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Abstract

:

The objective of this work was to analyze the modulating effect of an auditory intervention (AI) on the threshold and symmetry of auditory perception in people with different emotional states. The effects of AI were compared 3 months after using threshold audiometry (air conduction). The studied groups were emotional well-being (EWB) (n = 50, 14 with AI, 36 without AI); anxiety (ANX) (n = 31, 10 with AI, 21 without AI); and mixed group (MIX) (n = 45, 19 with AI, 26 without AI). The EWB group with AI lost the advantage of the left ear due to the hearing gain of the right ear, whereas in EWB without AI, no changes were observed. The ANX group with AI showed a non-significant improvement in both ears, maintaining the left interaural advantage. Interestingly, in the group without AI, the interaural difference was lost. The MIX group did not show interaural differences either with or without AI. However, the AI group showed a lower left ear threshold than that of the right ear, in contrast to the non-AI group. In conclusion, the application of this AI manages to decrease the prioritization of high frequencies, in addition to balance hearing between ears, which could decrease activation in states of anxiety.






Keywords:


auditory perception; functional laterality; audiometry; pure-tone; anxiety; depression; Bérard auditory intervention












1. Introduction


The scientific foundations of asymmetry in the cerebral hemispheres date back to the work of Paul Broca in 1861 [1]. However, it took a long time before there was evidence of other asymmetries, such as the planum temporale [2] or the Sylvian fissure [3]. Because the discovery of cerebral hemispheric asymmetry was related to language, it was thought to be unique to humans. However, it is one of the building blocks of the general organization of the nervous system in many species [4] and encompasses multiple tasks of sensory perception, such as visual, auditory, and cognitive, as well as behaviors such as preference in the use of one hand or another [5,6].



Because the areas for the interpretation of linguistic sounds are located in the left hemisphere, the perception of these sounds has a clear advantage in the right ear when several sounds are presented simultaneously in both ears; this is the Right Ear Advantage (REA) effect [7]. This advantage has been confirmed by neuroimaging techniques [8], which have been found to be useful even for indicating language alterations [9] and mental disorders [9,10]. However, when the sounds are nonverbal, several studies point to an advantage for the left ear [11,12]. In addition, in different emotional situations, changes can occur in the advantage of one hemisphere over the other. Currently, it is thought that the different specialization of the hemispheres is related to the processing of different aspects; thus the right hemisphere specializes in differentiating intensity variations [13] and sound frequency [11,14,15], whereas the left hemisphere does so for variations in their duration [14,15,16].



Another widely studied aspect of hemispheric laterality is that of emotional processing, the neurological foundations of which are not fully understood. The two theories with the most scientific evidence in this field are the Right Hemisphere Hypothesis [17,18] and the Valence Hypothesis [19,20]. The first postulates that the right hemisphere is specialized in processing all kinds of emotions. The second suggests that positive/negative emotions are specifically processed in the left/right hemisphere, respectively. Currently, both theories coexist, with the right hemisphere being superior for all emotional processing, especially when the left hemisphere receives a positive emotional stimulus or the right hemisphere a negative one [21,22].



In addition, an association has been observed between ear pathology and mental disorders such as anxiety and stress [23,24]. Similarly, in vestibular pathology such as Ménière’s disease, a correlation has been reported between hearing loss and severity of psychopathological disorders [25,26]. Moreover, a constant noise is capable of inducing an anxious-depressive state that alters the tolerance threshold [27]. Anxiety and depression are two types of disorders that frequently occur together and that affect a high percentage of the population [28]. Anatomical and functional studies have shown hemispheric asymmetries in both nosological entities [29,30,31,32]. Anxiety disorders present a greater right parietotemporal activity with respect to the left hemisphere, and a smaller left hemisphere advantage when analyzed through the syllable test, compared to those without an anxiety disorder [31,33]. Major depression has been associated with a loss in the thickness of the right superior temporal cortex [29] and with a hypofunction of both cerebral hemispheres [30,31]. However, both major depression and anxiety disorders present an apparent functional dominance of the right hemisphere [31,32,33] resulting from a different modulation of the cerebral hemispheres. Regarding the coexistence of anxiety and depression, there is less knowledge about how it affects hemispheric functions. At the moment, a greater connectivity of the amygdala has been confirmed with the right superior temporal gyrus when compared with healthy subjects [34,35].



We previously reported interaural differences in people with emotional well-being [12]. Similarly, it was observed that these differences increased in the groups of people with anxiety and/or depressive symptoms, located specifically in the frequencies of 1000 and 2000 Hz in the anxiety group and in those of 3000 and 4000 Hz in the mixed group. In any case, all these groups showed significant differences when comparing their interaural difference curves with those of the well-being group, but without showing significant differences between the anxiety and mixed groups. Regarding the emotional well-being group, the mixed group showed hearing loss in the right ear (RE), with the loss being in the major depression group, and affecting both ears. The comparison of the auditory patterns showed significant differences in the left ear (LE) between emotional well-being and anxiety for the minor peaks (when the difference with the measurement before and after the peak is 5 dB less) at the frequency of 4000 Hz. Similarly, and 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 if they had suffered it in the 3–30 days prior to audiometry. In other words, the left ear’s advantage in auditory perception increased with these disorders, showing peaks of left hyperhearing in anxiety and right hearing loss in mixed symptoms.



Different interventions have been tested with the intention of treating mental disorders through a possible action through sound stimulation [36,37,38,39,40]. However, the results of its application are very varied and not fully accepted.



In the last two decades, neuroscience has investigated how sound stimulation can influence complex neurobiological processes in the brain: listening to music improves brain connectivity in specific brain areas of healthy participants [36,37,38,39] and musical activities, such as playing an instrument, promote neuronal plasticity and induce gray and white matter changes in numerous brain areas, especially frontotemporal areas [40,41,42]. Subcortical areas (the amygdala, the parahippocampal gyrus, and the nucleus accumbens) and cortical areas (the orbitofrontal cortex, the superior temporal cortex, and the anterior cingulate) are involved in emotional processing from music. The amygdala and the orbitofrontal cortex have reciprocal connections and, in turn, are connected to cortical representations of all sensory modalities, thus integrating sensory information [43,44,45,46,47,48,49,50,51]. Furthermore, the psychological effects and neurobiological mechanisms underlying the effects of music interventions appear to share neural systems for reward, arousal, emotional regulation [52,53,54,55,56], learning, and functional neuroplasticity [40,41,57,58,59].



The Bérard method is a protocol whose objective is to correct the hearing quality of depressed people. Through an air conduction audiogram, asymmetries are detected in the frequency thresholds, specifically hyperhearing peaks in high frequencies. Auditory intervention aims to achieve auditory reeducation through attentive listening to symphonic music filtered by a frequency modulator. The filters intend to eliminate the stimulation of the hyperhearing peaks while the rest of the frequencies are dynamized [60].



The objective of this work was to analyze the potential effect of this intervention on auditory perception in and between both ears. For this, we compared the auditory perception thresholds between both ears before and 3 months after the auditory intervention in well-being, anxiety, and mixed groups. Similarly, we evaluated if there were changes that bring their characteristics closer to those of the emotional well-being group.




2. Materials and Methods


2.1. Study Type


A controlled and randomized clinical trial, not masked, was carried out to compare the effects on threshold pure tone audiometry (air conduction) of an auditory intervention (Bérard method) versus the absence of musical intervention in people with and without significant levels of anxiety and/or depression; clinical trial registration number NCT05441891.



All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, the protocol was approved by the Ethics Committee of Hospital la Princesa, Madrid (Project identification code: 05/11), and later 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 due to its location away from other rooms or passageways. A soundproof room was not used as the aim was to measure airway hearing in conditions closer to reality. Later participants underwent screening for anxiety and depression (Goldberg Anxiety and Depression Scale—GADS), followed by a questionnaire concerning sociodemographic data and their medical history. 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. Intervention


Subjects included in the Emotional Well-Being, Anxiety, Depression, or Mixed Groups were assigned to receive or not receive an auditory intervention (Bérard method) by stratified, block randomization.




2.4. Auditory Intervention (Modified Bérard Method)


The auditory or hearing intervention consisted of listening to classical music modulated by an equalizer for 30 min, 2 sessions a day separated by at least 3 h, for 5 days (Monday to Friday). The musical intervention was always performed with the same songs and in the same order (see supplementary document S1) using original CDs. It was heard through Beyerdynamic brand headphones model DT 250/80 ohm distributed by GMBH & Co. KG, Theresienstr. 8 D-74072 Heilbronn (Germany); the music was played with a Panasonic MASH sound system model No. SA-PM24 (Hamburg, Germany); finally, the music was filtered through a device called an Earducator, distributed by Hollagen Designs, PÍO. Box 43 7864 Bergvliet W. Cape, South Africa. This device is an equalizer that consists of several frequency and volume filters to personalize the treatment.



The Earducator modulates music by alternating low and high tones with an unpredictable cadence, preventing habituation. It also allows very narrow band complementary filters to attenuate (by about 40 dB) abnormally perceived frequencies (hyperhearing peaks): filters at 1 kHz–1.5 kHz–2 kHz–3 kHz–4 kHz–8 kHz. No more than 2 spikes were filtered. If a spike appeared in the audiogram at 8 kHz and another spike at 2 kHz–1.5 kHz–3 kHz–1 kHz or 4 kHz, those two were filtered. If there were two (none corresponding to 8 kHz) or three spikes, they were filtered with the following priority order: 2 kHz–1.5 kHz–3 kHz–1 kHz and 4 kHz. If four or more different and significant spikes appeared in one ear or both ears, no spike was filtered. Music volume was the loudest the patient tolerated up to a maximum level of 80 dB. Tolerance increased throughout the sessions. During the same session, the volume was only modified if the patient was upset. During auditory reeducation, the patient did not perform any other activity such as reading, writing, speaking, or sleeping. Through this auditory intervention, the aim was to balance all the frequencies of the audiogram, eliminating the points of hyperhearing.




2.5. Absence of Auditory Intervention


The subjects who were assigned to receive no Intervention followed the entire evaluation and data collection process.




2.6. Study Variables


The study variables were collected at the beginning of the study and at 3 months.




2.7. 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, 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 following the modified Hughson–Westlake procedure.




2.8. Goldberg Anxiety and Depression Scale (GADS)


This scale was developed by Goldberg [61] 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 [62]. The physician asked the patient questions about the symptoms contained in the scales and occurring in the last 15 days, ignoring any symptoms that were no longer present or present only in mild degree. In addition to supporting a diagnosis of anxiety or depression (or both, in mixed cases), the GADS discriminates between the two. Cut-off points were >4 for the anxiety subscale (detection of 73% of all anxiety cases) and >3 for the depression subscale (detection of 82% of all depression cases).




2.9. Hamilton Anxiety Rating Scale (HAM-A)


The Hamilton Anxiety Rating Scale used was the abridged 14-item version in its validated Spanish-language version [63]. It is a clinician-administered scale on which each item is rated from 0 to 4. Patients are asked about how they felt in the past 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).




2.10. 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 [64]. Each item receives a score from 0 to 2 or 0 to 4, obtaining a total score between 0 and 52. Depression was defined when the score was >7.




2.11. Sociodemographic Variables


Information was collected on gender, age, nationality, academic training, employment status, noise exposure, and chronic drug use.



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




2.12. Statistical Analysis


Data analysis was carried out on the per-protocol population, including only those subjects who had correctly completed all follow-up and intervention. After verifying that data series followed a normal distribution, the pairs of groups were statistically compared by two-way ANOVA and Tukey post hoc test. Statistical significance was considered as p < 0.05.



Finally, there were three study groups: Emotional Well-Being, Anxiety, and Mixed group. It was not possible to analyze the Depression group due to an insufficient sample.




2.13. Sample Characteristics


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




2.14. Audiogram Analysis


Right- and left-ear audiograms were first compared in each group (Emotional Well-being, Anxiety, 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. The parametric data obtained were subsequently analyzed through a two-factor ANOVA: Ear (2 levels; right and left) and Frequency (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 are indicated with their acronyms, for the Emotional Well-Being (EWB), Anxiety (ANX), and Mixed (MIX) groups.



The magnitude of the interaural difference was compared by pairs of groups using a two-factor ANOVA: Group (2 levels; EWB-ANX/EWB-MIX/ANX-MIX) and Frequency (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. To compare pairs of groups, a two-way ANOVA for each Ear (Frequency as intra-subject factor and Group as inter-subject factor) was applied.



For a global analysis between groups, a three-factor ANOVA (Frequency and Ear as intra-subject factors and Group as inter-subject factor) was carried out. 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, and Minor Plateau) were coded from 0 to 6. The frequency of appearance of these 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.



Statistical analyses were performed for an initial time and at 3 months, subsequently comparing both time points.



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).





3. Results


The flow of participants throughout the study is shown in Figure 1.



The characteristics of the members of the sample are collected in a previous article [12].



3.1. Evaluation of Auditory Intervention on Hearing in Different Groups


3.1.1. Emotional Well-Being Group


Analysis of Hearing Thresholds in the Emotional Well-Being Group


Comparison of hearing thresholds between the two ears at 3 months (T3) from the start of the study showed that the normal interaural difference disappeared in the AI group (Figure 2A). Meanwhile, in the non-AI group this difference remained, and the shape of the curve was similar to that at initial time (T0) (Figure 2D).



Comparison of hearing thresholds between T0 and T3 in each ear showed that, in the AI group, the right ear showed a significant hearing threshold difference (Figure 2B), while the left did not (Figure 2C). However, in the non-AI group, the results were just the opposite: the right ear showed no difference in hearing threshold (Figure 2E), while the difference in the left ear was significant (Figure 2F).



Comparing the curves between T0 and T3 in the right and left ears, it is observed that when applying AI, the RE (Figure 2B) proportionally increases its hearing more than the left (Figure 2C). Therefore, it can be said that the AI exerts a clear effect on the EWB group, canceling the differences between both ears. In contrast, if we do not apply AI, the difference in favor of the LE persists.



The analysis by zones shows that the AI causes the advantage of the left to be accentuated in low frequencies, the advantage of the left to be accentuated in the central frequencies, and the advantage of the right to be accentuated in the high frequencies (Figure 2A).




Comparison of Interaural Differences in the Emotional Well-Being Group


The evolutionary comparison (between T0 and T3) in the group without AI showed non-significant differences (Figure 3A), while in the AI group the differences were significant (Figure 3B). However, these differences were not large enough to be significant between the AI and non-AI groups at T3 (Figure 3C).





3.1.2. Anxiety Group


Analysis of Hearing Thresholds in the Anxiety Group


The comparison of hearing thresholds between the two ears at 3 months (T3) from the beginning of the study showed that, in the AI group, the interaural difference (Figure 4A) remained in favor of the left ear, previously observed at T0. Meanwhile, in the non-AI group, this difference disappeared, and the shape of the curve was similar between both ears (Figure 4D).



Comparison of hearing thresholds between T0 and T3 in each ear showed that none of the AI group ears, alone, showed a significant difference (two-way ANOVA) in hearing threshold, although there was an improvement in hearing of both ears after hearing intervention (Figure 4B,C). In relation to this improvement, the global analysis (three-way ANOVA) showed a significant difference (p < 0.05). This difference corresponded to that observed at T3 between both ears (Figure 4A).



In the non-AI group, none of the ears showed significant differences in hearing threshold between T0 and T3 (Figure 4E,F). However, the small improvement observed in right ear hearing was sufficient to eliminate the interaural difference in the Anxiety group (Figure 4D). In this way, the group with no hearing intervention lost the interaural difference of the Anxiety group.



The non-application of AI equalizes the curve of the audiograms of both ears, which suggests that there is an evolution in the perception of both ears during the development of anxiety.




Comparison of Interaural Differences in the Anxiety Group


The evolutionary comparison (between T0 and T3) in the group without AI showed significant differences (Figure 5A), while in the group with AI the differences were not significant (Figure 5B). These differences were large enough for the groups with AI and without AI to be considered different at T3 (Figure 5C).





3.1.3. Mixed Group


Analysis of Hearing Thresholds in the Mixed Group


Regarding time 0 at which hearing differences were seen between the two ears, at T-3 these differences disappeared both in the auditory intervention group (Figure 6A) and in the non-intervention group (Figure 6D). In the AI group at 3 months, although the differences between the ears disappeared, the threshold of auditory perception in the left ear remained below the threshold of the right ear. However, in the group with no hearing intervention, there was an inversion in the mean of these thresholds, which was slightly lower in the right ear (that is, the left ear heard worse). Statistical comparison of the curves generated in the left ear in the intervention and non-auditory intervention groups at 3 months showed a trend, which did not reach significance (p = 0.06).



The observation of the evolution of the auditory thresholds from T0 to T3 showed that, in the left ear after the auditory intervention, they practically remained the same, while the right ear showed a slight non-statistically significant improvement (two-way ANOVA) (Figure 6B,C). In the group without auditory intervention, the differences were also not significant (Figure 6F).



Therefore, with or without auditory intervention, there is a loss of the interaural difference that exists in the Mixed group. However, it is true that there is a non-significant tendency that, with the auditory intervention, the perception in the left ear is somewhat better.




Comparison of Interaural Differences in the Mixed Group


The comparison of the interaural differences in the Mixed group at T3 with respect to T0 showed significant differences, both without auditory intervention and with it (Figure 7A,B). The comparison in the interaural differences between the group with intervention and without hearing intervention did not show significant differences (Figure 7C).






3.2. Effect of Auditory Intervention in Each Ear and in Each Group


The auditory intervention statistically significantly increased the threshold of each ear in the Emotional Well-Being group, more clearly in the high frequencies (Figure 8A). In contrast, in the Anxiety group, the threshold in the left ear decreased statistically significantly and it did not change in the right ear (Figure 8B). In the Mixed group, the auditory intervention showed a non-significant tendency to lower the threshold in the left ear (Figure 8C).



In the Emotional Well-being group, the threshold in the bass was decreased and the threshold in the treble was increased significantly in both ears.



In the Anxiety group, in the right ear, the intervention did nothing, but in the left it lowered the threshold significantly in high and low frequencies, but not in central frequencies.



In the Mixed group, in the right ear the intervention did not cause any changes, but the left showed an almost significant trend at almost all frequencies except 6000 Hz.



In general, AI tended to improve hearing at all frequencies in both ears, but its result at 3 months depended on the starting hearing situation:



In EWB, the starting point is a left auditory advantage without prioritizing specific frequencies. AI manages to dynamize, i.e., improve hearing in both ears, balancing interaural hearing.



In ANX, the starting point is a prioritization of the frequencies 1 and 2 kHz of the LE. AI improved hearing in the left ear on frequencies adjacent to 1 and 2 kHz (bass and treble).



In MIX, the starting point is a prioritization of the frequencies 3 and 4 kHz of the LE. The AI showed a tendency to improve the hearing of the left ear, in all frequencies except those higher than 4 kHz.




3.3. Comparison of Hearing Thresholds in Both Ears between the Emotional Well-Being Group without Auditory Intervention and the Anxiety and Mixed Groups with Auditory Intervention


The comparison of hearing thresholds between the initial Emotional Well-Being groups and the Anxiety and Mixed groups after the auditory intervention, to check if the intervention was capable of bringing the levels of the groups with disorder closer to those of the Well-Being group, showed a change in both the Anxiety and the Mixed groups. After the intervention, differences appeared between the Well-Being group and the Anxiety group. By comparison, the initial differences observed between the Well-Being and the Mixed groups were nullified (Figure 9). In other words, for all groups, the auditory intervention changed the level of auditory perception and the way of managing the interaural difference. Moreover, the pairwise comparisons among the three groups investigated showed that, after the auditory intervention, all of them were different in a statistically significant way (two-way ANOVA).




3.4. Analysis of Auditory Patterns after Auditory Intervention


When auditory patterns (appearance of peaks, valleys, and plateaus, lower or higher) were compared between groups (EWB, ANX, and MIX), certain differences were observed between them [12]. After the AI, these differences disappeared, confirming that said AI promotes a homogenization of the auditory patterns.



Regarding the variation between T0 and T3, the difference between before and after applying the AI, it was observed that in EWB there were no changes. However, in ANX the valley patterns decreased significantly, while in the MIX group a non-significant decrease in peak and valley patterns was observed.



The qualitative analysis of the audiogram (auditory patterns) at 3 months among the groups that received AI showed that the differences between EWB and ANX disappeared before the intervention for the frequency of 4000 Hz (p > 0.05); between EWB–MIX and ANX–MIX, no differences were also observed (p > 0.05).





4. Discussion


The existing auditory perception asymmetry between both ears can be dynamically modulated as shown in this work. In this way, the auditory intervention carried out induces a series of changes in auditory perception that vary according to the emotional group on which it is applied. Prior to the intervention, we started from a situation in which the interaural difference in all groups showed a lower hearing threshold in the left ear. This difference was greater in the Anxiety and Mixed groups (anxiety and depressive symptoms) than in the Emotional Well-Being group.



Comparing the hearing thresholds in each ear, no differences were observed between the EWB group and the ANX group, but differences were observed when comparing them with the MIX group, especially at the expense of the right ear. Similarly, differences were observed between the ANX group and the EWB group in the appearance of minor peak patterns in the left ear at the 4000 Hz frequency. Taken together, the data suggest that anxiety would increase the interaural difference due to hyperhearing in the left ear (dominance of the right hemisphere) [33,34], while hypohearing in the right ear would also participate in concomitant depressive symptoms [30,31].



This situation has a general explanation. The right hemisphere is superior in the discrimination of the intensity of the tones [13], and is more influenced by the degree of emotional activation of the person [21,65]. Some current results suggest that the right hemisphere is superior in emotional processing, which is more evident when a positive emotional stimulus is presented to the left hemisphere or a negative one to the right hemisphere [21,22].



The association of depressive symptoms worsens the hearing of the right ear, while pure depressive symptoms worsens that in both ears, maintaining in all cases a relative advantage of the left ear, at the expense of a greater loss in the right ear [12].



Hyperfunction of the right hemisphere has been seen in anxiety disorders [33,34]. This hyperfunction allows the medium and high frequencies (1000 and 2000 Hz) to be heard better in pure anxiety, and this hyper-hearing is displaced towards 3000 and 4000 Hz if it is mixed (association of symptoms of anxiety and depression). In this way, a prolongation of anxiety prioritizes the perception of higher frequencies in the left ear. These higher frequencies usually correspond to those that announce threats, and possibly this is carried out in the descending pathway of the auditory corticofugal system (ACFS) [66,67] through inhibitions of different intensity in the right and left cochlea. In the case of depressive symptoms, instead of alertness and activation, there is a depletion that does not activate the pathway in the same way and leads to hearing loss in both ears, although this is more pronounced in the right ear.



The stimulation–inhibition system is mediated by a series of neurotransmitters in the auditory system, such as serotonin, which increases neuronal excitability in the dorsal cochlear nucleus, which is sensitive to high frequencies, while it is inhibitory in other areas of the auditory pathway [68,69]. Acetylcholine, the main neurotransmitter in the olivocochlear efferent system, inhibits hair cells and sensory neurons through feedback [70,71]. This inhibition is also asymmetric, being greater on the right side [72,73]. Other neurotransmitters known to be involved include norepinephrine, dopamine, and histamine along the auditory pathway [74,75,76]. In summary, the greater perception of the left ear in anxiety is due to serotonergic and noradrenergic dominance, with a gradual increase in serotonin turnover in intermediate states [77]. When anxiety persists, noradrenergic function decreases and cholinergic function increases, leading to depressive symptoms [78].



Although in all cases a relative hyperhearing of the left ear with respect to the right is maintained, a prioritization of different frequencies is observed; for EWB, this advantage tends to be concentrated in the central frequencies, whereas in ANX it affects the central frequencies and the first high frequencies; in MIX the central and second high frequencies are affected. Similarly, it was seen that in DEP there was a tendency to prioritize low frequencies [12]. This fact can be explained by the different activations of monoamines, with the highest frequencies being the most influenced.



The results obtained in this study suggest that AI improves hearing in both ears by a tuning of the auditory pathways after intense auditory training. This is a functional gain, although with different results depending on the initial emotional state. In the EWB group there is a certain interaural advantage of the LE, although without frequency prioritization. AI stimulates hearing in both ears with a greater effect on the right ear, since this is where the greatest potential for improvement exists. In ANX and MIX groups, the interaural advantage of the LE is greater than that observed in EWB, specifically for the 6 kHz frequency. In addition, the ANX group hears frequencies 1 and 2 kHz better through the left ear than the right, whereas the MIX group does so for frequencies 3 and 4 kHz in the left ear. In the ANX group, AI improves the hearing of the LE, specifically in the frequencies adjacent to those already prioritized (1 and 2 kHz). In the MIX group, the AI acts in the same direction, but for frequencies 3 and 4 kHz. All this suggests that, although the AI boosts all the frequencies of both ears, the hearing gain is more visible in those frequencies adjacent to those already prioritized from the start. This is probably due to the fact that the mechanisms that manage to prioritize certain frequencies do so by inhibiting their neighbors. The AI acts by reversing these mechanisms.



If we look at the evolution at 3 months of the groups with and without AI, it was observed that in EWB the AI decreases the hearing of high frequencies in both ears, whereas in ANX and MIX it improves the hearing of the LE, specifically of those frequencies that were not prioritized at baseline. This fact suggests that the AI acts by “anesthetizing” the prioritization of high frequencies and its alert function in the face of threatening sounds.



By comparison, AI makes the auditory patterns that differentiated EWB and ANX groups disappear while decreasing the frequency of peaks and valleys in ANX and MIX groups. This fact is justified by the tendency of the AI to balance the hearing thresholds of adjacent frequencies.



The results of the AI on the hearing of the different groups could be explained as a modulation of the auditory corticofugal system (ACFS) and of the different neurotransmitters of the auditory pathway. In this way, both serotonin [68,69] and ACFS [70,71] (through acetylcholine) favor the perception of high frequencies in both ears. The ACFS also inhibits hearing in a generalized way, with this inhibition being more powerful in the right ear [71,72]. As anxiety symptoms increase and are associated with depressive symptoms, the ACFS increasingly affects the LE. In this way, AI may reverse the effect of ACFS on the cochlea to a greater or lesser extent. Thus, the EWB group starts with a certain activation of the ACFS that fundamentally affects the RE. Its inhibition through AI leads to an auditory gain of the RE and a bilateral drop of treble. The ANX group, however, starts from a greater activation of ACFS, affecting LE more intensely than it activates it in EWB. AI is able to fundamentally reverse the action of ACFS on the LE, compared to the RE, which translates into a generalized hearing gain with loss of treble prioritization in the LE. The MIX group, by comparison, starts from an even greater activation of the ACFS, with a significant impact on the LE. The AI basically manages to partially neutralize the effect of ACFS on the LE, which translates into less general hearing gain for this ear, but maintains its prioritization of high frequencies.



Based on the effect observed in the EWB group, AI enhances interaural auditory balance and down-regulates the auditory alert systems to threatening (high-pitched) sounds. This may prevent the appearance of auditory patterns associated with anxiety. In this way, it would be interesting to check if such a decrease in the auditory patterns of anxiety can act on the mental state caused by the same anxiety, as occurs with other modulations of emotions through techniques aimed at regulating expression (e.g., meditation or yoga). In circumstances of anxiety, AI would not achieve interaural balance, but would reduce the high-frequency alert circuit. This may translate into a lower level of activation anxiety. However, when anxiety is associated with depressive symptoms, the effect of AI is less, with the prioritization of acute frequencies persisting in the LE.



Those groups that did not receive AI evolved differently after 3 months compared to those that did receive it. The EWB group without AI maintained the LE advantage at the expense of hearing gain for this ear, which is an inverted image compared to that observed in EWB with AI. This is likely due to a greater activation of the right hemisphere, so it would be expected that their levels of alertness anxiety would have increased. The ANX group without AI lost the auditory advantage of the LE without being able to define a specific ear as being responsible, in contrast to the group with AI, where the interaural difference was maintained in favor of the LE due to an auditory gain of the latter. Being a pathological group, the emotional evolution of its members is much more random and, therefore, greater instability in their right hemisphere and their audiograms could be expected. In the MIX group, both those who did not receive AI and those who did lost the interaural advantage of the LE. As it is a more heterogeneous pathological group in terms of intensity and chronicity of symptoms, the emotional evolution of its members is expected to be more disparate. The greater or lesser activation of the right hemisphere and the evolution of the audiogram is less predictable.



It would be desirable to study whether the changes in the audiogram correspond to changes in the emotional state because, if so, the AI (Bérard method) may be used as an effective, brief, and harmless therapeutic tool to prevent and address anxiety symptoms.




5. Conclusions


From these results, it can be concluded that the application of this auditory intervention (or modified Bérard method) makes hearing evolve at 3 months in a different, and sometimes opposite, way to that expected by natural evolution, according to the starting emotional state. Its effect tends to balance the hearing thresholds of all frequencies in both ears, losing the physiological interaural advantage of the left ear in addition to the prioritization of high alert frequencies.
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Figure 1. Flowchart of study participants. AI: Auditory Intervention. 
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Figure 2. Comparison in the Emotional Well-Being group between auditory intervention and no intervention. Comparison of hearing thresholds between ears in Hearing intervention (A), and No Hearing intervention (D). Comparison of hearing thresholds between T0 and T3 in the right ear for Hearing intervention group (B) and No Hearing intervention group (E); and in the left ear for Hearing intervention group (C) and No Hearing intervention group (F). EWB: Emotional Well-Being; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 






Figure 2. Comparison in the Emotional Well-Being group between auditory intervention and no intervention. Comparison of hearing thresholds between ears in Hearing intervention (A), and No Hearing intervention (D). Comparison of hearing thresholds between T0 and T3 in the right ear for Hearing intervention group (B) and No Hearing intervention group (E); and in the left ear for Hearing intervention group (C) and No Hearing intervention group (F). EWB: Emotional Well-Being; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations.



[image: Symmetry 14 02490 g002]







[image: Symmetry 14 02490 g003 550] 





Figure 3. Emotional Well-Being group, interaural differences between T0 and T3 in the No Intervention group (A), Intervention group (B). Interaural differences between Intervention group and No Intervention group (C) at T3. EWB: Emotional Well-Being; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 4. Comparison in the Anxiety group between auditory intervention and no intervention. Comparison of hearing thresholds between ears in Hearing intervention (A), and No Hearing intervention (D). Comparison of Hearing thresholds between T0 and T3 in the right ear for Hearing intervention group (B); and No Hearing intervention group (E) and in the left ear for Hearing intervention group (C); and No Hearing intervention group (F). ANX: Anxiety; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 5. Anxiety group, interaural differences between T0 and T3 in the No Intervention group (A), Intervention group (B). Interaural differences between Intervention group and No Intervention group (C) at T3. ANX: Anxiety; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 6. Comparison in the Mixed group between auditory intervention and no intervention. Comparison of hearing thresholds between ears in Hearing intervention (A), and No Hearing intervention (D). Comparison of hearing thresholds between T0 and T3 in the right ear for Hearing intervention group (B) and No Hearing intervention group (E); and in the left ear for Hearing intervention group (C) and No Hearing intervention group (F). MIX: Mixed; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 7. Mixed group, interaural differences between T0 and T3 in the No Intervention group (A), Intervention group (B). Interaural differences between Intervention group and No Intervention group (C) at T3. MIX: Mixed; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T0: initial moment; T3: at three months. Groups were compared by two-way ANOVA. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 8. Comparison in each ear, at three months, of the effect of auditory intervention with no intervention in Well-Being group (A), Anxious group (B), and Mixed group (C). EWB: Emotional Well-Being; ANX: Anxiety; MIX: Mixed; RE: right ear; LE: left ear; +AI: auditory intervention; −AI, No auditory intervention; T3: at three months. The groups were compared by two-way ANOVA and Tukey post hoc test. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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Figure 9. Comparison in each ear of hearing thresholds between the Emotional Well-Being group without intervention and the Anxiety (A,B) and Mixed (C,D) groups with auditory intervention. EWB: Emotional Well-Being; ANX: Anxiety; MIX: Mixed; +AI: auditory intervention; −AI, No auditory intervention; T3: at three months. RE, right eye; LE, left eye. The groups were compared by two-way ANOVA and Tukey post hoc test. Statistical significance was considered as p < 0.05. The error bars depict standard deviations. 
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