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Abstract: Hearing loss, particularly in older adults, is associated with reduced physical functioning,
increased fall risk, and altered gait patterns, including slower walking speed and shorter step length.
While underlying mechanisms are not fully understood, one possibility is that these gait changes result
from an additional cognitive load due to hearing difficulties. Prior research suggests hearing aids may
improve balance, however, their impact on gait remains less well explored. This study investigated gait
parameters in individuals with hearing loss while walking with and without hearing aid amplification
under different dual-task conditions. Additionally, we showed the potential of ear-worn sensors for
detecting relevant gait changes. To achieve this, we used a hearing-aid-integrated accelerometer and
our open-source EarGait framework comprising gait-related algorithms specifically developed for
ear-worn sensors. Our findings revealed no significant differences in gait velocity and step length
between the unaided and aided conditions. For stride time, we observed a significant interaction effect;
however, the effect size was negligible. The dual-task costs were lower compared to previous reports,
indicating that the applied dual-task paradigm did not induce the expected cognitive demand. Hence,
our findings indicate that in controlled, low cognitive-demand settings, hearing aid amplification
does not affect gait performance and, therefore, neither hinders nor improves walking performance.
Additionally, the high accuracy of the ear-worn gait analysis system, validated against foot-worn
sensors, highlights the strong potential of earables for real-world mobility assessments. Future research
should explore more complex real-world conditions to better understand the hearing aid’s impact
on walking behavior. Our proposed earable-based system offers a promising tool for continuous,
unobtrusive gait monitoring in everyday environments.

Keywords: earables; hearing aid; gait; accelerometer; dual task; amplification; gait analysis; hearing
loss

1. Introduction
Disabling hearing loss (HL) affects over 5 % of the global population, with projections rising

to 10 % by 2050 [1]. Beyond the auditory impairment itself, HL may come with many challenges,
including social isolation and depression, lower quality of life, and accelerated cognitive decline.
Notably, HL has also been linked to higher fall risks and deficits in physical health, particularly
affecting balance and gait [2–5]. Individuals with hearing disabilities often exhibit slower walking
speed [6–8], reduced step length [9], and decreased walking endurance [4], with greater declines in
gait parameters observed as hearing loss severity increases [9]. Moreover, individuals with hearing
impairments have not only poorer physical performance but also faster decline over time [4].
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Despite these well-documented gait alterations in individuals with HL, the underlying mech-
anisms that link diminished postural control with hearing loss seem to be numerous and are not
completely understood [3]. One possible explanation is physiological and pathological mechanisms [2].
Age-related neural degeneration may contribute to simultaneous declines in hearing and walking
abilities, while inner-ear pathologies affecting both the cochlear and vestibular systems could lead
to concurrent hearing deficits and postural instability. However, studies that account for these co-
morbidities have not provided conclusive evidence to support this assumption [2]. Alternatively,
cognitive mechanisms have been suggested as a potential link between HL and impaired mobility.
Individuals with HL may allocate more cognitive resources to auditory processing, leading to reduced
resources for mobility [2,10]. Given that attentional control declines with age, the inability to hear
may further increase the demand for attention resources [11]. Engaging in the simultaneous tasks
of listening, processing auditory information, and walking may significantly limit overall physical
performance. However, the additional listing effort while moving has not been carefully considered
regarding mobility-related outcomes [12].

Previous research connecting HL and gait has largely focused on investigating inter-group gait
differences between individuals with hearing deficits and those with normal hearing [8,13]. While
some studies also analyzed whether HA usage affects physical performance over time, findings remain
inconclusive. Chen et al. [7] reported no significant difference between HA users and non-users,
whereas Martinez-Amezcua et al. [14] found that HA users exhibit better walking endurance in the
long term. Although hearing interventions have shown potential benefits for balance [15,16], their
direct influence on walking behavior remains unclear. To the best of our knowledge, the direct effect of
HA amplification on gait patterns in real-world and cognitively demanding conditions has not been
investigated yet.

Beyond their role in auditory perception, modern HAs are increasingly equipped with integrated
motion sensors, presenting an opportunity to assess mobility alongside their primary function. Inertial
sensors, including accelerometers, have been widely applied in mobility and gait assessments, offering
valuable insights into gait patterns and impairments. Ear-worn sensors, in particular, provide distinct
advantages due to their lightweight, unobtrusive design and seamless integration into daily life [17].
Recent advancements have led to the development of various algorithms for ear-based gait analysis
[18–21], demonstrating promising results, though their accuracy remains slightly lower than that of
foot-worn sensors [21]. While these algorithms have been technically validated and limitations are
known, it has not yet been investigated whether ear-worn sensors can reliably detect meaningful
changes in gait, such as those associated with HL, or serve as a viable tool for mobility monitoring
under real-world conditions.

In this work, we investigate the effect of HA amplification on gait parameters in individuals
with hearing disabilities while walking with and without HA amplification. To simulate real-world
cognitive demands, we employ a dual-task paradigm that requires participants to engage in both
auditory and motor tasks simultaneously. We hypothesize that HA amplification reduces cognitive
load associated with auditory perception, thereby facilitating a more stable gait pattern in dual-task
conditions. Furthermore, we assess the potential of a hearing aid-integrated accelerometer to measure
relevant changes in gait. An open-source gait analysis toolbox that has been developed specifically for
ear-worn sensors will be applied to estimate gait features. While the individual algorithms have been
technically validated [20,21] and limitations have been shown, the pipeline has yet not been applied
for analyzing specific gait-related research questions. Therefore, all experiments are conducted with a
hearing-aid integrated accelerometer and two foot-worn inertial sensors. Figure 1 depicts a graphical
summary of our work.
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Figure 1. Overview of the gait analysis study investigating the effect of hearing amplification on gait parameters
in dual-task scenarios. Gait parameters (GP) were estimated using EarGait, an open-source gait analysis pipeline
specifically designed for ear-worn accelerometers.

By investigating the influence of HA amplification on gait and evaluating the potential of ear-worn
sensors for mobility assessment, this study aims to advance our understanding of the relationship
between auditory function and locomotion. Our findings may contribute to the development of novel,
unobtrusive monitoring solutions for individuals with HL, ultimately improving mobility assessments
and fall prevention strategies in real-world environments.

2. Data Collection
2.1. Participants

A study was conducted to collect walking data for individuals with HL while walking aided
and unaided. 25 subjects with hearing disabilities participated in this study, and the demographic
characteristics are displayed in Table 1. The participants gave written consent prior to the recording,
and the study was granted ethical approval by the local ethics committee (Friedrich-Alexander-
Universität Erlangen-Nürnberg, Germany; Re-No. 22-335-Sm). All participants suffered from mild to
severe and bilateral hearing loss. A pure-tone audiogram was recorded by a trained professional if no
recent audiogram (six months or less) was available. The PTA4 (pure tone average for four frequencies:
0.5, 1, 2, and4 k Hz) was 39.9 ± 11.3 dB and the average audiogram is depicted in Figure 2. To assess
cognitive function and mobility, several standardized clinical instruments and questionnaires were
applied: the Montreal Cognitive Assessment (MoCa) [22], the Fall Efficacy Scale (FES-I) [23], the Timed
Up-and-Go test (TUG) [24], and Short Physical Performance Battery (SPPB) [25]. The results of these
tests are displayed in Table 1. Ten participants showed a mild cognitive impairment in the MoCa,
however, no dementia. The SPPB and TUG assessments indicated that five participants exhibited mild
mobility impairments, though these impairments remained within a range classified as having no
significant impact on daily functioning.
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Figure 2. Average hearing loss across all participants for left (blue) and right (red) ear for the main speech-specific
frequencies. The shaded area depicts the standard deviation across all participants. The PTA4 (pure tone average)
is 39.9 ± 11.3 dB.

Table 1. Participants’ demographics characteristics, pure-tune average (PTA), and results of cognitive and mobility
assessments.

Characteristic mean± std

Total 25
Gender (m/f) 20 % female
Age (years) 68.2 ± 16.0
Height (cm) 176.5 ± 7.7
Weight (kg) 78.2 ± 13.1

PTA (dB) 39.9 ± 11.3

Assessments mean± std [min, max] Category

TUG (s) 9.0 ± 1.2 [6.9, 11.7] 0 fall risk [26]

MoCa 26.0 ± 2.1 [22, 30] 15 no impairment
10 MCI* [27]

FES-I 18.7 ± 2.7 [16, 26] 24 no fall risk
1 fall risk [28]

SPPB 10.5 ± 1.23 [8, 12] 20 no DIS
5 mild DIS** [25]

PTA - Pure-tone audiometry hearing loss (0.5-4kHz) MCI - mild cognitive impairment DIS - disabilities * but not demented **
but no impact on daily life.

2.2. Hearing Aid Fitting

Participants were equipped with a pair of hearing aids (left and right side; receiver-in-the canal)
provided by the hearing-aid manufacturing company Sivantos GmbH. HAs were fitted with the
NAL-NL2 [29] fitting prescription (experience level, adults, 100 % acclimatization, vented sleeves).
We configured two programs: one with amplification enabled and the other with amplification fully
disabled, referred to hereafter as ON and OFF conditions, respectively. The OFF program was required
for the unaided condition, as the motion data was recorded via the hearing-aids integrated inertial
measurement unit (IMU). Hence, participants needed to wear hearing aids for all conditions.

2.3. Inertial Sensors

The right HA featured an integrated IMU sensor (tri-axial accelerometer ±2 g; tri-axial gyroscope
±1000 °/s). Motion data was collected at fs =50 Hz via a smartphone app. Additionally, two foot-
worn IMUs (Portabiles GmbH, Erlangen, Germany; 3D accelerometer ±16g; 3D gyroscope ±2000 °/s,
fs = 204.8 Hz) were attached to the participant’s shoe serving as an additional measurement system.

2.4. Recording Procedure

After fitting the HAs to the individual’s needs, the Freiburger speech intelligibility test was
conducted in a controlled laboratory environment. The Freiburger test is a German monosyllabic word
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test and has been used as the gold standard for assessing word recognition scores in Germany [30].
The test was conducted while sitting in a quiet room in the ON and OFF program serving as baseline
measurement (BaseSpeech).

Afterwards, different walking tasks were performed. For each task, participants walked along a
35m path forth and back, which is referred to as a walking bout in the remainder of this work. To get
used to the recording environment and sound amplification, a training trial was performed in which the
participant walked the walking path in the ON program. To simulate real-world complexity we used
dual tasks. The dual-task paradigm has been widely applied in laboratory research to mimic real-world
conditions and assess the interplay of cognitive load on specific physical or mental performance [31].
A baseline walking task was recorded along with two different dual tasks, an arithmetic and a listening
dual task, resulting in the following tasks:

• BaseSpeech: single task listening - performing the Freiburger monosyllabic word recognition test
while sitting in a quiet environment

• BaseWalk: single task walking
• DTCalc: arithmetic dual task - continuously subtract 3 starting by 100 while walking.
• DTListen: listening dual task - performing the Freiburger monosyllabic word recognition test while

walking.

The three walking conditions (BaseWalk, DTCalc, and DTListen) were grouped into a recording block.
The recording block was conducted twice in a randomized order, once in the OFF and once in the ON
program, resulting in a total of six distinct conditions. For the Freiburger test, a sound box calibrated
to 65 dB at the participant’s ear was attached to a backpack worn by the participant, and a study
conductor accompanied the participant to count the number of correctly identified monosyllabic
words. Between each condition, the participant was allowed to take a short break.

3. Methods
3.1. Gait Parameter Estimation

We concentrated on the estimation of three gait parameters: gait velocity, step length, and stride
time because these gait parameters are mostly reported for hearing loss-related gait changes. As
described in the previous chapter, two sensor systems were used to record IMU data, an ear-worn and
a foot-worn system. Gait analysis algorithms are often tailored to the specific sensor positions and
both pipelines will be described in the following.

3.1.1. Ear-Worn Sensors

The Python package EarGait1 [32] was used to process sensor data collected by the HA-integrated
accelerometer. EarGait is an open-source code library designed specifically for ear-worn sensors,
providing a set of algorithms and functions for processing acceleration data and extracting gait
parameters. The gait analysis pipeline consists of several sequential steps. First, gait segments within
each recording were identified through manual inspection of the raw acceleration data. Then, sensor
data was aligned with gravity and transformed into the medical coordinate system. To detect initial
contacts (commonly referred to as heel strikes) and estimate stride time, we applied the best-performing
event detection algorithm from [20]. Step length was subsequently estimated using a feature-based
machine learning classifier (random forest), as introduced in [21]. Finally, gait velocity was computed
by combining stride time and step length [21].

3.1.2. Foot-Worn Sensors

The Python package gaitmap2 [33] was used to process sensor data from the foot-worn IMUs.
Similar to EarGait, Gaitmap is an open-source code library for gait-related algorithms and IMU-related

1 EarGait version 2.11.0, https://github.com/mad-lab-fau/eargait
2 Gaitmap version: 2.5.1, https://github.com/mad-lab-fau/gaitmap

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 March 2025 doi:10.20944/preprints202503.1944.v1

https://github.com/mad-lab-fau/eargait
https://github.com/mad-lab-fau/gaitmap
https://doi.org/10.20944/preprints202503.1944.v1


6 of 18

functions specifically developed for foot-worn sensors. First, individual strides were segmented using
a dynamic time-warping algorithm, followed by manual inspection and correction. Sensor data was
then aligned with gravity and transformed into the medical coordinate system. For gait event detection
and gait parameter estimation, an end-to-end pipeline was applied based on the Rampp algorithm for
event detection and temporal parameter estimation. This was followed by the Madgwick algorithm to
obtain sensor orientation and the ForwardBackwardIntegration algorithm to obtain the position in world
coordinates. Based on these step length and gait velocity can be estimated for each step.

3.2. Statistics

Statistical differences were investigated using repeated measures (RM) ANOVA. The assumption
of normality was assessed using the Shapiro-Wilk test. Greenhouse-Geisser corrections were applied
if the assumption of sphericity, indicated by the Mauchly Test, was violated. As post-hoc tests, we
used pairwise t-tests and applied Bonferroni corrections to counteract for multiple comparisons. The
significance level α was set to 0.05 and effect sizes are reported as n2 for the RM ANOVAs and Hedges’
g for t-tests. The open-source statistical package pingouin3 was used for all statistical tests.

3.3. Evaluation

Word recognition performance (WRP) for the Freiburger monosyllabic word test was assessed in
four different conditions: ON and OFF while sitting or walking respectively. The statistical differences
were assessed using RM ANOVA as described in the previous section, with HA status and task as
within-subject factors. To assess gait parameters, we computed the average stride time, step length,
and gait velocity for each walking bout. Statistical differences in gait parameters across conditions
were analyzed using a 2x3 RM ANOVA, with HA status and tasks as within-subject factors.

The dual-task costs (DTC) are estimated by:

DTC = dual − single, (1)

where single refers to the parameter from the single task (BaseWalk or BaseSpeech) and dual refers to the
same parameter from the corresponding dual task (DTListen or DTCalc). DTCs were estimated for the
walking parameters (DTCGait) and listening test performance (DTCSpeech).

The absolute error (AE) and absolute percentage error (APE) between the foot and ear measure-
ment systems were estimated as follows:

AE =
∣∣x f oot − xear

∣∣ (2)

APE =
∣∣ x f oot − xear

x f oot

∣∣ · 100%, (3)

where x represents the specific gait parameter, i.e., gait velocity, step length, or stride time.

4. Results
This section presents the effect of HA amplification and dual-task conditions on both speech intel-

ligibility and gait performance. Speech intelligibility was assessed using the Freiburger monosyllabic
word test. Data of one participant was excluded from the statistical analysis of gait parameters because
the participant was not able to complete the DTCalc. Additionally, gait parameter estimations from ear-
and foot-worn sensors are compared.

4.1. Effects on Speech Intelligibility

The analysis of recognition performance in the Freiburger monosyllabic word test revealed
a notable improvement with HA amplification, regardless of whether participants were sitting or

3 Pingouin version: 0.5.4, https://pingouin-stats.org
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walking (Figure 3). As presented in Table 2, the WRP increased by about 23 % in the sitting condition
and by 17 % during walking. Results from the RM ANOVA confirmed a highly significant main
effect of HA amplification on speech perception (F(1,24), p < 0.001, n2 = 0.240), demonstrating that
HA amplification substantially enhances WRP. However, no significant effect of task condition or
interaction between the task and the HA status was found. Dual-task costs for speech perception
(DTCSpeech) were higher in the ON condition (Table 3), aligning with the post-hoc paired t-tests. A
significant difference was found between BaseSpeech and DTListen in the ON (t(24), p = 0.029, g = 0.714)
whereas no significant difference was observed in the OFF condition.
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Figure 3. Boxplot illustrating speech perception performance for the Freiburger monosyllabic speech test in a
sitting position and while walking. Both conditions were performed without (OFF) and with (ON) hearing aid
amplification.

Table 2. Mean (± standard deviation) word recognition performance (WRP) for the Freiburger monosyllabic word
test. The test was conducted in sitting and walking condition, both with (ON) and without (OFF) hearing aid
amplification. The results of the repeated measures (RM) ANOVA are also reported, showing the effect of task,
hearing aid status, and their interaction.

WRP in %
Task OFF ON

Sitting 61.0 ± 21.8 84.2 ± 12.2
Walking 54.2 ± 21.5 71.2 ± 17.5

RM ANOVA
Measure F(1,24) p n2

Task 2.876 0.103 0.043
HA status 43.570 < 0.001 0.240
Task : HA status 1.972 0.173 0.008
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Table 3. The dual-task costs for the gait (DTCGait) and speech intelligibility tasks (DTCSpeech). Gait parameters
were estimated when walking without (OFF) and with (ON) hearing aid (HA) amplification. The word recognition
performance (WRP) was assessed while sitting and walking, with and without hearing aid amplification using the
Freiburger monosyllabic word test.

DTCGait DTCSpeech

Gait velocity Step length Stride time WRP
in m/s in m in s in %

Dual Task HA status

DTCalc OFF -0.061 -0.017 0.022
ON -0.075 -0.015 0.042

DTListen OFF -0.040 -0.016 0.003 -4.7
ON -0.049 -0.014 0.018 -11.2

4.2. Effects on Gait

The analysis of the DTC for gait parameters revealed a notable impact of dual-tasking on walking
performance. As shown in Table 3, gait velocity and step length decreased under dual-task conditions,
with reductions ranging from 0.041-0.075 m s−1 and 1.4-1.7 cm, respectively. In contrast, stride time
showed positive DTCs, meaning that it increased in DT conditions. The DTCs for Listen were slightly
less compared to Calc. Similarly, the DTCs for OFF were slightly lower compared to the ON condition.

The 2x3 RM ANOVA was conducted to examine the effects of HA amplification during the
different tasks on gait parameters. The analysis revealed a significant main effect of the task on
all three gait parameters (p < 0.001, Table 4), indicating that task complexity influences walking
performance. In contrast, hearing aid status did not have a significant main effect on any of the gait
parameters, suggesting that gait characteristics remain largely unchanged between the ON and OFF
conditions. A significant interaction between task type and HA status was found for stride time
(F(2, 46) = 6.085, p = 0.005, n2 = 0.004), indicating that the impact of task complexity on stride
time varied depending on whether the hearing aid was active. The post-hoc analyses showed that
gait velocity and step length were significantly lower in the DTCalc and DTListen conditions compared
to the BaseGait condition (p < 0.001; Appendix Table A2). For stride time, significant differences
emerged between task conditions, particularly when the hearing aid was ON. Stride time was longest
in the DTCalc condition and shortest in the BaseGait condition, with DTListen falling in between. The
influence of HA status on stride time was most pronounced in the DTCalc task, where the ON condition
resulted in greater differences compared to the OFF condition. A comprehensive list of the absolute
gait parameters for all dual tasks and hearing conditions is provided in the appendix (Table A1).

Table 4. Repeated measures ANOVA results for the gait parameters. The table presents the main effects of the
task and hearing aid (HA) status, as well as the interaction effect between tasks and HA status. For each factor.
Significant p-values (p < 0.05) are highlighted in bold.

Gait velocity Step length Stride time
Measure F(2,46) p n2 F(2,46) p n2 F(2,46) p n2

Task 26.744 < 0.001 0.055 21.551 < 0.001 0.064 22.200 < 0.001 0.035
HA status 1.490 0.235 0.001 2.368 0.137 0.001 0.723 0.404 0.000
Task: HA status 0.727 0.468 0.001 0.138 0.845 0.000 6.085 0.005 0.004

4.3. Ear vs Foot Sensors

We compared gait parameters (gait velocity, step length, and stride time) obtained from foot-worn
and ear-worn sensors. All parameters show a strong correlation (Table 5) with the strongest correlation
for the stride time. The APE for stride time is 1 % ± 0.8 % (AE = 0.01 s ± 0.01 s). In contrast, the errors
for step length and gait velocity estimations were slightly higher, with 6.4 % ± 3.8 % (AE = 0.047 m ±
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0.030 m) and 6.6 % ± 3.7 % (AE = 0.09 m s−1 ± 0.05 m s−1) respectively. The correlation for gait speed
estimations between the two sensor systems is illustrated in Figure 4.
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Figure 4. Scatter plot illustrating gait parameter estimations obtained from foot- and ear-worn sensors. Ad-
ditionally, the absolute error (AE) and the absolute percentage error (APE) are reported (as mean ± standard
deviation). Each data point represents the parameter (e.g., stride time) averaged over a walking bout of an
individual participant.

Table 5. Absolute error (AE), absolute percentage error (APE), and Pearson correlation coefficient (r) for different
gait parameters measured using foot- and ear-worn sensors. Values are presented as mean ± standard deviation.

AE APE Pearson
mean ± std mean ± std correlation r

Gait velocity 0.09 ± 0.05 m/s 6.6 ± 3.7 % 0.75
Step length 0.047 ± 0.030 m 6.4 ± 3.8 % 0.74
Stride time 0.01 ± 0.01 s 1.0 ± 0.8 % 0.99

5. Discussion
This study aimed to analyze the impact of hearing aid amplification on gait parameters in complex

environments using a novel hearing-aid integrated gait analysis system. To the authors’ knowledge,
this is the first study to examine the walking patterns of individuals with HL when walking aided
and unaided during dual-task scenarios designed to mimic real-world cognitive load. While we did
not observe a significant difference in gait parameters between the aided and unaided conditions,
the DTCs were unexpectedly low. This suggests that the applied dual tasks may have failed to
sufficiently increase cognitive load and replicate a truly complex environment. Consequently, our
findings indicate that in simple environments, hearing aid amplification does not impact walking
behavior. Importantly, this work is the first study that used the novel ear-worn gait analysis system for
analyzing an audiology-specific research question. We demonstrate that it can estimate gait parameters
with good precision and consistent with prior technical validation studies. These results highlight the
reliability of the system and its potential for real-world, long-term home recordings to assess walking
behavior in genuinely complex environments outside the laboratory.

5.1. DTCs—Always Check Your DTCs

In this study, we used a dual-task paradigm to evaluate the impact of HA amplification on
walking behavior. DT paradigms are widely used to simulate real-world conditions with cognitive
load while maintaining control in the laboratory setting. Contrary to our initial hypothesis, no
significant difference was observed in gait velocity and step length between OFF and ON conditions,
and only a small effect was found for stride time. These findings suggest that hearing aid amplification
is unlikely to have a meaningful impact on walking behavior.

Additionally, we expected higher DTCs in the OFF condition, particularly in the Listen task, as
costs typically increase with task complexity [34,35]. However, this was not the case, as DTCs for OFF
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were lower compared to the ON condition. Similarly, the inability to hear was expected to increase
cognitive demand compared to the DTCalc task, given the DTListen task’s direct reliance on hearing.

Although we observed significant gait differences between single and dual tasks, our absolute
DTCs were substantially lower than those reported in the literature. Smith et al. [36] reported average
DTCs of 0.18 m/s (95%CI: [0.15, 0.22]) across 25 studies, whereas we observed only 0.06 m/s. While the
diversity of dual tasks in Smith et al.’s review makes direct comparison difficult due to the influence
of task type [37,38], the work of Hausdorff et al. [39] employed the same arithmetic DT as this work.
They report notably higher DTC of 0.15 m/s, approximately twice as high as in our study. These
discrepancies suggest that our dual-task paradigm did not impose the expected cognitive demand.

A potential explanation is that participants may have prioritized gait over the cognitive task,
leading to only minor changes in gait parameters. Given individual differences, some participants
may have focused on maintaining walking stability at the expense of cognitive performance, leading
to minimal DTCs for gait but substantial DTCs for cognition. While we can not control individual
task prioritization strategies, we can assess the (negative) correlations between DTCs in speech and
gait. However, our analysis did not reveal such a correlation (Appendix Figure A2), suggesting that,
in our case, the differences in task prioritization do not account for our findings. Furthermore, in the
OFF condition, there was no significant difference between speech intelligibility (Figure 3), which
also indicates that participants were able to maintain their performance on the auditory task despite
potential prioritizing gait. Beyond these observations, task prioritization has been shown to influence
the magnitude of DTCs [40]; however, prioritizing gait reduces DTCs only slightly, with values around
0.13 m/s [41]. Given that our DTCs were considerably lower than expected, task prioritization alone is
unlikely to explain the observed results.

Another plausible explanation is that our experimental setup imposed an inherent baseline
cognitive demand for all conditions, potentially influenced by factors such as the novel environment
or the specific acoustic conditions introduced by the HAs. It is also possible that participants did not
fully benefit from the gain prescription, increasing cognitive effort even in the ON condition. However,
the word recognition rate significantly improved (Appendix Figure 3) in the ON condition, showing
that participants had a clear benefit. Moreover, an additional walking bout recorded with foot-worn
sensors and the participant’s own HA revealed no significant difference in gait parameters when
compared to the Base ON recording, suggesting that HA amplification functioned as intended.

Nevertheless, the unexpectedly low DTC prevented us from fully addressing our primary research
question and underscored an important lesson: Always check your DTCs. Pilot testing or intermediate
validation could have identified these issues earlier, highlighting the need for rigorous design and
validation of dual-task paradigms. However, we did not deem this necessary due to the clear evidence
that could be derived from our literature analysis. Future studies should ensure that dual-task demands
are sufficient to align with the research objectives and produce realistic insights into real-world gait
challenges.

In summary, previous studies consistently demonstrated a clear reduction in gait performance
under cognitively demanding conditions, regardless of task prioritization. Since such reductions
were not observed in our study, we conclude that the applied dual-task paradigm did not induce
the expected cognitive load. Consequently, no definitive conclusions can be drawn regarding the
effects of HA amplification on gait in cognitively demanding situations. However, our findings still
provide valuable insights into walking behavior and the role of HA amplification in low-cognitive-
load environments, serving as a foundation for future investigations under more ecologically valid
conditions.

5.2. Negligible Impact of HA in Simple Environments

Although our findings on DTCs do not allow conclusions about complex environments, they
do provide insights into gait behavior under simpler walking conditions. Across the three different
walking tasks (BaseGait, DTListen, DTCalc), we observed significant variation in gait parameters but
no discernible impact of HA amplification. Significant differences between tasks were expected, as

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 March 2025 doi:10.20944/preprints202503.1944.v1

https://doi.org/10.20944/preprints202503.1944.v1


11 of 18

dual-task paradigms are designed to impose varying cognitive demands and assess their impact on
performance [39]. The absence of significant differences between the ON and OFF conditions suggests
that individuals with HL can perform basic walking tasks without any apparent gait impairments,
even when unaided. A significant interaction effect between HA status and task conditions was
observed for stride time, indicating that the influence of task demands on stride time varies depending
on whether the hearing aid is ON or OFF. Post-hoc analyses revealed that, with the exception of one
comparison, most effects were small, suggesting that dual-task conditions exert a measurable but
limited impact on stride time. In contrast, no significant interaction effects were found for step length
or gait velocity. Existing literature suggests that individual gait parameters are commonly affected to
varying degrees by dual-tasking [37,41]. However, given the relatively small effect size observed for
stride time and the absence of significant interactions for other gait parameters, the overall impact of
HA status on gait across different walking conditions appears to be negligible.

Our findings regarding the impact of HA amplification align with those of Weaver et al. [42],
who reported no significant changes in gait walking aided and unaided, though their recordings
lacked realism as participants were walking blindfolded. Similarly, the study by Goodwin et al. [13],
which analyzed different health outcomes between a baseline measurement and a six-week follow-
up in individuals with HAs, did not find a statistically significant difference between the measures.
However, since the study primarily aimed to assess the feasibility of the study protocol rather than
to detect measurable changes within a short time frame, the absence of significant differences was
not unexpected. It is important to emphasize that our results do not imply that HL has no effect
on gait, as it has been reported by many others [6,7,9,43]. Rather, our findings suggest that HA
amplification does not induce additional gait alterations. Overall, our study highlights the resilience of
participants’ motor performance in individuals with HL when cognitive and environmental demands
are minimal. However, as this was only a pilot study with 25 participants, further research is needed
to investigate and understand the underlying mechanism of hearing loss-related gait changes in
complex and cognitive-demanding environments. The small sample size limits the statistical power
and generalizability of our results. A larger, more diverse participant pool is necessary to validate our
conclusions and ensure their applicability to a broader population. Future studies should include more
participants to strengthen the reliability of our findings on the impact of hearing aid amplification on
gait in low cognitive demanding environments.

5.3. Individual Showing Benefits

The analysis of individual gait changes revealed high variability across the participants (see
appendix, Figure A1), with some showing improvements in gait parameters from HA amplification.
This shows that the effects of HA on gait are not uniform among the participants. These findings align
with previous research by Shayman et al. [44], who reported that hearing interventions may lead to
significant gait improvements, although these effects are not uniform among patients. Notably, the
work of Shayman et al. only included three participants and focused solely on baseline walking tasks
without additional tasks. Similarly, Weaver et al. [42] found clinically relevant gait improvements
when walking blindfolded in only a small subset of their study population.

5.4. Need for Standardized Acoustic DT

As discussed in Section 5.1, the DTCs for the arithmetic task were notably lower than those
reported in the literature, suggesting that the applied cognitive demand was insufficient. Since the
DTCs for the listening task were in a similar range, the same conclusion likely applies to the acoustic
task as well. While it remains unclear why the standardized arithmetic DT in this study failed to
produce the expected DTC, the results for the acoustic DT can not be compared to prior studies due
to the lack of a standardized auditory dual-task paradigm. We selected a monosyllabic word test
as alternative approaches were unsuitable for our study design. For instance, Lau et al. [45] used
virtual reality environments and a treadmill, however treadmills walking has been shown to differ
significantly from over-ground walking [46,47]. Others deployed a dichotic listening task requiring
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a multi-loudspeaker setup [48], impractical for long walking distances. To enable meaningful cross-
study comparisons, a standardized acoustic dual-task paradigm is essential. Our results suggest
that monosyllabic speech tests, such as the Freiburger, may not impose sufficient cognitive load to
induce measurable DTC. A comprehensive evaluation is needed to establish an effective acoustic dual
task involving testing across languages, diverse populations, and larger sample sizes. Developing a
standardized framework would enhance reproducibility, facilitate comparisons across studies, and
improve our understanding of cognitive load effects on walking in real-world scenarios.

5.5. Reliable Accuracy of Ear-Worn Gait Algorithms

Our algorithms demonstrated strong potential for gait analysis using ear-worn accelerometers
with comparable performance to foot-worn sensors. This is particularly relevant as EarGait was
applied for the first time to address a specific audiological research question related to gait, including
generalizability and data quality.

The ear-specific gait algorithms used in this work were previously technically validated in
controlled settings using an optical motion capture system, the gold standard for gait analysis [20,21].
An accuracy of 12 ms for stride time, 4.8 cm for step length, and 5.3 % for gait velocity was reported.
To further ensure measurement reliability, we integrated foot-worn sensors as a reference. While
foot-worn IMUs are considered the most accurate for IMU-based gait analysis due to their direct
coupling with foot motion, ear-worn sensors are more susceptible to upper body movements, which
can introduce motion artifacts. However, the error between foot- and ear-derived estimates remained
within the expected range of prior validation studies [20,21], reinforcing the robustness of our approach
despite these inherent limitations.

The high accuracy of our analysis highlights the potential of earable devices for continuous
mobility assessments in real-world environments. Our comparison with foot-worn sensors confirmed
that changes in gait can be effectively measured using ear-worn IMUs. Although we did not observe
a significant effect of HA amplification on gait - likely due to low DT demands — our secondary
measurement system confirmed the accuracy of our gait analysis system. This suggests that our
algorithms could reliably detect cognitive load-induced gait changes under more complex, real-life
conditions. However, future studies are necessary to prove that.

Building on this potential, a hearing aid with an integrated accelerometer could serve not only
as an auditory device but also as a mobility assessment tool, enabling the detection of gait deficits
in individuals with hearing impairments. However, current limitations in processing power and
battery life pose challenges for real-time analysis. Future advancements in hardware and algorithm
optimization could enable continuous gait monitoring, aiding in fall risk detection and adaptive
auditory interventions based on cognitive demands. Beyond hearing aids, this approach could
extend to other ear-worn devices, like earbuds, for broader healthcare monitoring and telemedicine
applications.

6. Conclusion
This study examined the effect of HA amplification on gait parameters using ear-worn accelerom-

eters. Our findings show no significant impact of HA on gait in various controlled, low cognitive-
demand environments. However, the ear-worn gait analysis system showed high accuracy, highlight-
ing its potential for real-world mobility monitoring. Future research should explore more complex
real-world scenarios to deepen our understanding of the relationship between hearing loss, cognitive
load, and gait stability. Ear-worn sensors offer a promising tool for unobtrusive and continuous
mobility assessment in real-world scenarios.
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Appendix A
Appendix A.1

Table A1. Mean and standard deviation (std) of gait parameters, including gait velocity, step length, and stride
time, for the different scenarios. The scenarios include single-task walking (Base), the dual task of performing a
calculation while walking (Calc), and the dual task of performing a word recognition listening test while walking
(Listen). Data is presented for all conditions combined (All) and separately for the unaided (OFF) and aided (ON)
conditions.

Gait velocity Step length Stride time
in m/s in m in s

mean std mean std mean std
HA status

All All 1.343 0.120 0.720 0.029 1.082 0.072

OFF 1.340 0.117 0.719 0.028 1.083 0.070
ON 1.346 0.125 0.721 0.030 1.080 0.074

BaseGait All 1.380 0.120 0.730 0.029 1.067 0.068

OFF 1.374 0.120 0.730 0.029 1.074 0.070
ON 1.387 0.122 0.731 0.030 1.060 0.068

DTCalc All 1.312 0.118 0.714 0.028 1.099 0.077

OFF 1.312 0.112 0.713 0.025 1.096 0.074
ON 1.312 0.127 0.715 0.030 1.102 0.081

DTListen All 1.336 0.114 0.715 0.029 1.078 0.068

OFF 1.334 0.114 0.714 0.029 1.078 0.068
ON 1.338 0.118 0.717 0.029 1.078 0.069

Table A2. Post-hoc analysis for gait parameters (paired t-tests) with Bonferroni correction. Due to the significant
interaction between hearing aid (HA) status and tasks for stride time, a separate post-hoc analysis was performed
for each HA status (OFF/ON). Significant values are highlighted in bold.

Gait velocity Step length
t(23) p Hedges’ g t(23) p Hedges’ g

BaseGait DTCalc 6.445 < 0.001 0.565 5.423 < 0.001 0.567
DTListen 4.409 0.001 0.369 5.353 < 0.001 0.512

DTCalc DTListen -3.209 0.012 -0.204 -0.466 > 0.99 -0.040

Stride time
OFF ON

t(23) p Hedges’ g t(23) p Hedges’ g

BaseGait DTCalc -3.304 0.019 -0.303 -6.568 < 0.001 -0.554
DTListen -0.563 > 0.999 -0.048 -4.212 0.002 -0.255

DTCalc DTListen 4.984 < 0.001 0.259 3.656 0.008 0.319
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Figure A1. Slope graphs of gait velocity for the Calc and Listen dual tasks. Each line represents a single participant.
Solid lines represent increasing gait velocity for the ON condition, dashed represents decreasing gait velocity.
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Figure A2. Scatter plot of dual-task costs (DTCs) for gait (DTCGait) and speech intelligibility (DTCSpeech). The
data suggests a weak to moderate correlation for the ON and OFF condition (Pearson correlation, rON = −0.46,
rOFF = 0.27).
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