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Background: As audition also seems to contribute to balance control, additionally to visual, proprioceptive, and vestibular information, we hypothesize that hearing rehabilitation with active middle ear and bone conduction implants can influence postural control.

Methods: In a prospective explorative study, the impact of hearing rehabilitation with active middle ear [Vibrant Soundbrige (VSB), MED-EL, Innsbruck, Austria] and bone conduction implants [Bonebridge (BB), MED-EL, Innsbruck, Austria] on postural control in adults was examined in three experiments. Vestibulospinal control was measured by cranio-corpography (CCG), trunk sway velocity (°/s) by the Standard Balance Deficit Test (SBDT), and postural stability with a force plate system, each time in best aided (BA) and unaided (UA) condition with frontal-noise presentation (Fastl noise, 65 dB SPL), followed by subjective evaluation, respectively.

Results: In 26 subjects [age 55.0 ± 12.8 years; unilateral VSB/BB: n = 15; bilateral VSB/BB: n = 3, bimodal (VSB/BB + hearing aid): n = 8], CCG-analysis showed no difference between BA and UA conditions for the means of distance, angle of displacement, and angle of rotation, respectively. Trunk sway measurements revealed a relevant increase of sway in standing on foam (p = 0.01, r = 0.51) and a relevant sway reduction in walking (p = 0.026, r = 0.44, roll plane) in BA condition. Selective postural subsystem analysis revealed a relevant increase of the vestibular component in BA condition (p = 0.017, r = 0.47). As measured with the Interactive Balance System (IBS), 42% of the subjects improved stability (ST) in BA condition, 31% showed no difference, and 27% deteriorated, while no difference was seen in comparison of means. Subjectively, 4–7% of participants felt that noise improved their balance, 73–85% felt no difference, and 7–23% reported deterioration by noise. Furthermore, 46–50% reported a better task performance in BA condition; 35–46% felt no difference and 4–15% found the UA situation more helpful.

Conclusions: Subjectively, approximately half of the participants reported a benefit in task performance in BA condition. Objectively, this could only be shown in one mobile SBDT-task. Subsystem analysis of trunk sway provided insights in multisensory reweighting mechanisms.
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INTRODUCTION

There is increasing evidence that hearing deterioration seems to be associated with reduced balanced control (1, 2). Considering the hypothesis that auditory cues may contribute to postural control—in addition to visual, proprioceptive and vestibular information, it can be assumed that hearing amplification with hearing devices not only serves as hearing rehabilitation but also as a stabilizing factor on postural control. This has been investigated several times in patients with hearing aids or cochlear implants (CI) (3–9), with most studies reporting a positive effect reported.

However, the exact mechanisms of interaction between auditory and vestibular, proprioceptive, and visual cues for maintaining postural control are still unknown. Although many studies with normal hearing and healthy subjects generally demonstrated a stabilizing effect (7, 10–14), some studies reported no influence (15–19) or even negative effects (16, 20, 21).

In patients with hearing impairment, the impact of hearing on balance control was so far studied mainly in patients with conventional hearing aids or with CI. When hearing rehabilitation with conventional hearing aids is not possible or insufficient in patients with conductive or mixed hearing loss, implantable active middle ear or bone conduction hearing devices offer an alternative. Since the effect of hearing amplification on postural control has not been investigated in these implantable devices until now, this study focuses on patients with hearing rehabilitation with a semi-implantable active middle ear [Vibrant Soundbrige (VSB), MED-EL, Innsbruck, Austria] or bone conduction [Bonebridge (BB), MED-EL, Innsbruck, Austria] hearing device. Here, conductive hearing loss is “bypassed” and sound is transmitted to the inner ear by bone conduction (22–24) or by coupling to middle ear ossicles or the round window (25, 26). Both devices consist of an external part, the audio processor, that is fixed by magnetic forces to the subcutaneous implant. The implantable part consists of a receiver coil, a demodulator, and an actuator—the floating mass transducer (FMT). In the VSB, the FMT can be attached to various middle ear structures like the long-incus process, the incus body, the stapes suprastructure or footplate or to the inner ear (the round window), while in the BB, the FMT is implanted in the temporal bone (25, 27, 28).

In the current literature, the methods of assessing balance or postural performance are inhomogeneous, which also illustrates the complexity of postural regulation processes. Considering different (patho) physiological pathways of balance subsystem interaction, different measurement methods are established for quantification of postural control.

The Unterberger (Fukuda) test, as an established assessment method for vestibulospinal control, is a frequently used method for clinical orientation of vestibular performance, offering objective measurement options as cranio-corpography (CCG) (29–31). For investigating the complex postural situation in activities of daily living, mobile trunk sway measuring systems based on the body's center of gravity, like the VertiGuard- System (32), are applicable.

An additional approach is the IBS-System (33, 34), a force plate system that quantifies different outcome parameters like postural stability and provides additionally insights into postural subsystem involvement by fast Fourier analysis of frequencies.

We hypothesize that hearing rehabilitation with active middle ear and bone conduction implants can influence postural control in this study. As exact interaction mechanisms are still unclear, different approaches of postural control quantification were used in this explorative study to find out which approach might be more relevant in a wide variety of patients. Additionally, subjective evaluation was included in the analysis.



MATERIALS AND METHODS

A prospective explorative study was conducted to examine the objective and subjective impact of hearing rehabilitation with active middle ear [Vibrant Soundbrige (VSB), MED-EL, Innsbruck, Austria] and bone conduction implants [Bonebridge (BB), MED-EL, Innsbruck, Austria] on postural regulation in adults. Inclusion criteria were hearing rehabilitation for at least 6 months, BMI of <35, and age between 18 and 75 years.

Before testing, microscopic otoscopy was conducted in all patients. For subjective balance evaluation, all patients were asked to answer the Dizziness Handicap Inventory (DHI) questionnaire. A video head impulse test (vHIT) of the horizontal semicircular canal was conducted. Additionally, directional hearing was tested in unaided (UA) and best aided (BA) condition. White noise was presented in random order at 65 dB SPL each from the angles 90, 45, 0, −45, and −90° with respect to the patient's position. Each angle was presented five times and the patients were asked to indicate the sound direction. The angle detection error was calculated as the mean square error.

In three experimental series, that were conducted on the same day, different balance measurement approaches were considered: Vestibulospinal control was measured by cranio-corpography (CMS10 measuring system for 3D motion analysis, Zebris Medical GmbH, Isny im Allgäu, Germany), trunk sway was measured in pitch and roll plane with the VertiGuard-System (Zeisberg, Metzingen, Germany) performing the Standard Balance Deficit Test (SBDT, 14 tasks), and postural stability was evaluated with a footplate-measurement system (neurodata GmbH, Vienna, Austria).

The experiments were all performed in a sound-insulated booth (DIN ISO 8253, reverberation time of <0.35 s, Fa. Industrial Acoustics Company GmbH, Niederkrüchten, Germany) with constant presentation of Fastl noise (35) at 0° and at 65 dB SPL in the free field. The speaker (Canton XL.3, Fa. Canton Elektronik GmbH & Co. KG, Weilrod, Germany) was adjusted each time to the individual ear position and was located at 1.85 m in front of the participants. In all subjects and all experiments, testing was conducted in BA and UA condition in pseudorandomized order.

Biometric consultation regarding statistical analyses was performed at the Institute of Medical Epidemiology, Biometry, and Informatics of the Martin-Luther-University Halle-Wittenberg, Germany. For statistical analysis, IBM SPSS Statistic software, version 28.0, for Windows (IBM, Armonk/NY, USA) was used. Testing for normality distribution was conducted by Kolmogorov-Smirnov test. Due to the descriptive character of this explorative study, there was no indication for multiple testing corrections. Depending on the respective experiment, the effect sizes r (small effect: ≥0.1, medium effect: ≥0.3, large effect: ≥0.5), d (small effect: ≥0.2, medium effect: ≥0.5, large effect: ≥0.8) (36), or respectively [image: image] (≥0.1) (37) are indicators for the clinical relevance. Experiment-specific statistical analyses are further described in the respective sections. Graphs were prepared with Prism 9 software (GraphPad Software, Inc., La Jolla, CA, USA).

The study was approved by the responsible Ethics Committee (approval number: 2016-45) and conducted in accordance with the Declaration of Helsinki. All patients gave informed consent.


Vestibulospinal Control

The subjects were asked to extend their arms with the palms facing the ceiling and to perform 50 test steps in place (Unterberger (Fukuda) stepping test) while they were wearing a blindfold. Changes in the participant's position and displacement in relation to the starting position were continuously recorded by CCG. Markers were located on the subject's right and left shoulder and at two points on the vertex (13) and their position was recorded by ultrasound (40 kHz, measuring rate 50 Hz). The two test conditions, BA and UA, were alternately tested, three times each. After completing the 50 test steps, the subject was, still blindfolded, led back to the starting position by the research supervisor on a continuously changing path. This was done to ensure that the test subject could not draw any conclusions about the previous change in position.

Measurement parameters were the distance of displacement D (cm) (the distance from the starting position after 50 steps), the angle of displacement α (°) (the angle between the distance line and the 0°-line) and the angle of rotation β (angle between the anterior-posterior body axis and the 0°-line) (Figure 1). Comparison of means was conducted by two-tailed Wilcoxon signed rank test.


[image: Figure 1]
FIGURE 1. Comparative illustration and schematic depiction of the distance of displacement D (A), the angle of displacement α (B), and the angle of rotation β (C) for the conditions best aided (BA) and unaided (UA) (mean and standard deviation). cm, centimeter.




Trunk Sway Measurement

The VertiGuard-System, which consists of two orthogonally mounted gyroscopes, records body sway by measuring the angular velocity (°/s) at a sampling rate of 80 Hz and in pitch and roll dimensions. Patients wore the sensor close to the body's center of mass unit on their hips. Subjects performed 14 different tasks (Table 1) of the Standard Balance Deficit Test (SBDT) in pseudorandomized order in BA and UA condition. For selective analysis of the visual, proprioceptive, and vestibular subsystems, the SBDT tasks were categorized accordingly for further calculation: Based on the method described by Basta et al. (32) and modified to this study design, the values of a specific SBDT “basic” task were subtracted from the values of another SBDT task based on the “basic” task but with a disturbed visual, proprioceptive or vestibular input. For example, by subtracting the values of the task “standing on two legs with eyes open” from the task “standing on two legs with eyes closed,” net values for the visual component were obtained. The same procedure was done with all other SBDT tasks. Comparison of means was conducted by two-tailed Wilcoxon signed rank test.


Table 1. Trunk sway values measured with the VertiGuard-System in pitch and roll plane.
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Postural Stability

The Interactive Balance System (IBS, Neurodata GmbH, Vienna, Austria) consists of two force measurement plates with four sensors for forefoot and heel, respectively (sampling rate: 32 Hz). Subjects were standing without shoes on the plates while performing eight different tasks with changing sensory conditions (Table 2). Two foam pads were used depending on the respective tasks. Posturographic parameters were determined based on vertical pressure variation. A fast Fourier transformation was calculated for determining specific frequency band changes representing different postural subsystems (F1: visual and nigrostriatal, F2-4: peripheral vestibular, F5-6: somatosensory, and F7-8: cerebellar). IBS testing was also done for the UA and BA conditions in pseudorandomized order. Each of the eight exercises took about 32 s (Table 2). The stability indicator (ST) was determined as the root mean square of the differences between pressure distributions on the plates and describes the postural stability. The larger the stability indicator, the higher the instability of the person is to be rated. The weight distribution index calculates the standard deviation in the weight distribution on the plates assuming that 25% of the body weight is distributed evenly across the four plates. The Heel parameter describes the percentage load distribution between the forefoot and heel, whereas the left parameter describes the percentage load distribution between the left and right sides of the foot. Further detailed information of the IBS system and the frequency bands are provided in Bartels et al. (38), Friedrich et al. (39), Schwesig et al. (34), and Reinhardt et al. (40). Comparison of means between the UA and BA conditions was conducted by variance analysis (general linear model). Individual stability changes were evaluated by use of the quotient of ST values between the UA and BA condition.


Table 2. IBS task description.
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Subjective Analysis

After each experiment, the participants were asked to answer two questions: (1) How did, subjectively, the noise influence your sense of balance? Answer options were: “improved,” “no influence,” “deteriorated.” (2) Under which condition did you feel to achieve a better testing result? Answer options were “best aided,” “no difference,” or “unaided.”




RESULTS


Demographics and Baseline Characteristics

Total 26 subjects were included in the study (m: n = 14, f: n = 12; age 55.0 ± 12.8 years). Out of these, fifteen patients had unilateral (VSB: n = 7, BB: n = 8); eight bimodal (VSB/HA: n = 5, BB/HA: n = 2, VSB/BB: n = 1), and three bilateral (VSB: n = 2, BB: n = 1) hearing rehabilitation (Figure 2). In the unilateral rehabilitated patients (n = 15), most of participants showed normal or near normal hearing (n = 9) on the contralateral side, but there was also moderate (n = 4), or severe hearing loss (n = 2).


[image: Figure 2]
FIGURE 2. Overview of hearing rehabilitation modalities. BB, Bonebridge; HA, hearing aid; VSB, Vibrant Soundbridge.


In directional hearing testing, comparison of means showed an angle detection error of 42.0° (SD = 28.3) in BA and 46.2° (SD = 33.7) in UA condition (p = 0.46). The mean DHI-score was 17.1 (SD = 18.5). Testing of the vHIT (n = 22, in four subjects vHIT performance was not possible) showed mean gain-values of 1.01 (SD = 0.13) for the right and 0.91 (SD = 0.17) for the left side. In total, 13.6% of subjects (n = 3) showed unilateral corrective saccades with pathological gain value (<0.8) on the respective side.



Vestibulospinal Control

Cranio-corpography analysis showed no relevant differences between BA and UA conditions in distance of displacement D, (BA: 67.1 cm, SD = 23.7; UA: 68.9 cm, SD=23.5; p = 0.24, r = 0.23), angle of displacement α (BA: 18.9°, SD = 11.4; UA: 16,5°, SD = 9.9; p = 0.19, r = 0.26) and angle of rotation β (BA: 40.2, SD = 35.3; UA: 40.7, SD = 34.6; p = 0.869, r = 0.03) (Figure 1).



Trunk Sway Measurement With the VertiGuard-System

Trunk sway measurements of the SBDT tasks in roll plane showed a clinically relevant increase of sway in the BA condition in the task “Standing with 2 legs on foam with eyes open” (BA: 0.56°/s, SD = 0.32; UA: 0.46°/s, SD = 0.24, p = 0.01, r = 0.51) and a relevant sway reduction in BA condition in the task “walking 3 m forward with eyes open,” (BA: 6.11°/s, SD = 1.72; UA: 7.3°/s, SD = 3.05, p = 0.026, r = 0.44). No differences were seen in SBDT tasks in pitch plane (Table 1).

Selective analysis of postural subsystem components (vestibular, visual, proprioceptive) revealed increased values for the vestibular component in BA condition (p = 0.017, r = 0.47), while visual and proprioceptive parts were not affected (Figure 3). No changes could be seen in pitch plane.


[image: Figure 3]
FIGURE 3. Mean net values of the trunk sway postural subsystem components in best aided (BA) and unaided (UA) condition [(A): visual, (B): proprioceptice, and (C): vestibular] in roll plane (pitch plane not shown; mean and standard deviation). *p = 0.017.




IBS Force Plate Measurement

No clinically relevant differences were seen in the output parameters by comparison of means of the BA and UA test conditions (Table 3). Regarding individual changes in the stability-indicator (ST- parameter), 42 % of individuals improved stability in BA condition, 31% showed no difference, and 27% deteriorated (n = 25).


Table 3. Interactive Balance System (IBS)—Descriptive comparison (mean ± SD, n = 25) and analysis of variance for setting Bonebridge/Vibrant-Soundbridge best aided and unaided based on all positions (mean values).
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Subjective Estimation

Subjectively, 85% (CCG) and 73% (VertiGuard and IBS), respectively, felt that noise had no influence on their testing performance, 8% (CCG) and 4% (VertiGuard and IBS) felt an improvement and 8% (CCG), and 23% (Vertiguard and IBS) reported a deterioration.

Regarding the influence of hearing rehabilitation, 50% (CCG and VertiGuard) and 46% (IBS) felt to have achieved a better test result in the BA condition, 46% (CCG), 35% (VertiGuard), and 42% (IBS) felt no difference and 4% (CCG), 15% (VertiGuard), and 12% (IBS) found the UA situation more helpful for test performance (Figure 4).


[image: Figure 4]
FIGURE 4. Descriptive illustration of the results of the two questions (A,B) that patients had to answers after each experiment. CCG, cranio-corpography; IBS, Interactive Balance System.





DISCUSSION

In the present study, the impact of hearing rehabilitation with active middle ear and bone conduction implants on postural control was evaluated considering different approaches of postural assessment.

In vestibulospinal control measurement, CCG-testing revealed no relevant differences in the performance of the Unterberger (Fukuda) stepping test between the UA and BA conditions regarding the distance of displacement, angle of displacement, and angel of rotation. A previous study demonstrated a clear benefit in normal hearing people, where a significant reduction of distance of displacement and angle of rotation were described in the condition with auditory input (13). A similar observation was also described in two other studies performing the Unterberger (Fukuda) test with sound presentation in normal hearing people (41, 42).

In the present study, the results of angle of rotation and angle of displacement were in both conditions generally found to be within the physiological range (30). However, the distance of displacement exceeded 50 cm, i.e., the physiological distance described by Fukuda et al. after 50 steps (29) in both conditions. This effect was also seen in a previous study with normal hearing subjects (13). A possible explanation could be the hypoechoic character of the testing room. Here, sound reflections from the side walls, which might serve as additional orientational cues, were not present, while in Fukuda (29), testing was conducted in a normal room. However, direct comparisons with the group of the present study are not possible, as the groups clearly differ in age and testing conditions. The normal healthy group from Seiwerth et al. (13) was tested with sound and without sound/earplugged, while in the present study, sound presentation was continuous and the conditions were best aided and unaided. However, in the present study, as Fastl-Noise (35) was presented continuously, residual unaided hearing may have still provided some auditory benefit. Patients could potentially have relied to the presented sound with their rest-hearing-ability, and as no deterioration was seen in the UA condition, even low noise levels might be sufficient for serving as supporting information for vestibulospinal control.

Although many studies analyzing the effect of audition on balance have used pressure plate measurements to assess postural control, a different, trunk sway-based approach was considered in the second experiment of our study: body sway was measured close to the center of body mass, including also mobile tasks, which is considered closer to daily-life conditions (43). As falls are relatively common events especially in older adults (44), mobile balance analysis should not be underestimated, especially regarding their clinical and practical relevance. In this study, from all 14 tasks of the SBDT, an effect could only be seen in two tasks in roll plane. No effects could be observed in pitch plane. In summary, in a stance task with additionally disturbed proprioception, hearing rehabilitation had a more disturbing effect on lateral sway, while in a mobile walking task, patients seemed to experience a benefit. In a study where gait analysis was conducted in three patients (5), an improvement in gait performance could be observed in a condition with hearing devices. Gait analysis was also done in a group of 12 bilateral CI-users and 13 bilateral hearing aid users (8). Here, no significant difference could be seen between aided and unaided conditions. However, some individuals improved in the aided conditions. Louza et al. (9) reported a small, but significant decrease of risk of fall in 33 adult CI patients with activated devices, which was more pronounced with additional presentation of music or speech text. Hallemans et al. (3) could demonstrate a positive influence of CI with music on gait performance in patients with bilateral vestibular areflexia. The subsystem analysis conducted in the trunk sway experiment showed relevantly increased values of the vestibular component in BA condition in roll plane, while no effect was seen in visual and proprioceptive disturbed tasks. This indicates that a higher use of this component was necessary for maintaining stable posture in BA condition compared to UA condition. This result may offer insights into audiovestibular interaction mechanisms. Only a few previous studies included the analysis of subsystem interaction so far. Maheu et al. (18, 45) described a sensory re-distribution as weighting increase of the visual component in healthy subjects (18) and a decrease of somatosensory dependence in patients with vestibular impairment on a force platform (45). In the trunk sway experiment of our study, effects can be seen only in roll plane but not in pitch plane. The underlying mechanisms remain unknown. However, the sound location, i.e., presentation from the front in contrast to lateral input, could have influenced the results. This could have served as a possible stabilizing effect, while the absence of lateral input, i.e., absence of wall reflections, was likely an uncommon situation for the patients. Raper and Soames (46) reported among others, that lateral sway seems to be more affected by pure tone input than anterioposterior values.

The third experiment, the investigation of postural stability with the force-plate-based IBS-System, revealed no difference in comparison of means of the BA and UA situation. Most force-plate based studies were done in patients with normal hearing, reporting generally a benefit of auditory input, while a few studies had their focus on patients with hearing aid rehabilitation. Neghaban et al. (47) reported a benefit of stability in the aided situation in 47 patients with bilateral hearing amplification, and Vitcovic et al. (7) observed a slight improvement in sway in 19 patients when they wore hearing aids with sound presentation. In a multicenter study with 69 adults (48), dynamic posturography was measured on a force plate in silence and with rotating sound. As results, no influence was seen in healthy subjects, a destabilizing effect of rotational sound was seen in patients with bilateral vestibulopathy and bilateral CI, and a stabilizing effect was seen in patients with unilateral CI. In another footplate-based study (49), CI-users (n = 8) deviated laterally when their eyes were closed while sound presentation could induce an improvement of that abnormal deviation. No effects were seen in healthy people (n = 8). A further study analyzing the effect of bilateral hearing aid use on balance, where posturography was measured on a force plate in 22 adults, revealed no significant benefit of hearing aids on balance (50).

Apart from providing general posturographic parameters like stability, the IBS-System allows a differentiated analysis of postural regulation subcomponents. Here, no differences could be seen in the specific frequency bands between the conditions. In a previous study based on the same IBS-System but with normal hearing subjects, a downregulation of the frequency bands F1 (visual and nigrostriatal) and F2-4 (peripheral-vestibular) was reported in sense of a reweighting of postural subsystems in the presence of sound (51). This effect could not be observed in our study. Regarding the 42% patients who improved stability in our study in BA condition, it would be interesting to find out why some patients improved, and others did not. However, no pattern of stability improving factors could be observed in this study population.

Regarding the subjective evaluation, there was a partially considerable discrepancy between the answers to the two questions as well as between the objective evaluation and the subjective estimation depending on the respective task. Only 4–7% of participants felt that noise improved their balance and 7–23% reported even deterioration by noise. On the other hand, nearly half of subjects reported to have better performed the task in the BA condition, while only 4–15% found the UA situation more helpful for test performance. In summary, hearing rehabilitation itself was seen subjectively as a benefit by a larger group of patients, while the presented sound itself seemed to be more a disturbing factor during the experiments. In this study, Fastl noise (35), a white noise with unpredictable interruptions, was presented with the aim to avoid possible noise reduction effects of the audio processor of the hearing device and not to excite too much cognitive attraction. However, the sound seems to have been perceived as unpleasant by the subjects.

That uncomfortable noise can deteriorate balance was shown by Chen et al. (16) where increased sway on a footplate was reported in the presence of unpleasant noises. Louza et al. (9) reported that in a study with CI-patients, music led to a reduction of risk of falls, while white noise showed no significant improvement.

To our knowledge, this is the first study analyzing the impact of hearing rehabilitation with active middle ear and bone conduction implants on postural control. While CI surgery can be associated with postoperative vertigo (52, 53), vestibular pathology is not expected as complication of BB surgery. However, there may be a potential effect of transcranial stimulation by bone conduction, also considering a stimulation of the contralateral side.

In VSB surgery, even decreases of bone conduction hearing thresholds were reported as postoperative complications (28), vestibular loss is not a prominent complication. Theoretically, it is conceivable that in patients with semicircular canal dehiscence syndrome (54), bone transmitted sound can induce vertigo, or that in cases of accidental intracochlear lesions in RW coupling in VSB surgery, patients show vestibular loss. However, this was not reported in the patients of this study.

Limitations of this study include its descriptive character as well as a large spread of vestibular function of the study group, as can be seen in the DHI results (DHI mean score of 17.1, SD = 18.5). As the focus of the present paper was on the effect of hearing rehabilitation with active middle ear and bone conduction implants across a wide variety of patients, subjects with possible sensory impairment were not excluded from the study. However, to answer the question how vestibular impairment is affected by auditory input, further specific work is necessary including more detailed vestibular diagnostic. Furthermore, the inhomogeneity of hearing rehabilitation in the study group (Figure 2) could be also a reason for the reduced sound localization ability values with an angle detection error of 42.0 in BA and 46.2° in the UA condition, compared to 0.6° in normal hearing people (13). As the study design was with frontal presentation of noise and without sound reflection ability due to the hypoechoic testing room, sound localization ability could play an important role. Anton et al. (55) concluded in a gait study in healthy subjects, that localization ability of auditory signals could improve postural control. The audiological and vestibular inhomogeneity of the study population may also be a reason for the individual differences of the motoric output in the different experiments. Also here, more research remains to be done to figure out why some people may have a benefit and others not.



CONCLUSION

From this exploratory study, we conclude that hearing rehabilitation with active middle ear and bone conduction implants had a subjectively positive effect on postural control on approximately half of participants. Noise quality seemed to play an important role, as the presented noise subjectively showed a rather indifferent or destabilizing effect. Objectively, an improvement could be shown only in a walking-task in trunk sway measurement and in individual stability changes on a force plate measurement. Subsystem component analysis of trunk sway revealed a higher affection of the vestibular component auditory input, providing insights into audiovestibular interaction pathways.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee, Medical Faculty, Martin-Luther-University Halle-Wittenberg. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

IS, SP, TR, RS, and TH contributed to the designed the study. IS and AB performed the scientific investigations and data analysis and drafted the manuscript. All authors reviewed, commented, and approved the final version of the manuscript.



FUNDING

The study was done solely with intramural resources of the Department of Otorhinolaryngology, Head and Neck Surgery, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany.



ACKNOWLEDGMENTS

The authors thank Prof. Dr. Andreas Wienke, Institute of Medical Epidemiology, Biometry, and Informatics of the Martin-Luther-University Halle-Wittenberg, for biometrical consultation.



REFERENCES

 1. Viljanen A, Kaprio J, Pyykko I, Sorri M, Pajala S, Kauppinen M, et al. Hearing as a predictor of falls and postural balance in older female twins. J Gerontol A Biol Sci Med Sci. (2009) 64:312-7. doi: 10.1093/gerona/gln015

 2. Lin FR, Ferrucci L. Hearing loss and falls among older adults in the United States. Arch Intern Med. (2012) 172:369-71. doi: 10.1001/archinternmed.2011.728

 3. Hallemans A, Mertens G, Van de Heyning P, Van Rompaey V. Playing music may improve the gait pattern in patients with bilateral caloric areflexia wearing a cochlear implant: results from a pilot study. Front Neurol. (2017) 8:404. doi: 10.3389/fneur.2017.00404

 4. Rumalla K, Karim AM, Hullar TE. The effect of hearing aids on postural stability. Laryngoscope. (2015) 125:720-3. doi: 10.1002/lary.24974

 5. Shayman CS, Earhart GM, Hullar TE. Improvements in gait with hearing aids and cochlear implants. Otol Neurotol. (2017) 38:484-6. doi: 10.1097/MAO.0000000000001360

 6. Shayman CS, Mancini M, Weaver TS, King LA, Hullar TE. The contribution of cochlear implants to postural stability. Laryngoscope. (2018) 128:1676-80. doi: 10.1002/lary.26994

 7. Vitkovic J, Le C, Lee SL, Clark RA. The contribution of hearing and hearing loss to balance control. Audiol Neurootol. (2016) 21:195-202. doi: 10.1159/000445100

 8. Weaver TS, Shayman CS, Hullar TE. The effect of hearing aids and cochlear implants on balance during gait. Otol Neurotol. (2017) 38:1327-32. doi: 10.1097/MAO.0000000000001551

 9. Louza J, Rosel C, Gurkov R, Krause E, Ihler F. Influence of cochlear implantation on postural control and risk of falls. Audiol Neurootol. (2019) 24:245-52. doi: 10.1159/000503165

 10. Gandemer L, Parseihian G, Kronland-Martinet R, Bourdin C. The influence of horizontally rotating sound on standing balance. Exp Brain Res. (2014) 232:3813-20. doi: 10.1007/s00221-014-4066-y

 11. Gandemer L, Parseihian G, Kronland-Martinet R, Bourdin C. Spatial cues provided by sound improve postural stabilization: evidence of a spatial auditory map? Front Neurosci. (2017) 11:357. doi: 10.3389/fnins.2017.00357

 12. Ross JM, Balasubramaniam R. Auditory white noise reduces postural fluctuations even in the absence of vision. Exp Brain Res. (2015) 233:2357-63. doi: 10.1007/s00221-015-4304-y

 13. Seiwerth I, Jonen J, Rahne T, Schwesig R, Lauenroth A, Hullar TE, et al. Influence of hearing on vestibulospinal control in healthy subjects. HNO. (2018) 66(Suppl 2):49-55. doi: 10.1007/s00106-018-0520-7

 14. Stevens MN, Barbour DL, Gronski MP, Hullar TE. Auditory contributions to maintaining balance. J Vestib Res. (2016) 26:433-8. doi: 10.3233/VES-160599

 15. Azevedo R, Teixeira N, Abade E, Carvalho A. Effects of noise on postural stability when in the standing position. Work. (2016) 54:87-91. doi: 10.3233/WOR-162280

 16. Chen X, Qu X. Influence of affective auditory stimuli on balance control during static stance. Ergonomics. (2017) 60:404-9. doi: 10.1080/00140139.2016.1182649

 17. Easton RD, Greene AJ, DiZio P, Lackner JR. Auditory cues for orientation and postural control in sighted and congenitally blind people. Exp Brain Res. (1998) 118:541-50. doi: 10.1007/s002210050310

 18. Maheu M, Sharp A, Landry SP, Champoux F. Sensory reweighting after loss of auditory cues in healthy adults. Gait Posture. (2017) 53:151-4. doi: 10.1016/j.gaitpost.2017.01.015

 19. Palm HG, Strobel J, Achatz G, von Luebken F, Friemert B. The role and interaction of visual and auditory afferents in postural stability. Gait Posture. (2009) 30:328-33. doi: 10.1016/j.gaitpost.2009.05.023

 20. Park SH, Lee K, Lockhart T, Kim S. Effects of sound on postural stability during quiet standing. J Neuroeng Rehabil. (2011) 8:67. doi: 10.1186/1743-0003-8-67

 21. Tanaka T, Kojima S, Takeda H, Ino S, Ifukube T. The influence of moving auditory stimuli on standing balance in healthy young adults and the elderly. Ergonomics. (2001) 44:1403-12. doi: 10.1080/00140130110110601

 22. Plontke SK, Radetzki F, Seiwerth I, Herzog M, Brandt S, Delank KS, et al. Individual computer-assisted 3D planning for surgical placement of a new bone conduction hearing device. Otol Neurotol. (2014) 35:1251-7. doi: 10.1097/MAO.0000000000000405

 23. Seiwerth I, Frohlich L, Schilde S, Gotze G, Plontke SK, Rahne T. Clinical and functional results after implantation of the bonebridge, a semi-implantable, active transcutaneous bone conduction device, in children and adults. Eur Arch Otorhinolaryngol. (2021) 279:101-13. doi: 10.1007/s00405-021-06626-7

 24. Sprinzl GM, Wolf-Magele A. The bonebridge bone conduction hearing implant: indication criteria, surgery and a systematic review of the literature. Clin Otolaryngol. (2016) 41:131-43. doi: 10.1111/coa.12484

 25. Rahne T, Plontke SK. Systematic and audiological indication criteria for bone conduction devices and active middle ear implants. Hear Res. (2022) 108424. doi: 10.1016/j.heares.2021.108424. [Epub ahead of print].

 26. Labassi S, Beliaeff M, Pean V, Van de Heyning P. The Vibrant Soundbridge((R)) middle ear implant: a historical overview. Cochlear Implants Int. (2017) 18:314-23. doi: 10.1080/14670100.2017.1358913

 27. Frohlich L, Rahne T, Plontke SK, Oberhoffner T, Dahl R, Mlynski R, et al. Intraoperative quantification of floating mass transducer coupling quality in active middle ear implants: a multicenter study. Eur Arch Otorhinolaryngol. (2021) 278:2277-88. doi: 10.1007/s00405-020-06313-z

 28. Spiegel JL, Kutsch L, Jakob M, Weiss BG, Canis M, Ihler F. Long-term stability and functional outcome of an active middle ear implant regarding different coupling sites. Otol Neurotol. (2020) 41:60-7. doi: 10.1097/MAO.0000000000002418

 29. Fukuda T. The stepping test: two phases of the labyrinthine reflex. Acta Otolaryngol. (1959) 50:95-108. doi: 10.3109/00016485909129172

 30. Grommes C, Conway D. The stepping test: a step back in history. J Hist Neurosci. (2011) 20:29-33. doi: 10.1080/09647041003662255

 31. Honaker JA, Boismier TE, Shepard NP, Shepard NT. Fukuda stepping test: sensitivity and specificity. J Am Acad Audiol. (2009) 20:311-4; quiz 35. doi: 10.3766/jaaa.20.5.4

 32. Basta D, Rossi-Izquierdo M, Soto-Varela A, Ernst A. Mobile posturography: posturographic analysis of daily-life mobility. Otol Neurotol. (2013) 34:288-97. doi: 10.1097/MAO.0b013e318277a29b

 33. Schwesig R, Becker S, Fischer D. Intraobserver reliability of posturography in healthy subjects. Somatosens Mot Res. (2014) 31:16-22. doi: 10.3109/08990220.2013.819797

 34. Schwesig R, Fischer D, Kluttig A. Are there changes in postural regulation across the lifespan? Somatosens Mot Res. (2013) 30:167-74. doi: 10.3109/08990220.2013.779245

 35. Fastl H. Ein Störgeräusch für Sprachaudiometrie. Audiol Acoustics. (1987) 2:22-13. 

 36. Cohen J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed. Hillsdale, NJ: Lawrence Erlbaum Associates (1988). 

 37. Richardson JTE. Eta squared and partial eta squared as measures of effect size in educational research. Educ Res Rev Neth. (2011) 6:135-47. doi: 10.1016/j.edurev.2010.12.001 

 38. Bartels T, Brehme K, Pyschik M, Pollak R, Schaffrath N, Schulze S, et al. Postural stability and regulation before and after anterior cruciate ligament reconstruction - a two years longitudinal study. Phys Ther Sport. (2019) 38:49-58. doi: 10.1016/j.ptsp.2019.04.009

 39. Friedrich M, Grein HJ, Wicher C, Schuetze J, Mueller A, Lauenroth A, et al. Influence of pathologic and simulated visual dysfunctions on the postural system. Exp Brain Res. (2008) 186:305-14. doi: 10.1007/s00221-007-1233-4

 40. Reinhardt L, Heilmann F, Teicher M, Lauenroth A, Delank KS, Schwesig R, et al. Comparison of posturographic outcomes between two different devices. J Biomech. (2019) 86:218-24. doi: 10.1016/j.jbiomech.2019.02.013

 41. Munnings A, Chisnall B, Oji S, Whittaker M, Kanegaonkar R. Environmental factors that affect the Fukuda stepping test in normal participants. J Laryngol Otol. (2015) 129:450-3. doi: 10.1017/S0022215115000560

 42. Zhong X, Yost WA. Relationship between postural stability and spatial hearing. J Am Acad Audiol. (2013) 24:782-8. doi: 10.3766/jaaa.24.9.3

 43. Basta D, Rossi-Izquierdo M, Soto-Varela A, Greters ME, Bittar RS, Steinhagen-Thiessen E, et al. Efficacy of a vibrotactile neurofeedback training in stance and gait conditions for the treatment of balance deficits: a double-blind, placebo-controlled multicenter study. Otol Neurotol. (2011) 32:1492-9. doi: 10.1097/MAO.0b013e31823827ec

 44. Nnodim JO, Yung RL. Balance and its clinical assessment in older adults - a review. J Geriatr Med Gerontol. (2015) 1:003. doi: 10.23937/2469-5858/1510003

 45. Maheu M, Behtani L, Nooristani M, Houde MS, Delcenserie A, Leroux T, et al. Vestibular function modulates the benefit of hearing aids in people with hearing loss during static postural control. Ear Hear. (2019) 40:1418-24. doi: 10.1097/AUD.0000000000000720

 46. Raper SA, Soames RW. The influence of stationary auditory fields on postural sway behaviour in man. Eur J Appl Physiol Occup Physiol. (1991) 63:363-7. doi: 10.1007/BF00364463

 47. Negahban H, Bavarsad Cheshmeh Ali M, Nassadj G. Effect of hearing aids on static balance function in elderly with hearing loss. Gait Posture. (2017) 58:126-9. doi: 10.1016/j.gaitpost.2017.07.112

 48. Guigou C, Toupet M, Delemps B, Heuschen S, Aho S, Bozorg Grayeli A. Effect of rotating auditory scene on postural control in normal subjects, patients with bilateral vestibulopathy, unilateral, or bilateral cochlear implants. Front Neurol. (2018) 9:972. doi: 10.3389/fneur.2018.00972

 49. Oikawa K, Kobayashi Y, Hiraumi H, Yonemoto K, Sato H. Body balance function of cochlear implant patients with and without sound conditions. Clin Neurophysiol. (2018) 129:2112-7. doi: 10.1016/j.clinph.2018.07.018

 50. McDaniel DM, Motts SD, Neeley RA. Effects of bilateral hearing aid use on balance in experienced adult hearing aid users. Am J Audiol. (2018) 27:121-5. doi: 10.1044/2017_AJA-16-0071

 51. Seiwerth I, Jonen J, Rahne T, Lauenroth A, Hullar TE, Plontke SK, et al. Postural regulation and stability with acoustic input in normal-hearing subjects. HNO. (2020) 68(Suppl 2):100-5. doi: 10.1007/s00106-020-00846-9

 52. Hansel T, Gauger U, Bernhard N, Behzadi N, Romo Ventura ME, Hofmann V, et al. Meta-analysis of subjective complaints of vertigo and vestibular tests after cochlear implantation. Laryngoscope. (2018) 128:2110-23. doi: 10.1002/lary.27071

 53. Ibrahim I, da Silva SD, Segal B, Zeitouni A. Effect of cochlear implant surgery on vestibular function: meta-analysis study. J Otolaryngol Head Neck Surg. (2017) 46:44. doi: 10.1186/s40463-017-0224-0

 54. Ward BK, van de Berg R, van Rompaey V, Bisdorff A, Hullar TE, Welgampola MS, et al. Superior semicircular canal dehiscence syndrome: diagnostic criteria consensus document of the committee for the classification of vestibular disorders of the Barany Society. J Vestib Res. (2021) 31:131-41. doi: 10.3233/VES-200004

 55. Anton K, Ernst A, Basta D. A static sound source can improve postural stability during walking. J Vestib Res. (2021) 31:143-9. doi: 10.3233/VES-200015

Conflict of Interest: SP, TR, and LF are investigators in controlled post market entry studies or investigator-initiated research projects with implantable active middle ear and bone conduction hearing devices produced by MED-EL, Innsbruck, Austria. SP is investigator in research projects with grant support to the department of the corresponding author. SP received honorary for lectures from MED-EL Austria and MED-EL Germany. None of this was related to the research presented here. This study was not funded by MED-EL Austria or MED-EL Germany. There are not other commercial or financial relationships that could be construed as a potential conflict of interest.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Seiwerth, Brylok, Schwesig, Rahne, Fröhlich, Lauenroth, Hullar and Plontke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-846999-t001.jpg
SBDT task UA
standing on 2 legs eyes open 027£0.10
standing on 2 legs eyes closed 0824013
standing on 1 leg eyes open 2.03+275
standing on 1 leg eyes closed 367 +2.44
walking 8 tandem steps eyes open 5204 1.62
standing on 2 legs on foam eyes open 0.43 +0.20
standing on 2 legs on foam eyes closed 076 +0.36
standing on 2 leg on foam eyes open 321233
walking 8 tandem steps on foam eyesopen 541 % 1.32
walking 3m eyes open 5804205
walking 3m eyes open rotating head 588+ 1.68
walking 3m eyes open pitching head 6204 1.83
walking 3m eyes closed 5544197
walking over bariers 15.6 + 6.61

Pitch
*/s (mean  SD)

BA

028+0.11
032 £0.13
1.48 £ 1.40
3.89+£2.76
529+154
0.42 £0.20
0.75 £0.31
3454277
554 £1.51
568+ 1.76
591183
6.19 £2.04
5.46 £1.59
143 £5657

P

0.669
0.938
0348
0.112
0.964
0.403
0.752
0.55

0.741
0.282
0.904
0.764
0.859
0.144

0.08
0.02
0.18
0.31
0.01
0.16
0.08
0.12
0.08
0.21
0.24
0.06
0.03
0.29

UA

0.30£0.12
0.32+£0.14
297 £4.18
6.39 £56.72
550+ 1.45
0.46 +0.24
0.82 +0.55
5.16 £3.61
7.39£294
73+3.05
764£3.13
729+£3.14
6.85£2.86
16.7 £7.61

Roll
o/s (mean  SD)

BA

031£0.18
0.34+£0.18
2.46 +3.02
678 £4.63
5594 157
0.56 £ 0.32
0.88 £0.53
6.52 + 569
7.88+254
641172
7.40£2.13
7.00 +2.06
6.40 £2.05
136+ 6.81

Clinically relevant results and tasks are marked in bold. BA, best aided; SD, standard deviation; SBDT, standard balance deficit test; UA, unaided.

0.684
0.587
0.205
0.855
0.989
0.01

0.374
0.112
0.288
0.026
0919
0.568
0.347
0.08

0.08
0.11
025
0.04
0.00
0.51
0.17
0.31
0.21
0.44
0.02
0.1
0.18
0.34





OPS/images/fneur-13-846999-t002.jpg
Stance position Description

NO eyes open

NG eyes closed

PO eyes open, with foam pads

PC eyes closed, with foam pads

HR eyes closed, head rotated 45° to the right
HL eyes closed, head rotated 45° to the left
HB eyes closed, head up (dorso-flexed)

HF eyes closed, head down (ventro-flexed)





OPS/images/fneur-13-846999-g003.gif
visual proprioceptive vestipular
259 1
- 20 T
os
o0
Uk  Ba - Y






OPS/images/fneur-13-846999-g004.gif
- oo

© o






OPS/images/fneur-13-846999-t003.jpg
Parameter

Fi
F2-4
56
F7-8

ST

WDI
Synch
Heel (%)
Loft (%)

Mean + SD

UA

19.1+£4.87
13.1 £4.50
6.05+ 197
1.07 £0.42
339+ 10.8
555+ 154
522 + 149
46.4£731
49.5 £ 3.03

BA

182+56.12
128 £4.13
5.89+ 157
1.04 £0.35
33.0+ 10.1
5.80 £ 1.59
531+ 128
458 £6.82
49.6 +3.58

P

0.386
0.430
0.415
0.476
0.276
0.264
0.624
0.823
0.651

n
0.032
0.026
0.028
0.021
0.049
0.052
0.010
0.001
0.009

d

0.18
0.16
0.17
0.15
0.23
0.23
0.10
0.08
0.01

F, frequency band; ST, stabilty indicator; WD, weight distribution index; Synch,
synchronization; Hee, Percentage ofload distribution forefoot vs. hinafioot with description
of heel loading; Left, Percentage of load distribution left vs. right with description of left

side loading.





OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Influence of Hearing Rehabilitation With Active Middle Ear and Bone Conduction Implants on Postural Control



		Introduction



		Materials and Methods



		Vestibulospinal Control



		Trunk Sway Measurement



		Postural Stability



		Subjective Analysis







		Results



		Demographics and Baseline Characteristics



		Vestibulospinal Control



		Trunk Sway Measurement With the VertiGuard-System



		IBS Force Plate Measurement



		Subjective Estimation







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Influence of Hearing Rehabilitation
With Active Middle Ear and Bone
Conduction Implants on Postural

Control





OPS/images/fneur-13-846999-g001.gif





OPS/images/fneur-13-846999-g002.gif
Hearingrehabittaion
(e

o









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





