]. This hyperfunction
would be responsible for better hearing of medium and high frequencies (1 and 2 kHz) in
the case of pure anxiety, swinging towards higher frequencies (3 and 4 kHz) when anxiety
symptoms coexist with depressive symptoms, and low frequencies in cases of depression.
This suggests that more intense and prolonged levels of anxiety would prioritize increas-
ingly higher frequencies in the left ear. The reason for prioritizing these frequencies could
be related to the ability to detect threatening sounds, normally belonging to the treble scale.
This tonal prioritization is probably carried out at the cochlear level through the descending
cortifugal auditory system [70,71], by a lower inhibition of these frequencies in the left
cochlea and/or a higher inhibition of their homonyms in the right cochlea. It is known
that other levels of tonal selection throughout the auditory nervous system cannot be ruled
out. Regarding the group with depressive symptoms, the tonal auditory superiority of the
left ear is consistent with the right hemispheric dominance attributed to depression [49].
However, in the depressed patient, instead of an alert state, there is an exhaustion that
would cause greater hearing loss, so it would not activate the system in the same way.

Since there are no differences when the specific frequencies for each ear are compared
between well-being and anxiety, but there are differences when comparing the well-being
group with the mixed group or the depression group, it could be thought that the anxiety
group would be an intermediate state between the emotional well-being group and the
other pathological groups. When comparing the well-being group with the mixed group,
an increase in the auditory threshold was observed in the latter at the frequencies of 125 and
250 Hz in the right ear. When comparing the well-being group with the depression group,
500, 750 and 2000 Hz were added to the above frequencies, with which the depression
group showed a higher hearing threshold for a greater number of frequencies. However, the
comparison between the groups with anxiety-depressive disorders only showed differences
between the anxiety and depression groups, with a higher hearing threshold being observed
in the depression group in the right ear at the frequency of 4000 Hz and in the left ear at
frequencies of 3000 and 4000 Hz. All these inhibitions and stimulations would be mediated
by a series of neurotransmitters in the auditory system.

Serotonin enhances neuronal excitability in the dorsal cochlear nucleus, which is
sensitive to high frequencies, in contrast with its inhibition of other auditory regions [72,73].
Acetylcholine, on the other hand, is the main neurotransmitter in the olivocochlear efferent
system, which provides feedback to (inhibits) cochlear hair cells and sensory neurons [74,75].
This inhibiting effect is stronger on the right side than on the left one [76,77]. There is
also evidence for noradrenergic, dopaminergic and histaminic innervation at various
points of the auditory pathway, although its effect is not sufficiently well known [78-81].
In summary, the generalized activation of hearing in the left ear in anxiety could be
due to serotoninergic and noradrenergic dominance with a gradual increase in serotonin
turnover (reduction) at intermediate stages [82]. Persistent anxiety eventually decreases
noradrenergic function and increases cholinergic function, leading to pure depressive
symptoms [83]. The neurotransmitter hypothesis connects with the asymmetric sampling
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in time model of asymmetry [33]. The asymmetric results found for the ears (and therefore
for the hemispheres) could be explained by modifications in temporal processing, as anxiety
can modify the temporal processing of sound information. Studies with a larger sample and
with a better definition in terms of intensity and duration of anxiety-depressive symptoms
would be needed to confirm this point.

In cases of anxiety and mixed symptoms, the increase in the interauricular difference,
is maximum at 6 kHz, which suggests that such selection is made at a certain level of
the cochlea by the mechanism described above. However, it cannot be ruled out the
role of amygdala and its connections with the cortex in the right-left asymmetries of
auditory processing [84,85]. Thus, it has been reported that the activation of the right
and left amygdala can vary depending on states of rest, anxiety or stress [86]. Our data
suggest that from the emotional well-being one could evolve to develop anxiety symptoms,
showing a greater left tonal auditory advantage in all frequencies of the audiogram (being
maximum at 6 kHz level), continuing with mixed symptoms moving to focus on high
frequencies (maximum in 6 kHz), and ending by focusing on the low frequencies, keeping
an interauricular difference at the frequency of 2 kHz, in the case of pure depressive
symptoms. These findings are consistent with current knowledge regarding the effect of
different neurotransmitters on the auditory system [72,74,76].

Very few studies have been carried out on laterality of hearing thresholds in people
with anxiety-depressive symptoms. In patients with major depression, according to our
data, a significantly higher air conduction hearing threshold was reported. However, some
of them have shown higher left hearing thresholds [87], some in the low frequencies [88].
This discordance may be explained by the fact that our study includes a small sample of
14 participants with depressive symptoms (based on their scores on the GADS + Hamilton
scales at a single point in time), not with a diagnosis of depression. Its interest lies in the
fact that reflects the usual approach in primary care consultations [89,90]. It is possible
that more intense and evolved symptoms of depression end up reversing the left hearing
advantage in the low frequencies. However, a larger sample is needed in the depression
group to be able to corroborate the results.

The peak and valley patterns found at some frequencies in the left ear when comparing
the audiograms of healthy people and people with anxiety or depression suggest a very
precise regulatory mechanism. This mechanism mainly affects the 4000 Hz frequency,
enhancing its perception in the case of anxiety or decreasing it in the case of depression.
These data are consistent with those obtained when comparing the audiogram between
pathological groups: anxiety and depression present a differentiated hearing at the 4000 Hz
frequency of both ears and at the 3000 Hz frequency of the left ear, anxiety being the one
that perceives them significantly better. This fact is not trivial: the frequency of 4000 Hz
is collected in the first curve of the cochlea, where its privileged location, promptly and
directly, would allow the body alert mechanisms to be activated more quickly in the face of
threatening sounds (the treble ones). In addition, certain levels of anxiety will favor the
hearing of this frequency through brain feedback mechanisms. The greater involvement of
the left ear due to its relationship with the right hemisphere (more emotional) would allow
the recruitment of adjacent frequencies, as is the case of the 3000 Hz frequency. On the con-
trary, in depression this activation capacity would be lost in the face of threatening stimuli,
translating into a worse hearing of the alert frequencies. The underlying mechanisms could
be found in a depletion of the hypersensitivity system of the frequency 4000 Hz. Up to now,
only one relationship between a certain frequency of the audiogram and a nosological entity
had been reported, the scotoma at 4000 Hz caused by acoustic trauma [91]. In addition,
its appearance is more frequent in the left ear. The fact that this frequency is the most
affected by exposure to noise supports the idea that it is a frequency especially sensitive
to threatening stimuli and alert situations. Its greater presence in the left ear would be
justified by a greater sensitivity of this ear to threatening situations.

The association between the 4:8 pattern and having experienced acute stress reinforces
the idea that anxiety (in this case reactive to a recent stressful situation) enhances the
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sensitivity of the 4000 Hz frequency. Scientific evidence supports that moderate anxiety
shows an increase in activity in the frontal and lower region of the left cerebral hemisphere,
while that of extreme anxiety does so in the temporal and lower region of the right [92,93].
Our results suggest that acute stress would be reflected first in the right ear and later
in the left one. It is possible that short or moderate intensity acute stresses only affect
the hearing of the right ear, while prolonged or higher intensity ones end up affecting
both or only the left ear. This fact agrees with the finding of other studies in which it is
observed in rats that prolonged stress during the early postnatal days leads to atypical
leftward turning behavior [94]. Human studies also suggest a greater blood flow to
the right hemisphere than to the left hemisphere in children who had a smaller weight
at birth [95]. Regarding exposure to acute stress, differences have been observed for
emotion processing in such a way that stressed participants responded faster to angry
faces presented to the left visual hemifield but responded faster to happy faces presented
to the right one [96]. The results of our study could be explained by a predominant
effect on right hearing of the early pathophysiological mechanisms of anxiety (mainly
the autonomic nervous system [97]), while the late ones (neurotransmitters [72,73,98],
endogenous opioids [99,100], hypothalamic—pituitary—adrenal axis [101] would affect both
sides or, above all, the left hearing.

In conclusion, there is a physiological interaural asymmetry for pure tones in favor
of the left ear. This asymmetry is accentuated in processes of anxiety and/or depression,
being more evident in high frequencies when anxiety symptoms are present. These findings
support the use of the classic tonal audiogram as a diagnostic, accessible and inexpensive
approach tool to address possible emotional disorders, especially in the primary care setting.
They could also provide new insights into the hemispheric laterality of auditory perception
and how it relates to anxiety and depression.
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