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The significance of right ear
auditory processing to balance

Hanna Putter-Katz'*, Niza Horev*?, Erez Yaakobi® & Ella Been*

Although the association between balance and hearing thresholds at different frequencies in the right/
left ear is crucial, it has received scant empirical attention. Balance is widely ignored when evaluating
hearing in adults. This study examined the relative contribution of left versus right ear hearing at
different frequencies to balance, and the mediating role of suprathreshold speech perception on
age-balance associations. Pure tone hearing thresholds (500-4000 Hz), suprathreshold speech
perception, balance, and risk of falling were evaluated in 295 adults. The results indicate that the right
ear contributes more to balance than the left ear. This might imply dominance of the left hemisphere
in processing hearing cues for balance. Frequencies within the speech range (500/1000/2000 Hz) were
correlated with balance and mediated the interaction between age and balance. These results should
be considered when tailoring hearing and balance rehabilitation programs.

Beginning with the discovery of the left-hemispheric dominance of language'~ there has been a consensus that
practically all higher functions, including memory, learning, perception, spatial cognition, attention, complex
motor skills, and emotion processing show some degree of lateralization®®. Specifically, right ear processing is
significantly more efficient for speech stimuli’. In recent years, a growing body of evidence has suggested that
hearing cues contribute to balance®’. Studies show that auditory information can be integrated with vestibular,
somatosensory, and visual signals to improve balance, orientation, and gait'®'*. Despite its importance, to the
best of our knowledge, the relative contribution of the right/left ear to balance has never been explored.

Shayman et al."? reported that external auditory input contributes meaningful information to vestibular self-
motion cues in a frequency-dependent manner. They showed that auditory cues significantly improve sensitivity
to self-motion perception below 0.5 Hz, whereas vestibular cues contribute more at higher frequencies. However,
the ways in which hearing thresholds at different frequencies potentially influence balance control remain unclear.

To improve the ecological validity of the human hearing-balance relationship Criter & Gustavson'* and
Carpenter & Campos'® recommended that future research should use real life environments and functional
indices rather than relying solely on a laboratory-based approach consisting of pure-tone hearing thresholds.
One of the first signs of hearing deterioration is difficulty in understanding speech in challenging everyday
listening situations'>-'?. However, very little is known about the interaction between the deterioration of speech
perception and balance.

Falling and its consequences have a significant impact on individuals (loss of quality of life, nursing home
admissions) and society (healthcare costs)”"*. Early detection of balance disorders and possible interventions can
potentially reduce falling and prevent its consequences'?. Recent studies have shown that auditory information
can be integrated with vestibular, somatosensory, and visual signals to improve balance, orientation, and gait!*-"%.
However, hearing status is rarely taken into account when evaluating gait and balance®’.

To respond to these needs, the current study examined the interaction between hearing and balance in a
group of adults, using functional indices of hearing and balance. It then explored the relative contribution of
the left versus right ear at different frequencies to balance. The findings should lead to a better understanding
of the age-balance association.

Results
The descriptive statistics and inter-correlations for hearing and balance measures are presented in Tables 1 and
2, respectively. Table 3 provides a list of abbreviations.

Balance was significantly correlated with the Pure Tone Average 1 (PTAL1, calculated as the average hear-
ing threshold at 500 Hz, 1000 Hz, and 2000 Hz), Pure Tone Average 2 (PTA2, calculated as the average hear-
ing threshold at 1000 Hz, 2000 Hz, and 4000 Hz), the Words In Noise test WIN 50% SNR, and with hearing
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Right ear Left ear
Measures M SD M SD
WIN 50% SNR 4.65 3.23 4.94 3.79
PTA 1 (in dB) 19.81 8.20 |20.33 9.69
PTA 2 (in dB) 20.75 9.72 | 21.68 |11.00

4000 Hz 25.02 |14.75 |27.34 |15.48
2000 Hz 17.83 | 10.39 |18.44 |12.24
1000 Hz 19.41 9.06 |19.08 |10.48
500 Hz 21.97 9.20 | 21.68 9.78

TUG (seconds) 8.77 1.44

Table 1. Means (M) and standard deviations (SD) for the hearing and balance variables. WIN, words in noise,
SNR, signal to noise ratio in dB, PTA, pure tone average in dB, TUG, timed up and go (in seconds).

REWIN | LEWIN |RE LE RE LE RE RE RE RE LE LE LE LE
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Table 2. Inter-correlations (Pearson correlations) between the age, hearing, and balance variables. RE, right
ear, LE, left ear, WIN, words in noise, PTA, pure tone average, TUG, timed up and go. *p <.05, **p<.01,
*H%

p<.001.

Abbreviation | Full name

PTA Pure tone average

WIN Words in Noise test

HWIN Hebrew version of the Words in Noise test
TUG Timed Up and Go test

Hz Hertz

dB Decibel

SNR Signal- to- noise ratio

Table 3. Abbreviations.
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Figure 1. The mediating effects of hearing status on age and balance. Directionality was determined based on
research demonstrating the impact of hearing and hearing loss on balance®!*!5. ¢ = Total effect. C’ =the effect of
age on balance, controlling for the effect of hearing status.

thresholds at 500 Hz, 1000 Hz, and 2000 Hz but not at 4000 Hz, in both ears. Age was significantly correlated with
the PTA 1/2, WIN 50% SNR, hearing thresholds (500 Hz, 1000 Hz, 2000 Hz, 4000 Hz) and balance in both ears.

Mediation effects. Since there was a significant correlation between age and balance, age and hearing, and
balance and hearing, the mechanism underlying the observed relationship between age and balance (Fig. 1) was
explored further. To test for a mediation effect, we used the PROCESS add-on in SPSS. This macro calculates
two regression analyses. The first estimates the effect of age on hearing measures (path a). The second regression
estimates the effect of hearing measures on balance (path b) controlling for age. The cross-product a*b is consid-
ered an estimation of the indirect effect of age on balance via hearing measures. The significance of the indirect
effect was calculated with a 95% confidence interval bootstrapping approach because the sampling distribution
of the indirect effect is known to be skewed. Cases where the 95%CI does not include zero are equivalent to a
significant effect at alpha <0.05.

Significant associations were observed between age and hearing measures (Path a: supplementary data are
available online Table S1-7). For the right ear, WIN 50% SNR, PTA1 and hearing thresholds (500 Hz, 1000 Hz,
2000 Hz) were associated with balance after controlling for individuals’ age (Path b). PTA2 and hearing thresholds
4000 Hz were not associated with balance after controlling for individuals’ age (supplementary data are available
online Table S1-S7). By contrast, for the left ear, only PTA1, 500 Hz, and 1000 Hz were associated with balance
after controlling for age. The WIN 50% SNR, PTA2, 2000 Hz, and 4000 Hz were not associated with balance
(Path b: supplementary data are available online Table S1-S7).

The results for the indirect analyses (Path a*b) are presented in Table 4.

As shown in Table 4, five mediation effects were observed for the right ear but only three for the left ear.
For the right ear, WIN 50% SNR, PTA1 and hearing thresholds (500 Hz, 1000 Hz, 2000 Hz) fully mediated the
association between age and balance. Bootstrap results showed that the bootstrapped 95% CI around the indirect
effect did not include zero. On the other hand, hearing thresholds of 4000 Hz and PTA2 did not mediate the
association between age and balance (Fig. 2).

For the left ear, PTA1, 500 Hz and 1000 Hz mediated the association between age and balance. Bootstrap
results for these measures showed that the bootstrapped 95% CI around the indirect effect did not include zero
(Path a*b). On the other hand, WIN 50% SNR, PTA2 and hearing thresholds of 2000 Hz, and 4000 Hz did not
mediate the association between age and balance. Bootstrap results for these measures showed that the boot-
strapped 95% CI around the indirect effect included zero.

To determine whether the right or left ear was more likely to mediate the association between age and bal-
ance, we conducted a parallel mediation model in which both ears competed with each other as an explanatory
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Right ear Left ear
B [sE [riciosw [uLciosw [p  [SE [LLCI95% | ULCI9S%

Indirect effects and significance using the normal distribution

Bootstrap results for indirect effects

WIN 50% SNR .07 .03 .018 128 .04 .03 | -.001 101
PTA1 .05 .02 017 094 .04 .02 .002 076
PTA2 .04 .02 | -.006 .090 .03 .02 | -.006 .080
500HZ .03 .02 .007 .069 .03 .02 .005 .061
1000HZ .04 .02 012 075 .03 .01 .004 .060
2000HZ .04 .02 .003 .088 .03 .02 | -.002 .075
4000HZ .003 | .02 | -.044 .050 .003 | .02 | -.041 .047

Table 4. Regression results for the simple mediation of the right and left ears on the association between
age and balance through hearing measures (Path a*b). Unstandardized regression coeflicients are reported.
Bootstrap sample size =5000. LL, lower limit; CI, confidence interval; UL, upper limit. Significant mediation
effects are in bold. As shown, five mediation effects were observed for the right ear but only three for the

left ear. The significance of the indirect effect was calculated with a 95% confidence interval bootstrapping
approach because the sampling distribution of the indirect effect is known to be skewed. Cases where the
95%CI does not include zero are equivalent to a significant effect at alpha <.05.

mechanism. As presented in Table 5, for WIN 50% SNR and PTA1, the right ear emerged as a significant mediator
whereas the left ear was not significant. For PTA2, neither ear was more dominant.

Discussion

The results of the current study indicate a stronger contribution of the right ear to balance than the left ear. Con-
sistently, the correlations between the right ear and balance were higher than those for the left ear. In the right
ear, almost all the hearing measures mediated the relationship between age and balance (WIN 50% SNR, PTA 1,
hearing thresholds 500 Hz/1000 Hz/2000 Hz). By contrast, in the left ear, only PTA 1 and hearing thresholds of
500 Hz/1000 Hz mediated this interaction. Hearing measures for the right ear evidenced a stronger mediation
effect than the left ear with respect to the interaction between age and balance (Tables 4, 5). These results may
point to the dominance of the left hemisphere in processing hearing cues for balance.

To the best of our knowledge, this is the first study to suggest hemispheric lateralization and left hemisphere
dominancy to account for the hearing-balance relationship. This should come as no surprise since all the major
cognitive functions including language, spatial and emotional processing are lateralized'°. The right ear advan-
tage is well-known for the processing of verbal stimuli, reflecting left hemispheric dominance for language®*-.
Studies have argued for the enhanced role of the left hemisphere in the control of motor actions®. Although
hemispheric function for postural control and balance is not fully understood, most studies indicate that the right
cerebral hemisphere plays a more prominent role in the efferent processes responsible for balance control?!-*%.
For example, Golomer et al.?! found that right hemispheric visual dominance is particularly useful for postural
control in complex equilibrium conditions. On the other hand, Cioncoloni et al.** suggested that the left hemi-
sphere plays a critical role in the selection of the appropriate postural control strategy. These findings emphasize
the fact that the cerebral role in postural control and the cortical mechanisms of spatial hearing are complex
processes, and more research is needed to elucidate them?2°.

Very little is known about the contribution of hearing at different frequencies to balance'. The current find-
ings suggest that frequencies within the speech range (500/1000/2000 Hz) are correlated with balance. Both
PTA 1 (the average of the hearing thresholds of 500 Hz, 1000 Hz, and 2000 Hz) which is the clinical predictor
of the speech reception threshold (SRT), and WIN (speech perception in noise) in the right ear mediated the
interaction between age and balance. These results raise the possibility that deterioration of speech perception
in the presence of noise might indicate balance deterioration. However, pure tone thresholds of 4000 Hz, in both
ears, were not correlated with balance and did not mediate the relationship between age and balance. Since age-
related hearing loss is characterized by bilateral hearing loss above 2000 Hz, this strengthens the claim that the
relationship between hearing and balance is affected by factors other than age-related hearing loss.

The current study shows that hearing interacts significantly with balance in adults (Table 2). This is consistent
with data reported in Agmon et al.%, Criter & Gustavson'*, Carpenter & Campos'?, Li et al.”’, Rumalla et al.?*,
Campos et al.?? and Doettl et al.*. Specifically, Lin and Ferrucci'® found that for every 10 dB increase in hearing
loss, the probability of an individual reporting a fall increased by 1.4. The interaction between hearing and bal-
ance has also been reported in patients with hearing loss'**'. Impaired balance was also found to exist in younger
populations with hearing impairments®>*. This association between hearing loss and falls may be accounted for
by several mechanisms: (a) physiological mechanisms that may influence auditory and postural systems. These
could involve a concomitant dysfunction of both cochlear and vestibular sensory organs given their shared
location within the labyrinth in the inner ear, or age-related changes in the corpus callosum that could affect
both hearing and walking®*%; (b) cognitive mechanisms such as paying attention to postural control might tap
cognitive resources. Fewer cognitive resources and less attention due to hearing loss may impair postural balance
in real life situations and increase the risk of falling®*>*; (c) behavioral mechanisms such as hearing loss might
influence spatial orientation, social parameters, and the interaction between the effects of reduced mobility and
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Figure 2. The mediating effects of WIN 50% SNR on age and balance for the right and left ears.

Right ear Left ear
B |SE |LLCI9S% |ULCI95% |B |SE [1LCI95% |ULCI95%

Indirect effects and significance using the normal distribution

Bootstrap results for indirect effects

WIN 50% SNR .010 |.005 .001 .002 .002 |.004 | -.006 012
PTA1 .014 | .007 .002 .029 -.002 |.006 | -.013 .010
PTA2 .008 |.008 | -.010 025 .002 |.007 | -.011 .018

Table 5. Comparing indirect effects for the right vs. left ears. Unstandardized regression coefficients are
reported. Bootstrap sample size =5000. LL, lower limit; CI, confidence interval; UL, upper limit. Significant
mediation effects are in bold. The significance of the indirect effect was calculated with a 95% confidence
interval bootstrapping approach because the sampling distribution of the indirect effect is known to be skewed.
Cases where the 95%CI does not include zero are equivalent to a significant effect at alpha <.05.
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reduced auditory inputs. Hearing deterioration may thus restrict a person’s ability to monitor and perceive audi-
tory environmental cues that provide spatial orientation®.

Consistent with previous studies*”*® the current study found a decline in hearing and balance with advancing
age. Furthermore, the findings indicated that balance was correlated with hearing, even when controlling for age.
As demonstrated in the current study, hearing mediated the interaction between age and balance. This implies
that one of the reasons for the deterioration of balance with advancing age may result from hearing deterioration.
This finding is supported by previous studies indicating that balance deterioration is positively correlated with
the extent of hearing deterioration in hearing-impaired populations®***.

The current study used hearing tests that simulate everyday hearing situations (WIN), in addition to the
commonly used index of hearing thresholds (pure tone thresholds in the range of 0.5-4.0 kHz). These tests were
selected based on recommendations in previous studies'#!>?**!, in an attempt to better preserve the ecologi-
cal validity of the human hearing-balance relationship. It is also important to note that since balance is a very
complex function, the results of the balance test used in the current study (TUG) might have been affected by
other factors such as peripheral hearing, vestibular, and visual factors. However, TUG is considered to be a good
diagnostic tool for balance and risk of falling?, and is often being used in research evaluating balance in adult
populations'**. Further research should explore these topics in a variety of populations in different age groups
and while using a variety of hearing/balance measures and pathologies.

Thus overall, the correlations between hearing and balance and the mediating effect of speech range frequen-
cies on the age and balance relationship suggest that difficulties in understanding speech in adults over the age of
45y may indicate reduced balance and might imply the need for a balance evaluation. At the same time, balance
difficulties may indicate the need for a hearing evaluation. Thus, the current study supports previous research
recommending the evaluation of balance in individuals with hearing deterioration®*, in order to potentially
reduce falling and prevent its consequences. The relatively greater contribution of the right ear to balance,
compared to the left ear, should be considered during hearing evaluation and rehabilitation. Hearing may thus
contribute to balance in addition to visual, vestibular, and proprioceptive input.

Materials and methods
Participants. A sample of 295 community dwelling adults (181 female and 114 male) aged 46-75 years
(58.5+6.1), participated in this study. Written informed consent was obtained from all subjects. All participants
underwent two hearing tests (Standard Pure-Tone Audiometry test and Words-in-Noise—WIN), one balance
test (Timed Up and Go—TUG) and the Montreal Cognitive Assessment—MoCA. All methods were performed
in accordance with the relevant guidelines and regulations.

Exclusion criteria included poor physical health®, mobility using walking aids, and suspected presence of
mild cognitive impairment as defined by the MoCA <26/30%. After signing the informed consent form and
completing the MoCA questionnaire, the participants were administered the hearing and the balance tests.

Hearing and balance evaluation. Hearing in the right and left ears was evaluated using Standard Pure-
Tone Audiometry, and the Hebrew version of Words-in-Noise (HWIN) test*®*”. To assess hearing thresholds, the
Standard Pure-Tone Audiometry*® was administered at octave levels from 500 to 4000 Hz using a HARP mobile
audiometer with TDH-50 earphones (Grason-Stadler Inc, Eden Prairie, MN; Guymark UK Limited, West Mid-
lands, UK). The pure tone average 1 (PTA1) was calculated as the average hearing threshold at 500 Hz, 1000 Hz,
and 2000 Hz. PTAL is regarded as a predictor of the speech reception threshold. The pure tone average 2 (PTA2)
was calculated as the average hearing threshold at 1000 Hz, 2000 Hz, and 4000 Hz. PTA2 emphasizes the weight
of high frequencies to hearing.

The WIN is a word-recognition test to assess speech perception in noise*®. The Hebrew version of the WIN
consists of two lists of 35 common consonant—vowel-consonant (CVC) words mixed with 6 talkers’ babble at 7
signal- to- noise ratios (SNRs) from 24 to 0 dBgyy in 4 dB increments. The two lists were presented to each subject,
one for each ear for open set identification?”. The total number of correctly identified words and the 50% point
in dBgyr (WIN 50% SNR) for each ear was calculated using the Spearman-Karber Eq. #.

Performance-based balance was measured using the timed up and go test (TUG). The TUG is a widely
used instrument that examines balance, functional mobility, and risk of falling across multiple adult
populations'#**-33, The test requires the subject to stand up, walk 3 m, turn, walk back, and sit down. Time taken
to complete the test is strongly correlated with level of balance and functional mobility. Cognition was assessed
by the Hebrew version® of the MoCA*.

Statistical analysis. The statistical analysis was performed using IBM SPSS Statistics for Windows v.24.
The data were expressed as the mean + standard deviation (SD). Pearson’s correlation analysis was used to deter-
mine the correlation between age, hearing tests and balance tests. A value of p <0.05 was considered statistically
significant. To examine the mediational role of the hearing measures, the PROCESS macro*! Model 4 was used
to calculate four sets of regressions (Fig. 1). The first set of regressions examined the associations between the
predictors (age) and mediating variables (hearing measures), Path a. The second set of regressions examined the
links from the mediators (hearing measures) to the outcomes (balance) controlling for age, Path b. The third set
of regressions examined the direct associations between the predictors (age) and the outcome (balance), Path
c. The fourth set of regression examined the direct associations between the predictors (age) and the outcome
(balance) controlling for the mediators (hearing measures), Path ¢ To test the significance of the indirect effects
of age on balance through hearing deterioration, the bootstrapping approach was used and the 95% CI for the
indirect effects on 5,000 resamples was calculated®.

Scientific Reports |

(2022) 12:19796 | https://doi.org/10.1038/s41598-022-24020-z nature portfolio



www.nature.com/scientificreports/

Ethical considerations. This study was approved by the institutional review board for the protection of
human subjects of Ono Academic College (2019090n0).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 8 August 2022; Accepted: 8 November 2022
Published online: 17 November 2022

References

1.

Broca, P. Remarks on the seat of the faculty of articulated language, following an observation of aphemia (loss of speech). Bulletin
de la Société Anatomique. 6, 330-357 (1865).

2. Berker, E. A., Berker, A. H. & Smith, A. Translation of Broca’s 1865 report: Localization of speech in the third left frontal convolu-
tion. Arch. Neurol. 43(10), 1065-1072 (1986).

3. Broca, P. Sur le si¢ge de la faculté du langage articulé. Bulletins et Mémoires de la Société d’Anthropologie de Paris 6.1, 377-393
(1865).

4. Hellige, J. B. Unity of thought and action: Varieties of interaction between the left and right cerebral hemispheres. Curr. Dirt Psychol.
Sci. 2(1), 21-26 (1993).

5. Davidson, R. ]. & Hugdahl, K. Baseline asymmetries in brain electrical activity predict dichotic listening performance. Neuropsychol
10(2), 241 (1996).

6. Hirnstein, M., Andrews, L. C. & Hausmann, M. Gender-stereotyping and cognitive sex differences in mixed-and same-sex groups.
Arch. Sex Behav. 43(8), 1663-1673 (2014).

7. Behtani, L. et al. Right-ear advantage for unaided and aided speech perception in noise in older adults. J. Int. Adv. Otol. 17(2),
115-120 (2021).

8. Agmon, M., Lavie, L. & Doumas, M. The association between hearing loss, postural control, and mobility in older adults: A sys-
tematic review. J. Am. Acad. Audiol. 28(6), 575-588 (2017).

9. van Rie, K. J., Kanji, A. & Naudé, A. Professional guidelines and reported practice of audiologists performing fall risk assessment
with older adults: A systematic review. Am. J. Audiol. 31(1), 243-260 (2022).

10. Lin, E R. & Ferrucci, L. Hearing loss and falls among older adults in the United States. Arch. Intern. Med. 172(4), 369-371 (2012).

11. Shayman, C.S., Earhart, G. M. & Hullar, T. E. Improvements in gait with hearing aids and cochlear implants. Otol. Neurotol. 38(4),
484 (2017).

12. Shayman, C. S. et al. Frequency-dependent integration of auditory and vestibular cues for self-motion perception. J. Neurophysiol.
123(3), 936-944 (2020).

13. Tiase, V. L. et al. Impact of hearing loss on patient falls in the inpatient setting. Am. J. Prev. Med. 58(6), 839-844 (2020).

14. Criter, R. E. & Gustavson, M. Subjective hearing difficulty and fall risk. Am. J. Audiol. 29(3), 384-390 (2020).

15. Carpenter, M. G. & Campos, J. L. The effects of hearing loss on balance: A critical review. Ear Hear. 41, 107S-119S (2020).

16. Humes, L. E. Speech understanding in the elderly. J. Am. Acad. Audiol. 7,161-167 (1996).

17. Divenyi, P. L., Stark, P. B. & Haupt, K. M. Decline of speech understanding and auditory thresholds in the elderly. J. Acoust. Soc.
Am. 118(2), 1089-1100 (2005).

18. Vitkovic, J., Le, C., Lee, S. L. & Clark, R. A. The contribution of hearing and hearing loss to balance control. Audiol. Neurotol. 21(4),
195-202 (2016).

19. Decruy, L., Vanthornhout, J. & Francart, T. Evidence for enhanced neural tracking of the speech envelope underlying age-related
speech-in-noise difficulties. J. Neurophysiol. 122(2), 601-615 (2019).

20. Mutha, P. K., Haaland, K. Y. & Sainburg, R. L. The effects of brain lateralization on motor control and adaptation. J. Mot. Behayv.
44(6), 455-469 (2012).

21. Golomer, E. et al. Right hemisphere in visual regulation of complex equilibrium: The female ballet dancers’ experience. Neurol.
Res. 32(4), 409-415 (2010).

22. Fernandes, C. A., Coelho, D. B., Martinelli, A. R. & Teixeira, L. A. Right cerebral hemisphere specialization for quiet and perturbed
body balance control: Evidence from unilateral stroke. Hum. Mov. Sci. 57, 374-387 (2018).

23. Coelho, D. B, Fernandes, C. A., Martinelli, A. R. & Teixeira, L. A. Right in comparison to left cerebral hemisphere damage by
stroke induces poorer muscular responses to stance perturbation regardless of visual information. J. Stroke Cerebrovasc. Dis. 28(4),
954-962 (2019).

24. Teixeira, L. A. Interlateral asymmetries of body balance control resulting from cerebral stroke. In Locomotion and posture in older
adults (Springer, Cham]2017) pp. 291-305.

25. Cioncoloni, D. et al. Role of brain hemispheric dominance in anticipatory postural control strategies. Exp. Brain Res. 234(7),
1997-2005 (2016).

26. van der Heijden, K., Rauschecker, J. P,, de Gelder, B. & Formisano, E. Cortical mechanisms of spatial hearing. Nat. Rev. Neurosci.
20(10), 609-623 (2019).

27. Li, L., Simonsick, E. M., Ferrucci, L. & Lin, F. R. Hearing loss and gait speed among older adults in the United States. Gait Posture
38(1), 25-29 (2013).

28. Rumalla, K., Karim, A. M. & Hullar, T. E. The effect of hearing aids on postural stability. Laryngoscope. 125(3), 720-723 (2015).

29. Campos, J., Ramkhalawansingh, R. & Pichora-Fuller, M. K. Hearing, self-motion perception, mobility, and aging. Hear Res. 369,
42-55(2018).

30. Doettl, S. et al. Vestibular evoked myogenic potentials and postural control in adults with age-related hearing loss. J. Am. Acad.
Audiol. 32(09), 567-575 (2021).

31. Parietti-Winkler, C., Lion, A., Montaut-Verient, B., Grosjean, R., & Gauchard, G. C. Effects of unilateral cochlear implantation on
balance control and sensory organization in adult patients with profound hearing loss. BioMed Res. Internat](2015).

32. De Kegel, A., Maes, L., Baetens, T., Dhooge, I. & Van Waelvelde, H. The influence of a vestibular dysfunction on the motor develop-
ment of hearing-impaired children. Laryngoscope 122(12), 2837-2843 (2012).

33. de Souza Melo, R. et al. Balance performance of children and adolescents with sensorineural hearing loss: Repercussions of hearing
loss degrees and etiological factors. Int. J. Pediatr. Otorhinolaryngol. 110, 16-21 (2018).

34. Lin, E R. et al. Hearing loss and cognition in the Baltimore longitudinal study of aging. Neuropsychology 25, 763770 (2011).

35. Lin, E R., Niparko, J. K. & Ferrucci, L. Hearing loss prevalence in the United States. Arch. Intern. Med. 171, 1851-1852 (2011).

36. Lin, E R, Thorpe, R., Gordon-Salant, S. & Ferrucci, L. Hearing loss prevalence and risk factors among older adults in the United
Sates. J. Gerontol. A Biol. Csi Med. Sci. 66, 582-590 (2011).

37. Carr, S., Pichora-Fuller, M. K,, Li, K. Z. & Campos, J. L. Effects of age on listening and postural control during realistic multi-tasking
conditions. Hum. Mov. Sci. 73, 102664 (2020).

Scientific Reports|  (2022) 12:19796 | https://doi.org/10.1038/s41598-022-24020-z nature portfolio



www.nature.com/scientificreports/

38. Bruce, H. et al. The effects of age and hearing loss on dual-task balance and listening. J. Gerontol. Series B 74(2), 275-283 (2019).

39. Ernst, A., Basta, D., Mittmann, P. & Seidl, R. O. Can hearing amplification improve presbyvestibulopathy and/or the risk-to-fall?.
Eur. Arcs Oto Rhino L 278(8), 2689-2694 (2021).

40. Bang, S. H. et al. Association between hearing loss and postural instability in older Korean adults. JAMA Otolaryngol. Head Neck
Surg. 146(6), 530-534 (2020).

41. Keidser, G. et al. The quest for ecological validity in hearing science: What it is, why it matters, and how to advance it. Ear Hear.
41(Suppl 1), 55 (2020).

42. Graft, K. et al. Using the TUG test for the functional assessment of patients with selected disorders. Int. J. Environ. Res. Public
Health. 19(8), 4602 (2022).

43. Park, ]. H. Is dual-task training clinically beneficial to improve balance and executive function in community-dwelling older adults
with a history of falls?. Int. J. Environ. Res. Public Health. 19(16), 10198 (2022).

44. Criter, R. E. & Honaker, J. A. Fall risk screening protocol for older hearing clinic patients. Int. J. Audiol. 56(10), 767-774 (2017).

45. Nasreddine, Z. S., Phillips, N. A. & Bedirian, V. The Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cogni-
tive impairment. J. Am. Geriatr. Soc. 53(4), 695-699 (2005).

46. Wilson, R. H., Abrams, H. B. & Pillion, A. L. A word-recognition task in multitalker babble using a descending presentation mode
from 24 dB to 0 dB signal to babble. J. Rehabil. Res. Dev. 40(4), 321-328 (2003).

47. Putter- Katz, H. and Horev, N. ARHL, Working memory and Ear effects on Speech recognition in noise of older listeners. Aging
and Speech Communication, Tampa, Florida, USA. (2017).

48. British Society of Audiology. Pure-tone air-conduction and bone-conduction threshold audiometry with and without masking:
Recommended procedure. (2011).

49. Finney, D. J. Probit analysis: a statistical treatment of the sigmoid response curve (Cambridge University Press, 1952).

50. Podsiadlo, D. & Richardson, S. The timed “Up & Go”: A test of basic functional mobility for frail elderly persons. J. Am. Geriatr.
Soc. 39(2), 142-148 (1991).

51. Bohannon, R. W. Reference values for the timed up and go test: A descriptive meta-analysis. J. Geriatr. Phys. Ther. 29(2), 64-68
(2006).

52. Christopher, A. et al. The reliability and validity of the timed Up and Go as a clinical tool in individuals with and without disabili-
ties across a lifespan: A systematic review: psychometric properties of the Timed Up and Go. Disabil. Rehabil. 43(13), 1799-1813
(2021).

53. Feldman, R., Schreiber, S., Pick, C. G. & Been, E. Gait, balance, mobility and muscle strength in people with anxiety compared to
healthy individuals. Hum. Mov. Sci. 67, 102513 (2019).

54. Lifshitz, M., Dwolatzky, T. & Press, Y. Validation of the Hebrew version of the MoCA test as a screening instrument for the early
detection of mild cognitive impairment in elderly individuals. J. Geriatr. Psychiatry Neurol. 25(3), 155-161 (2012).

55. Hayes, A. E. Introduction to mediation, moderation, and conditional process analysis: A regression-based approach (Guilford publica-
tions, 2017).

Acknowledgements
The authors would like to thank Mr. Shay Leibovich for the statistical analysis.

Author contributions

H.PK contributed to the design of the work, the acquisition, analysis, and interpretation of data, and writing
the manuscript. E.B contributed to the design of the work, the analysis, interpretation of data, and writing the
manuscript. N.H contributed to the design of the work, the acquisition and data analysis. E.Y contributed to
data analysis, interpretation of data, and writing the manuscript.

Funding
This work was supported by the Research Authority of Ono Academic College. The authors declare that there
is no conflict of interest.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24020-z.

Correspondence and requests for materials should be addressed to H.P.-K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:19796 | https://doi.org/10.1038/s41598-022-24020-z nature portfolio


https://doi.org/10.1038/s41598-022-24020-z
https://doi.org/10.1038/s41598-022-24020-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The significance of right ear auditory processing to balance
	Results
	Mediation effects. 

	Discussion
	Materials and methods
	Participants. 
	Hearing and balance evaluation. 
	Statistical analysis. 
	Ethical considerations. 

	References
	Acknowledgements


